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Autophagy is a lysosome-dependent degradative pathway
that regulates the turnover of intracellular organelles, parasites,
and long-lived proteins. Deregulation of autophagy results in a
variety of pathological conditions, but little is known regarding
the mechanisms that link normal cellular and pathological sig-
nals to the regulation of distinct stages in the autophagy path-
way. Here we uncover a novel role for the Abl family kinases in
the regulation of the late stages of autophagy. Inhibition, deple-
tion, or knockout of of the Abl family kinases, Abl and Arg,
resulted in a dramatic reduction in the intracellular activities of
the lysosomal glycosidases a-galactosidase, a-mannosidase and
neuraminidase. Inhibition of Abl kinases also reduced the proc-
essing of the precursor forms of cathepsin D and cathepsin L to
their mature, lysosomal forms, which coincided with the
impaired turnover of long-lived cytosolic proteins and accumu-
lation of autophagosomes. Furthermore, defective lysosomal
degradation of long-lived proteins in the absence of Abl kinase
signaling was accompanied by a perinuclear redistribution of
lysosomes and increased glycosylation and stability of lyso-
some-associated membrane proteins, which are known to be
substrates for lysosomal enzymes and play a role in regulating
lysosome mobility. Our findings reveal a role for Abl kinases in
the regulation of late-stage autophagy and have important
implications for therapies that employ pharmacological inhibi-
tors of the Abl kinases.

Macroautophagy (hereafter referred to as autophagy) is a cat-
abolic process by which long-lived cytoplasmic proteins, pro-
tein complexes, and entire organelles are degraded through a
lysosome-dependent pathway. Autophagy is essential to main-
tain homeostatic processes such as organelle and protein turn-
over, but it is also critical in the response to stress conditions
such as nutrient deprivation, oxidative stress, pathogen infec-
tion, and hypoxia (1). Deregulation of autophagy has been
implicated in a wide range of pathologies, including cancer,
myopathies, and neurodegenerative diseases (1). Autophagy
involves the sequestration of cytoplasmic components and
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intracellular organelles within a double-membrane vesicle, the
autophagosome. The outer membrane of the autophagosome
fuses with the lysosome, and sequestered components are
thereby delivered to the lysosome for degradation by lysosomal
enzymes (2).

The low basal level of autophagy in cells is up-regulated
under stress conditions. A number of genes that regulate auto-
phagy have been identified, and the majority of these autoph-
agy-related genes appear to function at the initial steps of auto-
phagosome formation (1, 2). The target of rapamycin (TOR)?
kinase is a major inhibitory signal that shuts off autophagy in
the presence of growth factors and nutrients. The binding of
growth factors to cell surface receptors activates class I phos-
phoinositide 3-kinase, which in turn activates the Aktl kinase
and its target the mammalian target of rapamycin (mTor) (3),
leading to negative regulation of autophagosome formation.
The effectors of mTOR signaling critical for the regulation of
mammalian autophagy remain to be identified but are likely to
be involved in autophagy induction (1, 4, 5). However, increas-
ing evidence supports the existence of mTOR-independent
pathways downstream of growth factor signaling involved in
regulating distinct stages of autophagy (1).

The Abelson family of cytoplasmic non-receptor tyrosine
kinases, Abl (Abl1) and Arg (Abl2), have been implicated in the
regulation of cytoskeletal processes important for cell adhesion
and migration, as well as cell proliferation and survival (6, 7).
Deregulation of Abl kinase activity is implicated in the patho-
genesis of chronic myelogenous leukemia as a result of a chro-
mosomal translocation event that produces the BCR-ABL
fusion protein with constitutive Abl tyrosine kinase activity (8,
9). Early-stage chronic myelogenous leukemia can be effectively
treated with signal transduction inhibitor 571 (STI571), also
known as Gleevec or imatinib mesylate, which inhibits Abl
kinase activity by binding to the ATP-binding pocket (10).

Recent studies have highlighted important roles for Abl
kinase signaling in cellular and pathological processes. These
include the regulation of cell-cell adhesion (11), as well as cell
proliferation, survival, anchorage-independent growth, and
invasion of cancer cells (6, 12). Abl kinases are activated down-
stream of ligand-activated growth factor receptors for platelet-

2The abbreviations used are: TOR, target of rapamycin; mTOR, mammalian
target of rapamycin; Abl, Abelson; STI571, signal transduction inhibitor
571; LC3, microtubule-associated protein 1 light chain 3; LAMP-1 and
LAMP-2, lysosome-associated membrane proteins 1 and 2; M6PR, man-
nose-6-phosphate receptor; GFP, green fluorescent protein; DMEM, Dul-
becco’s modified Eagle’s medium; FBS, fetal bovine serum; MEF, mouse
embryonic fibroblast; siRNA, small interference RNA; miRNA, microRNA;
PBS, phosphate-buffered saline.
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derived growth factor (13, 14), epidermal growth factor (15, 16),
and insulin-like growth factor-1 (12) and elevated levels of Abl
kinase activity have been detected in non-small cell lung cancer
and breast cancer cell lines (12, 16, 17). Abl kinase signaling has
also been implicated in microbial pathogenesis. Abl kinases are
catalytically activated upon Shigella flexneri infection and
mediate actin comet tail formation, intracellular motility, and
cell-to-cell spread of the bacteria (18, 19).

It was recently reported that treatment of cells with the Abl
kinase inhibitor, STI571, resulted in the accumulation of auto-
phagosomes, an early-stage marker of autophagy, which led to
the conclusion that Abl kinases negatively regulate autophagy
(20). However, it is becoming increasingly clear that the accu-
mulation of autophagosomes alone cannot be used as an indi-
cator of increased autophagy. Additional assays, such as meas-
urement of long-lived protein degradation rates and lysosomal
enzyme activities, are essential to assess the function of the
lysosomal system and flux through the entire autophagy path-
way. A blockage in the lysosomal degradation of autophagic
proteins may also increase the accumulation of autophago-
somes. Thus, the accumulation of autophagosomes alone is not
necessarily an indicator of increased autophagy (21, 22).

Here we uncover an essential role for Abl kinases as positive
regulators of autophagy. Through the use of pharmacological
inhibition as well as knockdown and knockout of Abl family
kinases, we show that Abl kinases modulate the later stages of
autophagy by regulating the localization and activity of acidic
glycosidases and cathepsins and the subcellular trafficking of
lysosomes. Inhibition or depletion of Abl kinases results in the
accumulation of autophagosomes due to lysosomal dysfunction
leading to decreased degradation of long-lived proteins. These
findings highlight the importance of assaying the degradation
of long-lived proteins to measure autophagy and not relying
solely on detection of autophagosome levels, which may be
indicative of impaired lysosomal functions or other defects (21).
Our findings reveal a role for Abl kinases in the regulation of
autophagy through modulation of lysosomal processes and
have implications for therapies that target Abl kinase signaling.

EXPERIMENTAL PROCEDURES

Antibodies, Inhibitors, and Reagents—Antibodies used were
as follows: rabbit polyclonal anti-phospho-CrkL (Tyr-207, Cell
Signaling Technology); mouse monoclonal anti-CrkL (Cell Sig-
naling Technology, 32H4); mouse monoclonal anti-ABL (BD
Pharmingen, 8E9), rabbit polyclonal anti-LAMP-1 (Sigma,
L1418); mouse monoclonal anti-LAMP-1 (Santa Cruz Biotech-
nology, H4A3); mouse monoclonal anti-LAMP-2 (Santa Cruz
Biotechnology, H4B4); mouse anti-cathepsin L (BD Bio-
science); and goat anti-cathepsin D (Santa Cruz Biotechnology,
C20). Horseradish peroxidase-conjugated secondary antibod-
ies were from Santa Cruz Biotechnology. STI571 was a kind gift
from Novartis Pharmaceuticals. Rapamycin, vinblastine, and
peptide N-glycosidase F were purchased from Sigma-Aldrich.

Cell Lines—The retroviral construct pBabe-GFP-microtu-
bule-associated protein 1 light chain 3 (LC3) (21) and the A549
alveolar carcinoma cell line were obtained from Dr. Tso-Pang
Yao (Dept. of Pharmacology & Cancer Biology, Duke Univer-
sity Medical Center). The A549 alveolar carcinoma cell line was
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maintained in Dulbecco’s modified eagles medium (DMEM)
supplemented with 10% (v/v) fetal bovine serum (FBS). Retro-
virus production in 293T cells was performed as previously
described (14). A549 cells were transduced with GFP-LC3
virus-containing supernatant in the presence of 8 ug/ml Poly-
brene and selected with 3 ug/ml puromycin. GFP™ cells were
sorted by flow cytometry. Mouse embryonic fibroblasts (MEFs)
were generated and maintained in this laboratory from Abl-Arg
double knockout mice and littermate controls as previously
described (13).

Drug Treatment—A549-GFP-LC3 cells were incubated
with vehicle (DMSO), 10 um STI571, or 2 ug/ml rapamycin
for the indicated times. The culture medium was removed
every 24 h and replaced with fresh medium containing
STI571 or rapamycin.

RNA Interference Using siRNA—A549-GFP-LC3 cells were
transfected with a non-targeted control small interfering RNA
(siRNA) or on-target specific siRNAs directed to Abl and Arg
sequences (Dharmacon RNA Technologies). Briefly, 10 nm
AbI(7) siRNA (GAAGGAAAUCAGUGACAUAUU) was com-
bined with 10 nm Arg(5) siRNA (GAAAUGGAGCGAACA-
GAUAUU) in a 1:1 ratio or 20 nM of a non-targeted control
siRNA was transfected into A549-GFP-LC3 cells using Oligo-
fectamine (Invitrogen). After 24 h, cells were retransfected with
the indicated siRNAs for an additional 24 h.

RNA Interference Using miRNA—Because long-lived degra-
dation assays are routinely performed over a 4- to 5-day period,
it was necessary to down-regulate Abl and Arg expression for
longer times than those obtained by transient transfection with
siRNAs. Therefore, lentiviral-mediated delivery of microRNA
(miRNA) sequences toward Abl and Arg transcripts was
employed in A549 cells (23). The BLOCK-iT polymerase II miR
RNAi expression vector kit from Invitrogen was used as
described in a previous study (23) with the following modifica-
tions. A construct encoding both Abl6 miRNA (GGTGTAT-
GAGCTGCTAGAGAA) and Arg9 miRNA (CCTTATCT-
CACCCACTCTGAA) was cloned into the lentiviral vector
FCW attR1-attR2 (23). The resulting construct (Fc EmGFPW-
Abl6-Arg9) was then transfected into 293T cells along with
pCMV-VSVG, pRSV-Rev, and pMPL plasmids (23). Lentivirus-
containing supernatant was collected 24 and 48 h later and
placed on A549 cells in the presence of 8 ug/ml Polybrene.
After 48 h, transduced cells were assayed for long-lived protein
degradation rates as described below.

Autophagosome Detection—For detection of GFP-LC3™
autophagosomes by immunofluorescence, sub-confluent
A549-GFP-LC3 cells growing on glass coverslips were incu-
bated with vehicle (DMSO), STI571 or rapamycin for up to
48 h. Alternatively, cells were transfected with control and Abl/
Arg siRNAs as described above. Cells were fixed and analyzed
by fluorescence microscopy (see below). To biochemically ana-
lyze the conversion of GFP-LC3-I to GFP-LC3-II, total cell
lysates were subjected to immunoblotting with an anti-GFP
mouse antibody (Roche Applied Sciences).

Long-lived Protein Degradation Assays—Long-lived protein
degradation assays were performed essentially as described
(24). Briefly, cells were seeded in 12-well plates for 16 h at 70%
sub-confluency. Cells were incubated in L-leucine-free DMEM
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containing 10% (v/v) dialyzed FBS for 1 h to deplete endoge-
nous pools of L-leucine. Cells were then metabolically labeled
with 5 uwCi/ml ®H-labeled L-leucine (PerkinElmer) for 24 h and
then chased for an additional 24 h in DMEM containing 10%
(v/v) FBS (complete medium) and an excess of L-leucine to per-
mit the degradation of labeled short-lived cytosolic proteins.
For autophagy assays under basal conditions the 24-h chase
medium was removed and replaced with complete medium
containing DMSO (vehicle), 10 um STI571, or 2 ug/ml rapamy-
cin. For starvation-induced autophagy assays the 24-h chase
medium was removed and replaced with Earle’s balanced salt
solution containing DMSO (vehicle), 10 um STI571, or 50 um
vinblastine for up to 6 h. After addition of the various com-
pounds for the indicated time points, the amount of radioactiv-
ity in the medium and that retained in the cells following cell
lysis, was determined using a liquid scintillation counter. The
rates of degradation were obtained by dividing the cpm in the
medium by the total cpm (medium cpm plus lysate cpm) (24).

Lysosomal Enzyme Assays—Lysosomal enzyme activities
were measured with the appropriate 4-methylumbelliferone-
conjugated substrates (Sigma-Aldrich). Briefly, cells were
seeded in triplicate in 6-well plates. Prior to performing the
assay, cells were incubated in medium containing 10% (v/v)
heat inactivated FBS for 24-48 h to deplete any lysosomal
enzymes derived from bovine calf serum origin. Cells were
washed with ice-cold PBS and harvested with a cell lifter using
200 pl of ice-cold sterile water. Aliquots of each whole cell
lysate were incubated with 50 ul of 10 mm 4-methylumbellifer-
one-conjugated substrates at 37 °C for up to 1 h in acetate
buffer, pH 4.8. Reactions were stopped by the addition of 200 ul
of 0.5 M NaHCO,, pH 10.7, and the relative fluorescence was
measured with a Labsystems Fluoroskan fluorometer set at 355
nm excitation and 460 nm emission. A standard curve compris-
ing varying concentrations of free 4-methylumbelliferone (Sig-
ma-Aldrich, 0, 200, 400, 600, and 800 pm, respectively) was also
included in each group of lysosomal enzyme assays and used to
calculate enzyme activities. An aliquot of each cell lysate was
also assayed for total protein using the Bio-Rad D protein
assay reagents A, B, and S as described by the manufacturer
(Bio-Rad). Enzyme activities were expressed as nanomoles/
min/mg of total protein.

Western Blotting—Cells were washed with ice-cold PBS and
harvested using a cell scraper in the presence of mammalian
protein extraction reagent (M-PER, Pierce Biotechnology) con-
taining freshly added protease and phosphatase inhibitors. Cell
lysates were clarified by microcentrifugation and assayed for
total protein as described above. Lysates were immediately
diluted to 1 pg/ulin 1X Laemmli sample buffer (1% (w/v) SDS,
4 mMm urea, 80 mm Tris-HCI, pH 6.8, 0.1% (w/v) Bromphenol
Blue), boiled for 5 min and analyzed by SDS-PAGE and West-
ern blotting. Nitrocellulose membranes were blocked in Tris-
buffered saline Tween 20 (TBST) containing 5% (w/v) milk
powder (blocking solution) for 1 h at room temperature and
then incubated with fresh blocking solution containing primary
antibody overnight at 4 °C. Blots were washed three times with
TBST and then incubated with the appropriate secondary
horseradish peroxidase-conjugated antibody in blocking solu-
tion for 1 h at room temperature. Blots were then washed and
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developed using ECL Western blotting detection reagent as
recommended by the supplier (Amersham Biosciences GE
Healthcare). Quantification of signal intensities on Western
blots was done using Image] software.?

Pulse-chase Studies and Immunoprecipitation—A549 cells
were grown to 70% confluence in 10-cm dishes and metaboli-
cally labeled with 100 wCi/ml EXPRESS[?*S] protein labeling
mix (PerkinElmer Life Sciences) for 24 h in cysteine and methi-
onine-free DMEM (Invitrogen) supplemented with 10% (v/v)
dialyzed FBS. Cells were then rinsed with serum-free medium
and chased in the presence of DMEM containing 10% FBS and
an excess of cysteine and methionine for 48 h. During the chase
time *°S-labeled cells were incubated with varying concentra-
tions of STI571. Cells were then harvested with a cell scraper
using 1 ml of Brij buffer (50 mm Tris-HCI (pH 7.6), 150 mm
NaCl, 5mm EDTA, 1 mm NayVO,, 1% v/v Brij97, 1% v/v N-oc-
tyl-B-p-glucoside) and clarified by microcentrifugation.
Lysates (1 mg) were then immunoprecipitated using 3 ug of a
rabbit polyclonal antibody toward LAMP-1 (Sigma-Aldrich) or
3 pg of control rabbit IgG and 40 ul of protein A/G PLUS-
agarose (Santa Cruz Biotechnology) as recommended by the
supplier. Immunoprecipitated complexes were analyzed by
SDS-PAGE and autoradiography.

Fluorescence Microscopy—Cells exponentially growing on
glass coverslips were fixed with freshly prepared PBS contain-
ing 4% (w/v) paraformaldehyde for 15 min at 4 °C, permeabi-
lized with PBS containing 3% (w/v) bovine serum albumin and
0.1% (v/v) Triton X-100 at room temperature for 15 min, and
then blocked overnight at 4 °C with PBS containing 3% (w/v)
bovine serum albumin (blocking buffer). Fixed cells were then
incubated with primary antibodies diluted in blocking buffer
for 1 h followed by a 1-h incubation with Alexa Fluor 488-
conjugated or Alexa Fluor 568-conjugated secondary antibod-
ies (Santa Cruz Biotechnology). Samples were washed with PBS
and counterstained with Hoescht to visualize nuclei and ana-
lyzed using a Zeiss Axio Imager wide field fluorescence micro-
scope (Carl Zeiss Microlmaging). Consecutive images were
acquired using the oil objective with the red, green, and blue
channels, pseudocolored, and overlaid using MetaMorph soft-
ware (MDS Analytical Technologies). The “Linescan” applica-
tion of the MetaMorph software program was used to deter-
mine the distance of LAMP ™ lysosomes from the nucleus.

Live Cell Imaging—To track the movement of lysosomes in
the absence of Abl signaling, A549 cells were treated with
DMSO or 10 um STI571 for 48 h and then labeled with Lyso-
Tracker Red DND-99 (Molecular Probes, Invitrogen L-5728)
for 30 min. The distribution and mobility of acidic organelles
were assessed by live cell imaging using a Zeiss Axio observer
live cell station (Carl Zeiss Microlmaging). Twenty-four images
were acquired over a 2-min acquisition period and used to gen-
erate movies with MetaMorph software (played at six frames
per second). The relative mobility of individual lysosomes was
analyzed with MetaMorph software and depicted by rainbow
analysis as described in the legend of Fig. 3C. The velocity of
individual lysosomes was determined using the MetaMorph

3W. S. Rasband (1997-2008) ImageJ, U.S. National Institutes of Health,
Bethesda, MD, rsb.info.nih.gov/ij/.
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FIGURE 1. Inhibition of Abl kinases increases the accumulation of autophagosomes. A and C, A549 human lung
carcinoma cells stably expressing GFP-LC3 (A549-GFP-LC3) were treated with 10 um STI571 for 24 h (A, right) or
transfected with Abl and Arg siRNAs (C, right), and were then analyzed by immunofluorescence. The pattern of
GFP-LC3 staining in the cytosol changed from diffuse to predominantly punctate/vesicular. Scale bar = 20 um. The
number of cells with vesicular GFP-LC3 staining in control (DMSO) and STI571-treated cells (B), and in non-targeted
control siRNA and Abl/Arg siRNA transfected cells (D), was scored in three individual fields at 20X magnification and
expressed as a percentage of the total number of cells present. The results are represented as the mean (n = 3) = S.D.
Both pharmacological inhibition and siRNA-mediated depletion of Abl kinases significantly increased autophago-
some formation. **, p < 0.05 compared with the percentage of cells in control groups. E, subconfluent A549-GFP-
LC3 cells were incubated with 10 um or 30 um STI571 for 24 h and analyzed by Western blotting with an anti-GFP
antibody to monitor the relative amounts of GFP-LC3-l and GFP-LC3-II, or with phospho-CrkL and CrkL-specific
antibodies asindicated. The results are representative of three independent experiments. The -fold changes in LC3-II
levels are indicated below the blot. F, A549-GFP-LC3 cells were transfected with control siRNA or Abl/Arg siRNA
oligonucleotides, and analyzed 48 h later by Western blotting as in panel E. The lysates were also analyzed for Abland

Arg protein levels using a pan Abl antibody.

software “Track Objects” application. Values were plotted in
Excel and used to generate graphs of peripheral and perinuclear
lysosome movement.

Statistical Analysis—Unpaired Student ¢-tests were per-
formed using GraphPad software (www.graphpad.com) to
determine whether the observed differences in autophagosome
formation, autophagy rates, lysosome movement, and lysoso-
mal enzyme activity levels were statistically significant.

RESULTS

Inhibition of Abl Kinases Promotes the Accumulation of
Autophagosomes—To determine if Abl kinases play arole in the
regulation of autophagy, we first analyzed the effect of Abl
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(Fig. 1, A and B).

It is known that STI571 not only
inhibits Abl kinases but also other
kinases such as the platelet-derived
growth factor receptor and c-Kit, as
well as non-kinase targets such as
the NADPH:quinone oxireductase
QR2 (26). Thus, to directly deter-
mine whether Abl kinase inhibition
mediates the effects of STI571 on
autophagosome accumulation, we
silenced the expression of Abl and
Arg with specific small interfering
RNAs (siRNAs). Western blotting with a pan-Abl antibody
demonstrated a marked reduction in the levels of Abl and
Arg proteins, which coincided with an increase in LC3-II
protein levels (Fig. 1F). Immunofluorescence staining of
Abl/Arg siRNA-transfected cells demonstrated significantly
increased numbers of cells with punctate GFP-LC3 staining
compared with cells transfected with control siRNA (Fig. 1,
C and D). Collectively, these results suggest that down-reg-
ulation of Abl kinase signaling promotes the accumulation of
autophagosomes.

ADl Kinase Inhibition Impairs the Degradation of Long-lived
Proteins—The accumulation of GFP-LC3™" autophagosomes in
the absence of Abl kinase signaling may be due to either up-reg-

VOLUME 283-NUMBER 51+DECEMBER 19, 2008



Abl Kinases Regulate Late-stage Autophagy

A STI571  Rapamycin B STI571 Rapamycin
0 24 48 0 24 48h 0 24 48 0 24 48h
i — e wee| . phospho -« LC3-1
| ‘* CrkL -..-!- < LCa-ll
Fold: 1 035 036 1 0.83 085
Fold: 1 658 839 1 1.62 1.20
|-— —— e e ‘4 CrkL
—— phospho
‘— —— | p7OS6K
Fold: 1 095107 1 0.02 0.02
| I4 p70S6K
C 80 D 40
=4=Rapamycin a5 I
70 1 =O=Control g 5
&= STIST =304
8 601 2
£ 50| 5259
3 @
£ 20
% 40 1 g ke *k
g 30+ B15- T
" 2 %
Xz
5 20 10 /
“ 101 E /
0 %,
0 6h 24h 48h Control STI571 Vinblastine
E F G H
60 30
. miRNA: Abl Het! Abl KO/
g 50 “ Control AbliArg 525 T Arg Hat  Arg KO
g = %
E T € pan Abl o - pan Abl
=40 £20 Fold: 1 0.002
@ J Fold: 1 0.015 = b :
S 301 Elq phospha Crkl _g 15 E* phosphe CrkL
j") ** Fold: 1 D.052 S . Fold: 1 0.031
[ F; @ -
B / I /
[ar]
10 / 25 /
el %, 2

Abl Het!

mi RNA: Scramble  Abl/ Arg et
rg He

FIGURE 2. Abl kinase inhibition impairs the degradation of long-lived proteins. A, sub-confluent A549-
GFP-LC3 cells were treated with 10 um STI571 or 2 ug/ml rapamycin for 24 h or 48 h and analyzed for activation
markers of Abl kinase signaling (phospho-CrkL) and mTOR signaling (phospho-p70S6K). The results are repre-
sentative of three independent experiments. B, the same lysates were also analyzed for GFP-LC3-l and GFP-
LC3-Il levels by Western blotting with an anti-GFP antibody. The -fold changes in LC3-Il levels are indicated
below the blot. C and D, analysis of basal and starvation-induced long-lived protein degradation in drug-
treated A549-GFP-LC3 cells. A549-GFP-LC3 cells were metabolically labeled with [L->H]leucine. The cells were
then chased in complete medium for 6, 24, or 48 h (C) or in Earle’s balanced salt solution media for 6 h (D). The
media was supplemented with DMSO (control), 2 ug/ml rapamycin, 10 um STI571, or 50 ug/ml vinblastine as
indicated. At each time point the radioactivity released into the medium was measured by scintillation count-
ing. [L->H]Leucine turnover rates were determined by dividing the cpm in the medium by the total cpm
(medium cpm + lysate cpm). E, A549 cells expressing control or Abl and Arg miRNAs were analyzed for
starvation-induced long-lived protein degradation as in D except no drugs were added to the medium. F, West-
ern blots of the corresponding cell lysates in E blotted with phospho-CrkL, CrkL and Abl-specific antibodies as
indicated. G, analysis of starvation-induced long-lived protein degradation in Abl/Arg double knockout and
Abl/Arg heterozygous MEFs. H, Western blots of the corresponding cell lysates in G blotted with phospho-CrkL,
CrkL and Abl-specific antibodies as indicated. n = 3 = S.D. **, p < 0.05 compared with the control (C and D),
scramble (E), or Abl/Arg heterozygous (G) groups. The results for each autophagy assay are representative of
three independent experiments.

ulation of the initial stages of autophagy or to reduced degrada-
tion of autophagic material by blockage of downstream events
in the autophagy process. Thus, analysis of GFP-LC3 levels
alone does not provide a measurement of flux through the auto-
phagy pathway (24). To determine if long-lived cytoplasmic
proteins were in fact being delivered to and degraded within
lysosomes in the absence of Abl kinase signaling, we performed

DECEMBER 19, 2008+ VOLUME 283+NUMBER 51

long-lived protein degradation
assays (21, 24). A549-GFP-LC3 cells
were metabolically labeled with
[L-*H]leucine under normal growth
conditions and chased in the pres-
ence of “cold” medium containing
excess L-leucine for varying times in
the presence of STI571 or a known
pharmacological stimulator of auto-
phagy. Inhibition of the mTOR
kinase with rapamycin activates
autophagy and was used as a posi-
tive control (25). Inactivation of
mTOR signaling with rapamycin
completely abolished phosphoryla-
tion of the mTOR substrate p70S6K
as expected, but had no effect on
Abl kinase activity as shown by
unchanged phospho-CrkL protein
levels (Fig. 24). Similarly, inhibition
of Abl kinases with STI571 did not
affect mTOR activity (Fig. 2A).
Treatment of A549-GFP-LC3 cells
with STI571 or rapamycin both
induced the conversion of LC3-1 to
LC3-II (Fig. 2B). Conversion of
LC3-1 to LC3-II increased persis-
tently over a 48-h period with
STI571 treatment, but with rapamy-
cin treatment LC3-II levels peaked
at 24 h and decreased slightly by
48 h (Fig. 2B). In addition to induc-
ing the conversion of LC3-I to LC3-
11, rapamycin also induced a marked
increase in the basal rate of
[L-*H]leucine-labeled protein turn-
over (Fig. 2C), thereby enhancing
the flux through the autophagy
pathway as reported (25). In con-
trast, inhibition of Abl kinase activ-
ity with STI571 dramatically re-
duced the basal rate of long-lived
protein turnover when compared
with control cells (Fig. 2C).
Autophagy can be induced when
nutrients are limited, as in the case
of growth factor deprivation (27).
To examine whether Abl kinases
play a role in autophagy stimu-
lated in response to nutrient dep-
rivation, autophagy was induced in

*H-leucine-labeled cells by withdrawal of growth factors and
amino acids. Withdrawal of nutrients and growth factors for 4 h
induced a 35% turnover of [L->H]leucine-labeled protein in
control cells (Fig. 2D). As expected, addition of vinblastine, a
microtubule depolymerizing agent that inhibits autophagy by
preventing the fusion between the autophagosomal and lysoso-
mal membranes, significantly inhibited starvation-induced
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autophagy (Fig. 2D). Notably, inhibition of Abl kinase signaling
with STI571 also significantly reduced the rate of starvation-
induced autophagy in [*H]leucine-labeled cells (Fig. 2D).

A similar reduction in starvation-induced autophagy as
measured by long-lived protein degradation assays was
observed in A549 cells depleted of Abl kinases following trans-
duction with Abl and Arg miRNAs (Fig. 2, E and F), which
resulted in marked knockdown of Abl proteins (Fig. 2F, top
panel) when compared with control cells, and a 95% reduction
in Abl kinase signaling as measured by pCrkL protein levels
(Fig. 2F, middle panel). Moreover, we also observed signifi-
cantly reduced levels of starvation-induced long-lived protein
degradation rates in MEFs derived from Abl/Arg-double
knockout mice compared with those exhibited by Abl/Arg het-
erozygous MEFs (Fig. 2, G and H). Thus, inhibition of Abl
kinases promotes the accumulation of autophagosomes by
inhibiting the subsequent degradation of sequestered long-
lived proteins.

Abl Kinase Inhibition Alters the Size and Subcellular Distri-
bution of LAMP" Lysosomes—To further explore the mecha-
nism whereby Abl kinases regulate long-lived protein degrada-
tion, we examined the effect of Abl kinase inhibition on the later
stages of autophagy, namely the fusion of autophagosomes with
lysosomes and the subsequent degradation of sequestered cyto-
solic proteins. The lysosomal system was analyzed by immuno-
fluorescence staining with antibodies against lysosome-associ-
ated membrane proteins 1 and 2 (LAMP-1 and LAMP-2). Both
proteins contain a large, heavily glycosylated luminal domain
and a short cytosolic tail, and are required for fusion of lyso-
somes with phagosomes (28). In untreated cells, LAMP-17
lysosomes (red) were dispersed widely throughout the cell (Fig.
3A, top panel), whereas lysosomes in STI571-treated cells were
larger and aggregated in the perinuclear region (Fig. 34, bottom
panel), frequently co-localizing with GFP-LC3™ autophago-
somes (Fig. 4A, middle panels). To quantify these differences,
the relative distance of lysosomes from the nucleus was meas-
ured in individual cells and plotted against the total number of
lysosomes. The majority of LAMP-1" lysosomes in STI571-
treated cells were localized in the immediate vicinity of the
nucleus, whereas in control cells LAMP-17 lysosomes were
evenly distributed throughout the cytoplasm (Fig. 3B). Aggre-
gation of lysosomes adjacent to the nucleus was also observed
by staining with a LAMP-2 antibody following pharmacological
inactivation of Abl kinases with STI571 (supplemental Fig.
S1A). Similar aggregation of lysosomes in the vicinity of the
nucleus was observed in Abl/Arg-depleted A549 cells (supple-
mental Fig. S1B) and Abl/Arg-double knockout MEFs (supple-
mental Fig. S2).

Abl Kinase Inactivation Induces Perinuclear Aggregation of
LAMP™ Lysosomes and Reduces Their Velocity—Analysis of
LAMP-1"'~ LAMP-2"/~ double-deficient cells showed that
these proteins are required for the mobility of lysosomes and
their subsequent fusion with phagosomes (28). It was reported
that cells deficient in both LAMP-1 and LAMP-2 displayed a
more peripheral and dispersed distribution of lysosomes, which
exhibited reduced overall motility along microtubules and
decreased movement toward the microtubule-organizing cen-
ter (28). The aggregation and altered subcellular localization of
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LAMP proteins in the absence of Abl kinase signaling
prompted us to compare the mobility of peripheral and perinu-
clear lysosomes in control and STI571-treated cells by time-
lapse imaging of lysosomes labeled with LysoTracker Red (Fig.
3C). STI571 treatment significantly reduced the velocity of
peripheral lysosomes with that of control cells (Fig. 3D and
supplemental Movies S1 and S2). As observed with LAMP-1-
stained cells (Fig. 34), STI571 treatment promoted the perinu-
clear aggregation of LysoTracker-labeled acidic organelles in
live cells (Fig. 3C and supplemental Movies S1 and S2). The
mobility of these large, perinuclear lysosomes was also signifi-
cantly reduced when compared with that of control cells (Fig.
3D). Collectively, these results suggest that inactivation of Abl
kinase signaling increases the aggregation of LAMP-containing
lysosomes, which in turn, impacts on their subcellular distribu-
tion and decreases their mobility.

Abl Kinase Inactivation Increases LAMP Glycosylation and
Stability—Inhibition of Abl kinase signaling induced marked
changes in the size and subcellular distribution of LAMP-1"
and LAMP-2" lysosomes (Figs. 34, 44, and 4B and supplemen-
tal Fig. S1). Analysis of LAMP proteins by Western blotting
revealed that down-regulation of Abl kinase activity with
STI571 or Abl family protein depletion with Abl/Arg-specific
siRNAs resulted in marked increases in the levels of LAMP-1
and LAMP-2 proteins (Figs. 4C and 5). Furthermore, the mobil-
ity of both LAMP proteins was affected by loss of Abl signaling,
which resulted in the appearance of higher molecular weight
forms of LAMP-1 and LAMP-2 (Figs. 4C, 5A, and 5B). As
expected, pharmacological inhibition of Abl kinases with
STI571 or siRNA-mediated depletion of Abl proteins resulted
in over a 80% decrease in Abl kinase signaling as determined by
measuring the levels of phosphorylation of the Abl substrate
CrkL (Fig. 5, A and B). In contrast, no changes in the mobility of
LAMP-1 were observed in A549-GFP-LC3 cells treated with
the mTOR inhibitor, rapamycin (Fig. 4C). Moreover, in con-
trast to STI571-treated cells, cells treated with rapamycin did
not exhibit altered subcellular localization of LAMP-1" lyso-
somes near the perinuclear region (Fig. 4, A and B). Thus,
although rapamycin and STI571 both induce the accumulation
of LC3-GFP™ autophagosomes and the conversion of LC3-1 to
LC3-1II, only treatment with STI571 promotes aggregation and
perinuclear localization of LAMP™ lysosomes. Notably, the
STI571-induced effects on the mobility of LAMP-1 were shown
to correlate with the duration of Abl kinase inactivation and
were reversible (Fig. 5C).

The altered mobility of LAMP proteins was suggestive of
enhanced post-translational modification upon inactivation of
Abl kinases. We found no evidence of increased phosphoryla-
tion or acetylation of LAMP-1 and LAMP-2 in STI571-treated
cells (data not shown). The higher molecular weight of LAMP-1
in the absence of Abl kinase activity appeared to be due to
differential glycosylation of the protein, because LAMP-1
mobility in the presence of STI571 was similar to that in control
lysates in the presence of the endoglycosidase peptide N-glyco-
sidase F (Fig. 5D). Similar results were observed for LAMP-2
(data not shown).

To examine whether the turnover of LAMP-1 protein was
affected by inhibition of Abl signaling, A549 cells were
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FIGURE 3.Lysosome localization and motility is altered in the absence of Abl signaling. A, A549-GFP-LC3 cells were treated with DMSO (control) or 10 um STI571
for 48 h, fixed and analyzed for LAMP-1 immunostaining. LAMP-17 lysosomes (red) were dispersed widely throughout the cytosol in control cells, whereas lysosomes
from STI571-treated cells aggregated in the perinuclear region. The size and intensity of LAMP-1" lysosomes increased in STI571-treated cells. B, the distribution of
individual lysosomes relative to the nucleus was measured in control and STI571-treated cells using MetaMorph software. The distribution of LAMP-1* lysosomes,
expressed as a fraction of the total, was plotted as a function of distance (pixels) from the nucleus. The graph in panel B represents the LAMP-1 distribution data for the
control and STI571-treated cell shown in panel A. C, the lysosomes of control or STI571-treated A549 cells (48 h) were labeled with LysoTracker DND-99 and analyzed
by live cell imaging over a 2-min acquisition period. The relative mobility of individual lysosomes was assessed by rainbow analysis. The first acquired image at time 0,
theimage acquired at 1 min, and the final images acquired at 2 min are pseudo-colored green, blue, and red, respectively (small panels) and then overlaid (large panels).
Non-motile lysosomes are represented in white, whereas lysosomes that moved over the 2-min acquisition period are pseudo-colored. The results are representative
of three independent experiments. D, the average velocity of 20 peripheral lysosomes and 20 perinuclear lysosomes in individual cells from control and STI57 1-treated
cells (n = 5 cells per group) was quantified using MetaMorph software. The data are represented as the average velocity + S.D. Scale bar = 20 um. **, p < 0.05 compared
with the velocity of peripheral and perinuclear lysosomes in DMSO-treated control cells.

metabolically pulse-labeled with [**S]methionine and then increasing amounts of STI571 resulted in a markedly reduced
chased with “cold” methionine for 48 h in the presence of turnover rate of LAMP-1 protein. Collectively, these results
increasing concentrations of STI571. As shown in Fig. 5E, suggest that loss of Abl kinase signaling promotes hyperglyco-
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FIGURE 5. Abl kinase inactivation increases the stability and glycosylation of LAMP-1. A, Western blot analysis
was employed to determine the relative amounts of LAMP-1, LAMP-2, phospho-CrkL, and total CrkL protein levels in
A549 cells treated without (=) or with (+) 10 um STI571 for 24 h. The levels of LAMP-1 and LAMP-2 proteins from
STI571-treated cells were increased and migrated with a higher molecular weight on SDS-PAGE gels when com-
pared with LAMP proteins from control cells (top two panels). B, A549-GFP-LC3 cells were transfected with a non-
targeted control siRNA or Abl/Arg siRNA oligonucleotides and analyzed 48 h later by Western blotting as in A. The
lysates were also analyzed for Abl and Arg protein levels using a pan-Abl antibody. C, the STI571-induced increase in
LAMP-1 size is reversible. A549 cells were incubated with STI571 for up to 48 h and then analyzed for LAMP-1 levels
by Western blotting. Where indicated, STI571 was removed after 48 h, and the medium was replaced with fresh
medium for an additional 24 h prior to analysis (last lane). The absence of STI571 during the 24-h recovery period
induced a shift in the mobility of LAMP-1 to a lower molecular weight. D, STI571 induces increased glycosylation of
LAMP-1. A549 cells were treated with or without 10 um STI571 for 24 h. Cell lysates were incubated in deglycosyla-
tion buffer with or without peptide N-glycosidase F as indicated for 16 h at 37 °C. The deglycosylation reactions were
analyzed by immunoblotting with an anti-LAMP-1 antibody (Sigma). Incubation of A549 cells with STI571 resulted in
an increase in the size of LAMP-1. Following deglycosylation of cell lysates with peptide N-glycosidase F (PNGaseF),
the size of LAMP-1 was identical in both control and STI571-treated cell lysates. £, pharmacological inhibition of Abl
kinase with STI571 increases the stability of LAMP-1. A549 cells were metabolically labeled with EXPRE**S**S-labeled
amino acids for 24 h and then chased for 48 h in the presence of increasing concentrations of STI571 as indicated.
Cell lysates were immunoprecipitated with anti-LAMP-1 (Sigma) or a control rabbit IgG and analyzed by SDS-PAGE
and autoradiography. Duplicate unlabeled cells treated with the indicated concentrations of STI571 were analyzed
by Western blotting for phospho-CrkL and total CrkL as indicated to confirm that Abl signaling was reduced in a
dose-dependent manner.

sylation of LAMP-1, which reduces
protein turnover. These changes are
concomitant with the aggregation
and altered intracellular localization
of LAMP™ lysosomes in cells with
impaired Abl signaling.

Abl Kinase Inhibition Impairs the
Function of Lysosomal Hydrolases—
The frequent co-localization of
GFP-LC3" autophagosomes with
LAMP" lysosomes in STI571-
treated cells suggested that these
organelles have undergone normal
fusion in the absence of Abl kinase
activity (Fig. 4, A and B). Previous
studies have demonstrated that the
turnover of the long-lived proteins
LAMP-1 and LAMP-2 is regulated
by hydrolases present in the acidi-
fied lumen of the lysosome (29, 30).
These findings together with the
altered mobility and turnover of
LAMP proteins in the absence of
Abl signaling suggested that opti-
mal degradation of sequestered
cytosolic proteins, as well as auto-
phagosomal (LC3) and lysosomal
(LAMPs) membrane constituents
by lysosomal hydrolases may re-
quire Abl kinase activity. To test
this hypothesis we analyzed the
levels of a cohort of lysosomal
cathepsins and glycosidases in con-
trol and STI571-treated A549-GFP-
LC3 cells. Lysosomal cathepsins are
synthesized as inactive preproen-
zymes and undergo proteolytic
processing to their active, mature
forms as they traffic from the trans-
Golgi network to the progressively
acidified environments of late endo-
somes and lysosomes (31). We
observed a significant decrease in
the processing of the precursor
forms of cathepsin D and cathepsin
L to their mature, lower molecular
weight, lysosomal forms in STI571-
treated cells (Fig. 6, A and B). Quan-
tification of these blots demon-

FIGURE 4.STI571 and rapamycin both induce autophagosome accumulation, but only STI571 affects lysosome localization and LAMP-1 protein levels
and mobility. A, A549-GFP-LC3 cells were treated with 10 um STI571 or 2 pwg/ml rapamycin for 48 h and analyzed by immunofluorescence. In both STI571-
treated cells and rapamycin-treated cells the pattern of GFP-LC3 staining in the cytosol changed from a diffuse to a predominantly punctate/vesicular
appearance indicating increased levels of autophagosomes. LAMP-1" lysosomes (red) were dispersed widely throughout untreated and rapamycin-treated
cells, whereas lysosomes from STI571-treated cells clustered adjacent to the perinuclear region and often co-localized with GFP-LC3. These results are
representative of three independent experiments. B, quantification of GFP-LC3 and LAMP-1 co-localization. The yellow and red images for individual stained
cells described in the A (n = 3) were quantified using ImageJ software and expressed as a percentage to determine the proportion of LAMP-1" lysosomes (red),
which co-localized with GFP-LC3 (yellow in the merged images). **, p < 0.05 compared with the percentage of LAMP-1"/GFP-LC3"-positive lysosomes in
control cells. Results are representative of three independent experiments. C, A549-GFP-LC3 cells were treated with 10 um STI571 or 2 wg/ml rapamycin for up
to 48 h as indicated and analyzed by Western blotting for LAMP-1 and B-tubulin levels. The data are representative of three independent experiments.
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FIGURE 6. Abl kinase inhibition impairs the processing and lysosomal localization of the cysteine
proteases, cathepsin D and cathepsin L. A and B, A549-GFP-LC3 cells were incubated with or without 10
uM STI571 for 24 h or 48 h as indicated. Cell lysates were analyzed by Western blotting with anti-cathepsin
D (A) and anti-cathepsin L (B) antibodies. Inhibition of Abl kinases with STI571 resulted in a time-depend-
ent decrease in the processing of the precursor forms of cathepsin D and cathepsin L to their mature
(activated), lower molecular weight forms, which characteristically accumulate in the lysosome. p =
precursor, i = intermediate, and m = mature. The signal intensities of the precursor and mature cathepsin
bands were determined using ImagelJ software and demonstrated a progressive loss of the mature forms
of cathepsin D and L over the 48-h incubation period with STI571 (graphs below each blot). C, A549 cells
expressing a control scrambled miRNA or Abl6/Arg-9 miRNAs were analyzed by Western blotting with
anti-cathepsin L antibody. D, the subcellular distribution of cathepsin D and LAMP-1 was analyzed in
A549-GFP-LC3 cells by immunofluorescence. Cathepsin D displayed a punctate/vesicular staining pattern
in control cells and frequently co-localized with LAMP-1, whereas cathepsin D in STI571-treated cells (48

h) did not co-localize with LAMP-1. Scale bar = 20 um. The results are representative of three independent
experiments.

a control scrambled siRNA (Fig.
6C). Furthermore, whereas in con-
trol cells, cathepsin D frequently co-
localized with LAMP-1, in the
absence of Abl kinase signaling
cathepsin D failed to co-localize
with LAMP-1 (Fig. 6D). These
results suggest that Abl signaling is
required for the correct lysosomal
targeting and activation of lysoso-
mal cathepsins, which regulate late-
stage autophagy by degrading long-
lived proteins in the lysosome.

We also tested the activities of a
series of lysosomal glycosidases,
which are essential for the stepwise
degradation of glycoproteins tar-
geted to the lysosome for degrada-
tion. Notably, the enzyme activity
levels of lysosomal «-galactosidase,
a-mannosidase, and neuraminidase
were dramatically reduced follow-
ing Abl kinase inactivation with
STI571 (Fig. 7, A-C). Moreover,
Abl/Arg siRNA-treated cells also
exhibited significant decreases in
the activities of «-galactosidase,
a-mannosidase, and neuraminidase
when compared with control
siRNA-transfected control cells
(Fig. 7, E-@G). Similar decreases in
enzymatic activity were observed
for «-galactosidase,
dase, and neuraminidase in Abl/Arg
double knockout MEFs when com-
pared with Abl/Arg heterozygous
MEFs (Fig. 7, I-K). The majority of
lysosomal hydrolases, including the
glycosidases and cathepsins shown
here to be affected by loss of Abl sig-
naling, are targeted to the lysosomal
compartment by the mannose-6-
phosphate receptor (M6PR) path-
way (32). In contrast, acid phospha-
tase is targeted to the lysosome
independently of the M6PR path-
way and did not appear to be signif-
icantly altered following inactiva-
tion of Abl kinase signaling with
STI571, or by siRNA-mediated
depletion of Abl and Arg proteins

Q-mannosi-

strated that the levels of precursor cathepsin D and cathepsin L
progressively increased over the 48-h incubation period with
STI571, whereas the levels of the mature, active enzymes
decreased (Fig. 6, A and B, bottom panels). Moreover, A549 cells
depleted of Abl kinases following expression of Abl/Arg
miRNAs also displayed markedly reduced levels of the mature
form of cathepsin L when compared with A549 cells expressing
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(Fig. 7, D and H). Also, complete and persistent loss of Abl
signaling in Abl/Arg double knockout MEFs did not signifi-
cantly affect acid phosphatase activity levels when compared
with Abl/Arg heterozygous MEFs (Fig. 7L). These findings sug-
gest that Abl kinase inactivation preferentially affects the
M6PR-mediated transport of lysosomal glycosidases and cathe-
psins. Collectively, these results reveal a role for Abl kinase
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FIGURE 7. Abl kinase inhibition impairs the activities of specific lysosomal hydrolases. A-D, the activities
of the lysosomal hydrolases a-galactosidase (A), a-mannosidase (B), neuraminidase (C), and acid phosphatase
(D) were analyzed in A549-GFP-LC3 cells treated with DMSO (control) or STI571 (10 um) for up to 72 h using
4-methylumbelliferone-conjugated substrates (Sigma). E-H, A549-GFP-LC3 cells were transfected with a non-
targeted control siRNA or Abl and Arg siRNA oligonucleotides, and analyzed 48 h later for a-galactosidase (E),
a-mannosidase (F), neuraminidase (G), or acid phosphatase (H). Abl/Arg-double knockout MEFs and Abl/Arg-
heterozygous MEFs were assayed for a-galactosidase (/), a-mannosidase (J), neuraminidase (K), or acid phos-
phatase (L). **, p < 0.05 compared with the DMSO-treated control (time 0, A-C), control siRNA (E-G), or Abl/Arg
heterozygous (I-K) groups. No significant differences were observed for acid phosphatase activities (D, H, and
L; p > 0.05). The results are representative of three independent experiments. M, schematic representation of
the lysosome-related events that arise from inhibition of Abl kinase signaling.
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signaling in the regulation of acidic hydrolase function, possibly
by affecting their trafficking to the lysosomal compartment.

tion of Abl signaling has a number
of downstream consequences on
processes, which are dependent on
lysosomal function. As summarized
in Fig. 7M, Abl deficiency resulted
in decreased enzymatic activity of a
subset of lysosomal enzymes lead-
ing to impaired degradation of long-
lived proteins and the concomitant
accumulation of autophagosomes
and LAMP™ lysosomes. Loss of Abl
kinase does not appear to impair the
fusion of autophagosomes with
lysosomes, because Abl-deficient
cells frequently showed co-localiza-
tion of GFP-LC3™ autophagosomes
with  LAMP-1" lysosomes. The
accumulation of autophagosomes
in the absence of Abl kinase signal-
ing is likely to occur as a conse-
quence of lysosomal dysfunction.
We demonstrate that Abl kinases
are positive regulators of late-stage
autophagy and are required for
maximal flux through this pathway.
It is becoming increasingly clear
that, whereas GFP-LC3 and other
early autophagy markers are useful
for monitoring autophagosome
formation, additional assays are
required to monitor the flux of long-
lived proteins through the autoph-
agy pathway (24). Accumulation of
autophagosomes in STI571-treated
cells as measured by enhanced
levels of GFP-LC3-II has been
observed in several cell types, which
led one group to conclude that
STI571 treatment promotes auto-
phagy, and that by inference, Abl
kinases negatively regulate autoph-
agy (20). However, these investiga-
tors did not assess long-lived pro-
tein degradation (20), which is
essential for monitoring the later
stages in the autophagy pathway
(22). It has been shown that a large
number of compounds that increase
the levels of GFP-LC3-II fail to
increase the degradation of proteins
and organelles by autophagy (24).
Increased levels of GFP-LC3-1I may

result from increased cell death or from lysosomal defects that
block autophagic degradation (24). We did not observe

increased cell death following treatment with Abl kinase inhib-

DISCUSSION

Here we report that Abl kinase signaling positively regulates
the trafficking and function of lysosomal components. Inhibi-
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itors or in cells depleted of Abl kinases (data not shown). How-
ever, we found profound defects in lysosomal enzyme function
that led to the accumulation of autophagosomes and to a dra-
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matic reduction in the turnover of long-lived proteins, includ-
ing LAMP proteins, in the absence of Abl signaling. Thus, the
accumulation of autophagosomes in cells lacking Abl signaling
is due to impaired turnover of long-lived proteins that continue
to accumulate in the absence of Abl kinases, and is not due to
increased biogenesis of autophagosomes during the early stages
of autophagy (20). However, it has been reported that STI571
treatment increased the clearance of pathological prion protein
(PRPsc) through a lysosomal pathway (33). It is possible that
inhibition of Abl signaling and subsequent down-regulation of
lysosomal enzyme function might shift the flux of specific pro-
teins under pathological conditions into alternative degradative
pathways.

Inhibition or depletion of Abl kinases elicited marked reduc-
tions in the enzyme activities of several lysosomal glycosidases.
Furthermore, Abl kinase inhibition significantly reduced the
intracellular amounts of the catalytically active, mature forms
of cathepsin D and cathepsin L. The altered processing and
subcellular distribution of the cathepsins combined with inhi-
bition of lysosomal hydrolases in Abl-deficient cells suggested
that Abl kinases may play a role in the regulation of lysosomal
enzyme trafficking. Because acid phosphatase activity levels
were not significantly altered in the absence of Abl signaling,
these findings suggest that the M6PR-mediated trafficking of
lysosomal enzymes may be specifically regulated downstream
of the Abl kinases.

Abl kinase signaling may affect lysosomal processes through
one or more pathways. We have shown that Abl kinase inacti-
vation increased the stability of LAMP proteins, which may be
due to altered glycosylation, because N-glycosylation is impor-
tant for the stability of LAMP-1 and LAMP-2 in the lysosomal
membrane (34). Notably, LAMP-2 deficiency results in accu-
mulation of autophagic vacuoles and decreased basal rates of
long-lived protein degradation (35). Moreover, LAMP-2-defi-
cient hepatocytes display improper processing of cathepsin D
to the mature, active form and have impaired trafficking of
some lysosomal enzymes to lysosomes (36). In this study we
observe that increased amounts and altered mobility of LAMP
proteins in the absence of Abl signaling coincided with reduced
lysosomal cathepsin activities and reduced autophagy. It is
likely that persistent and excessive glycosylation of LAMP pro-
teins may alter their biological functions. Thus, defective auto-
phagy may occur by altered processing and stability of LAMPs
in the absence of Abl kinase function (Fig. 7M).

A recent proteomic study has demonstrated that protein
degradation during starvation-induced autophagy occurs in an
ordered fashion, where cytosolic proteins are degraded initially
followed by organelle-associated proteins (37). In a similar fash-
ion inhibition of Abl kinase signaling may initially up-regulate
the cellular pools of cytosolic proteins followed later by
organelle-associated proteins.

An alternative and not mutually exclusive mechanism for the
impaired autophagic degradation in the absence of Abl signal-
ing may be decreased organelle mobility. Inhibition of Abl
kinases results in perinuclear aggregation and decreased mobil-
ity of lysosomes. In this regard, LAMP proteins have been
shown to regulate phagosome mobility (28), and altered LAMP
processing and stability may affect organelle mobility in cells
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lacking Abl signaling. Abl kinases may regulate autophagy in
part through modulation of the microtubule cytoskeleton,
which may be required for intracellular mobility of organelles.
Microtubules have been shown to facilitate autophagosome
formation and fusion with lysosomes and are also required for
autophagosome motility (38). Notably, Abl kinases have been
shown to regulate microtubule dynamics (39, 40). Alternatively,
Abl kinases may affect the mobility of organelles and macromo-
lecular cargoes through regulation of microtubule motors (41).

The Abl-dependent effects on the morphology and localiza-
tion of lysosomes have also been observed in cells other than
cancer cells. We showed that primary mouse embryonic fibro-
blasts from Abl/Arg double knockout mice exhibit profound
changes in the subcellular distribution of LAMP-1" and
LAMP-2" lysosomes. Disruption of the lysosomal system may
contribute to some of the observed effects of imatinib on anti-
gen processing and presentation by dendritic cells (42) and
hematopoiesis in the normal bone niche (43). In the context of
cancer, a reduction in autophagy in some carcinomas is
believed to confer growth advantages (44). However, a low level
of autophagy may also be required for cancer progression (2, 45,
46). Autophagy may be up-regulated as an adaptive mechanism
to allow cancer cells to overcome a lack of nutrient supply (47).
In this regard, we have observed that inhibition of Abl signaling
decreased the degradation of long-lived proteins in response to
nutrient deprivation. Thus, inhibition of autophagy in STI571-
treated cells may contribute to the synergistic cell killing effect
reported in cells treated with both STI571 and cisplatin (48).

Our findings suggest that Abl kinases may play a role in pro-
cesses dependent on integral lysosomal functions, which may
extend beyond Abl-dependent regulation of autophagy. Fur-
ther, the effects of Abl signaling on late-stage autophagy should
be of consideration when employing therapeutic strategies that
involve inhibition of the Abl kinases.
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