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Following growth factor withdrawal, Bax- /-
Bak-/-  cells activate autophagy, undergo
progressive atrophy, and ultimately succumb
to cell death.
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Cells from Bax-/- Bak-/- animals fail to undergo apoptosis in
response to serum deprivation, loss of attachment, and growth
factor withdrawal. Thus, Bax and Bak are essential and
redundant regulators of apoptosis and extracellular signals.
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(A) Two independent clones of Bax -/- Bak -/-  IL-
3-dependent cells (parental) stably transfected
with either Bax, Bak, or empty vector (vec) were
generated, and expression levels were assessed
by Western blot. The IL-3-dependent Bax / Bak /
cell line FL5.12 is shown for comparison.

Figure 1. Bax -/- Bak -/-  Cells Undergo Atrophy and Maintain Prolonged
Survival Following Withdrawal of Growth Factor

(B) Kinetics of cell death in Bax- or Bak-
reconstituted cells following IL-3 withdrawal.
Viability was measured by propidium iodide
exclusion. Data are averages of three
experiments   standard deviation (SD).
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(D) Cell numbers of cultures that were
grown in the presence or absence of IL-3
and were cultured as in (C). Data are
averages of three independent experiments
SD.

(E) Cell size of cultures that were
grown in the presence or absence
of IL-3 and were cultured as in (C).
Data are averages of three
independent experiments   SD.

(C) Cell viability of Bax -/- Bak -/-  cells in the presence
or absence of IL-3. Cells were washed and cultured in
the presence (open squares) or absence (closed
diamonds) of IL-3. At the indicated time points, cells
were collected and viability was assessed. Cells grown
in the presence of IL-3 were passaged every 2–3 days
to restore a cell concentration of 7.5 x105 cells/ml. The
medium in IL-3-deprived cultures was replaced with an
identical volume of fresh complete medium without IL-3
every 10 days. Data are averages of three independent
experiments   SD.
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An additional consequence of growth factor limitation is
a rapid decline in the surface expression of nutrient
transporters including the major glucose transporter
GLUT1, the LDL receptor, amino acid transporters and
receptors for iron uptake

This decrease in nutrient transporter expression has
been proposed to perturb mitochondrial physiology
resulting in the induction of apoptotic cell death.

An alternative explanation is that the decline in surface
expression of nutrient transporters simply reflects a
secondary response to the decreased metabolic
demand on the cell following the cessation of growth
and the withdrawal from the cell cycle.
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(A) Glycolytic rate of cells grown in the absence of IL-3 as measured
by the conversion of 5-H3-glucose to 3H2O at the indicated time
points. The data presented at week 0 represent values of control
cells growing in IL-3 throughout the time course of the experiment.
Data are averages of three experiments   SD.

Figure 2. Metabolic Effects of IL-3 Withdrawal on Bax-/- Bak -/- Cells

(B) Western blot analysis of GLUT1 expression
in cells cultured in the absence of IL-3. The
GLUT1 expression at week 0 is representative
of GLUT1 expression of cells grown in IL-3.

time-dependent loss of GLUT1, the major glucose
transporter expressed on these cells
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(C) Mitochondrial membrane potential as
measured by TMRE staining in cells grown
without IL-3 (solid histogram) at the indicated
time point. Baseline TMRE was determined by
using cells treated with the uncoupler CCCP
(dotted histogram). The numbers in the top right
corner indicate the averge mean fluorescence
intensity of three independent experiments. The
week 0 time point indicates the mean
fluorescence intensity of cells growing in IL-3
and is representative of the values obtained for
such cells over the time course of the
experiment.

Figure 2. Metabolic Effects of IL-3 Withdrawal on Bax-/- Bak -/- Cells

Coincident with the decline in glycolysis, there was a
decline in mitochondrial membrane potential
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(D) ATP levels in cells grown without IL-
3 and expressed as arbitrary units (AU).
ATP levels for IL-3-grown cells did not
decline significantly over the time
course of the experiment (data not
shown). Data are averages of three
independent experiments   SD.

Figure 2. Metabolic Effects of IL-3 Withdrawal on Bax-/- Bak -/- Cells

Cellular ATP levels also fell, but the
decline in glucose transporter
expression was greater than that
expected based on the ATP decline,
suggesting that cells were utilizing
alternative substrates to maintain their
bioenergetics.
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The continued decline in cell size of the G0/G1 arrested
cells following growth factor withdrawal suggested the
possibility that cells were utilizing macroautophagy to
catabolize intracellular substrates to maintain their
survival.
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(A) Electron microscopy of cells
grown in the absence of IL-3 for
48 hr (a–c) showing the presence
of autophagosomes. Arrowheads
depict representative
autophagosomes quantitated in
(d). Scale bar, 100 nm. (d)
Quantitation of the number of
autophagosomes per cross-
sectioned cell cultured in the
presence or absence of IL-3 for
48 hr. Error bar represents  SD.
Statistical significance
determined by Student’s t test.

Figure 3. Growth Factor Withdrawal Induced Autophagosome Formation Is
Required for Survival
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Higher-power magnification photomicrographs of IL3-dependent cells
deprived of IL3 show autophagosomes that contain intracellular
contents. Autophagosomes are indicated by arrowheads.
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Immunofluoresence with anti-LC3* antibody on cells
grown in the presence (a) or absence (b) of IL-3 for 48 hr.

(*) antibody specific for the mammalian homolog of the yeast Atg8
protein, microtubule-associated protein-1 light chain-3 (LC3).
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Atg: autophagocytosis associated molecules in yeast
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What hapen if autophagy is
blocked?

How to block autophagy?
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(D) Time course of cell viability following IL-3
withdrawal in cells with inactivation of ATG5. Data
are averages of three experiments   SD.
Western blot analysis of ATG5 protein expression
in cells transfected with vector control, hp-2, or hp-7
shRNA is shown as a representative experiment.
Actin was used as loading control.

(E) Time course of cell viability following IL-3
withdrawal in cells transfected with FITC
tagged-siRNA for ATG7 (Yu et al., 2004) or a
control siRNA. Cells which had incorporated the
siRNA for ATG7 or control were purified by
FACS sorting based on FITC-positive cells, and
viability was assessed at the indicated time
points. Data are averages of three experiments
SD.

Inhibition of Autophagy Leads
to Cell Death

absence of IL-3 for 48 hr
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(A) Electron microscopy of cells grown in the presence (a) or absence (b) of IL-3 for 6 weeks. Scale bar,
8.5  m. Magnification image of a cell grown in the presence (c) or absence (d) of IL-3 showing
autophagosomes (arrows). Scale bar, 2.3  um.

Figure 4. Persistent Autophagy in Long-Term (6 weeks) Growth Factor-Withdrawn Cells

IL-3 -IL-3



9

17

Higher magnification of cells grown in the absence of IL-3 (e and f). Arrowheads depict
autophagosomes in cells containing recognizable cellular material (e) or a late autophagosome
fusing with a lysosome (f). Arrowheads depict representative autophagosomes quantitated in (B).

Long term
deprivation
(6 weeks)

18

While macroautophagy in yeast and plant cells is
required to promote cell survival in the absence of
nutrients, the macroautophagy observed following IL-3
deprivation occurred in the presence of abundant
extracellular nutrients.

The IL-3-deprived cells were maintained in complete RPMI
medium supplemented with 10% serum, and the medium
was replaced every 10 days. The medium removed from
these cultures was not nutrient deficient since it supported
proliferative expansion of the parental Bax-/- Bak-/-  cells when
supplemented with IL-3 (data not shown). Therefore,
macroautophagy in Bax-/- Bak-/- cells was induced by growth
factor withdrawal and not by a lack of nutrients in the
extracellular environment.
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(A) Viability of cells grown in
the presence (top panel) or
absence (bottom panel) of IL-3
for 6 weeks treated with 5 mM
3-MA (closed squares) or 10  M
CQ (open triangles). PBS was
used as a vehicle control
(closed diamonds).

Figure 5. Cell Death Following Inhibition of Autophagy

IL-3
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Existing shRNA transfection methods proved ineffective in cells that had undergone prolonged growth
factor withdrawal, therefore we used two independent and widely used inhibitors of macroautophagy,
3-methyladenine (3-MA) and chloroquine (CQ) to block autophagy.
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How to characterize cell death
by genomic DNA analysis?
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(B) Immunofluorescence staining of LC3 in cells grown in the presence (a) or absence (b) of
IL-3 for 6 weeks. Cells grown in the presence or absence of IL-3 were treated for 18 hr with 5
mM 3-MA (c and d) or 10  M CQ (e and f) followed by LC3 staining. PBS was used as a
vehicle control.
(C) DNA fragmentation assay was performed on Bax / Bak /  cells grown in the presence or
absence of IL-3 for 6 weeks and treated for 36 hr with 5 mM 3-MA, 10  M CQ, or PBS as a
vehicle control. IL-3-dependent Bax -/- Bak -/-  FL5.12 cells grown in the absence of IL-3 for
36 hr were used as a positive control for DNA laddering.
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A cell-permeable form of pyruvate, methylpyruvate (MP), was
added to the cultures at the time 3-MA or CQ treatment. Once
internalized, this substrate can be oxidized in the tricarboxylic
acid cycle to produce NADH to fuel electron transport and ATP
production.

Cell Death Following Inhibition of Autophagy Is
Reversed by Methylpyruvate
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Despite the loss of cell surface nutrient
transporters, the absence of an observable
Golgi/ER, and a profound decline in total protein
content, the cells cultured in the absence of IL-3
had higher levels of surface IL-3 receptor than
cells grown in the presence of IL-3.

Cell surface staining of IL-3 receptor
chain. Dotted histogram represents
isotype control and solid histogram
represents IL-3 receptor expression.

Cells cultured in the absence of IL-3 had
higher levels of surface IL-3 receptor than
cells grown in the presence of IL-3.
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IL-3 was readded to cells that were
cultured in the absence of IL-3 for 4
weeks and collected at the indicated
time points for measurement of
glycolytic rate. Solid line indicates
average glycolytic rate of cells grown in
the presence of IL-3 over the time
course of the experiment.

IL-3 Restimulates Glycolysis and Growth/Proliferation in Growth
Factor-Deprived Cells

Glycolytic rate of cells following readdition of IL-3.
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Cell size and cell number of cultures cultured without IL-3 for 2 (closed
squares) or 6 (open triangles) weeks followed by readdition of IL-3.

Cell size

Cell number

2 weeks deprivation
6 weeks deprivation
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Based on the results, macroautophagy appears to be an evolutionarily
conserved survival strategy. Macroautophagy can support growth
factor-independent cell survival of hematopoietic cells for several
weeks.

Macroautophagy Is a Conserved but Self-Limited
Survival Mechanism

Thus, it appears eukaryotic cells share a common survival pathway
that promotes cell-autonomous survival in the face of starvation
and/or neglect. Animal cells may have evolved an apoptotic response
in part to limit this form of cell-autonomous survival. Nevertheless, as
previously demonstrated in unicellular organisms, macroautophagy is
a self limited survival strategy and ultimately will result in cell death if
not reversed.
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(A) p62 and NBR1 are autophagy receptors that
interact with both ubiquitin conjugated to the target
and LC3/GABARAP on the autophagosome, thereby
promoting autophagy of ubiquitinated
targets.

(B) ATG19 is a receptor protein that interacts with
both preApe1 aggregates and ATG8, thereby
promoting delivery of preApe1 to the vacuole by the
Cvt pathway in yeast. NIX is a mitochondrial protein
that interacts with LC3/GABARAP and might
participate in mitophagy.

(C) HDAC6 is a Ub-binding protein that plays a role
in aggresome formation but also affects selective
autophagy of ubiquitinated misfolded proteins; its
precise role in autophagy is, however, not clear.

(D) ALFY is a large protein associated with both
ubiquitinated proteins and autophagosomal markers;
it interacts with PtdIns(3)P via the FYVE domain.

Figure 1. Proteins Involved in Selective
Autophagy and Their Domain Organization.

Numbers indicate length of human proteins in amino acids with the exception of ATG19, which is a yeast protein. BAG, Bcl-2-
associated athanogene 1 domain; BEACH, BEACH domain; BH3, Bcl-2 homology 3 domain; BUZ, ubiquitin-binding zinc
finger; CC, coiled-coil domain; FYVE, Fab1, YOTB/ZK632.12, Vac1, and EEA1 domain; HDAC, histone deacetylase domain;
LIR, LC3-interacting region; PB1, Phox and Bem1p domain; TM, transmembrane domain; UBA, Ub-associated domain;
WD40, WD40 repeats; WW, WW domain; ZnF, Zinc finger domain.
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Oligomerized misfolded proteins are
ubiquitinated and recognized by the
Ub-binding domain of oligomeric p62
and NBR1 proteins, drawn as spokes
of a wheel (although polyUb chains
are depicted, it is possible that
monoubiquitination is sufficient
for target recognition) (1), which target
them for selective degradation by
autophagy (2). Oligomeric p62 and
NBR1 also mediate formation of
proteinacious inclusion bodies (3).
Binding of HDAC6 to ubiquitinated
proteins ensures their transport along
the microtubules toward the MTOC
(4), where excess misfolded proteins
can be organized into an aggresome
(5). Inclusion bodies (3) and
aggresomes (6) may allow autophagic
degradation of stored misfolded
proteins. Closed boxes, Ub-binding
domains; empty circles, Ub; filled
circles, conjugated LC3/ GABARAP
proteins.

Figure 2. A Model for the Function of p62, NBR1,
and HDAC6 Proteins in Selective Autophagy of
Ubiquitinated Misfolded Proteins
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(A) Constitutive formation of smaller autophagosomes (Cvt
vesicles) mediates delivery of cytosolic precursors of
resident vacuolar hydrolyses, such as preApe1, and
represents a form of selective autophagy in yeast cells.
ATG19 interacts with both aggregated preApe1 and ATG8
on the autophagosome (filled circles).

(B) In contrast, larger autophagosomes are formed in yeast
during starvation response, a nonselective process
regulated by TOR kinase signaling.

(C) Similar to the Cvt pathway, ubiquitinated aggregates
are recognized by specific receptors (like p62 and NBR1)
and targeted to autophagosomes via their interaction with
LC3/GABARAP proteins conjugated to the lipid membrane
of the autophagosome (filled circles).

The role of TOR signaling in selective autophagy has not
been clarified. The broken arrows indicate the fact that this
process has not formally been  in yeast cells—it, therefore,
remains hypothetic.

Figure 3. Comparison of the Yeast-Specific Cytosole-to-Vacuole (Cvt) Pathway with the Process of
Nonselective Autophagy and the Selective Autophagy of Ubiquitinated Targets Mediated by p62 and
NBR1
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Conjugation of monoUb (data not shown)
or Ub chains (depicted) to the ribosomal
proteins or those residing in the limiting
membranes of organelles, such as
mitochondria and peroxisomes, may
constitute a signal that directs targeted
autophagosome formation. Intracellular
bacteria are also associated with Ub;
however, the nature of this association is
less clear. p62 and NBR1 form oligomers
and bind both Ub and ATG8/LC3 on the
phagophore and, thereby, might
mechanistically link ubiquitination to
selective autophagy.

Figure 4. Proposed Role of Ubiquitination
and Autophagy Receptors in Mitophagy,
Pexophagy, Ribophagy and Xenophagy


