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Macroautophagy, commonly referred to as autophagy, is a protein degradation pathway that occurs constitutively
in cells, but can also be induced by stressors such as nutrient starvation or protein aggregation. Autophagy has been
implicated in multiple disease mechanisms including neurodegeneration and cancer, with both tumor suppressive and
oncogenic roles. Uncoordinated 51-like kinase 1 (ULK1) is a critical autophagy protein near the apex of the hierarchal
regulatory pathway that receives signals from the master nutrient sensors MTOR and AMP-activated protein kinase
(AMPK). In mammals, ULK1 has a close homolog, ULK2, although their functional distinctions have been unclear. Here,
we show that ULK1 and ULK2 both function to support autophagy activation following nutrient starvation. Increased
autophagy following amino acid or glucose starvation was disrupted only upon combined loss of ULKT and ULK2 in
mouse embryonic fibroblasts. Generation of PtdIins3P and recruitment of WIPI2 or ZFYVE1/DFCP1 to the phagophore
following amino acid starvation was blocked by combined Ulk1/2 double knockout. Autophagy activation following
glucose starvation did not involve recruitment of either WIPI1 or WIPI2 to forming autophagosomes. Consistent with a
PtdIns3P-independent mechanism, glucose-dependent autophagy was resistant to wortmannin. Our findings support
functional redundancy between ULK1 and ULK2 for nutrient-dependent activation of autophagy and furthermore

highlight the differential pathways that respond to amino acid and glucose deprivation.

Introduction

Macroautophagy, henceforth referred to as autophagy, is a con-
stitutive cellular housekeeping process, which can be induced
by various stressors. A unique double-membrane organelle, the
autophagosome, forms and engulfs a portion of the cytoplasm,
including organelles, long-lived proteins and protein aggregates.
The autophagosome then fuses with a lysosome to effect degrada-
tion of its cargo. This process is conserved from yeast to mam-
mals, is implicated in cancer and neurodegenerative disorders,
and has recently been extensively reviewed."?

ULK1, a mammalian homolog of the C. elegans uncoordi-
nated 51 serine threonine protein kinase,*> was first identified
as a key regulator of autophagy via a kinome siRNA screen.® In
mammals, but not lower organisms, ULK1 has a close relative,
ULK2, with high homology in the kinase domain as well as the
C-terminal domain.”® Before being implicated in autophagy,
ULK1 and ULK2 were shown to play a critical role for neuro-
nal development.”"" ULKI and ULK2 form complexes with the
mammalian ortholog of yeast Atgl3 and focal adhesion kinase

family interacting protein of 200 kDa (RBICC1/FIP200), the
proposed mammalian functional ortholog of yeast Atgl7.”'*!?
This complex has been shown in various cell settings to be
required for the activation of autophagy in combination with
additional regulatory factors such as Cl2o0rf44/ATG101."
Upon amino acid withdrawal, the ULK complex translocates
to the PAS (phagophore assembly site), or other sites of forming
autophagosomes.®'"!8

ULK1/2 activity is regulated by the kinase MTOR, which
forms part of the master nutrient sensor MTOR complex 1
(MTORCI). Upon amino acid starvation of cells, MTORCI1
is inhibited, which releases ULK1/2 and facilitates maximal
activation of the ULK-ATGI13-RBICCI complex.'*" There is
evidence that part of the regulation from MTORCI involves
direct phosphorylation of ULK1 which further modulates AMP-
activated protein kinase (AMPK)-mediated phosphorylation of
ULK1.”# Interestingly, ULK1 can also inhibict MTORCI,*
placing it both up- and downstream of the nutrient signaling cas-
cade to provide a feedback mechanism within the system. ULK1
autophagy function can be regulated by other modifications
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such as acetylation through the glycogen-synthase 3-KAT5/
TIPGO pathway.*

Relating to physiological in vivo roles, ULK1 and ULK2
display very similar tissue expression profiles*>* although some
isoform-specific functions have been described. UlkI-deficient
mice are born with no obvious phenotype and mouse embry-
onic fibroblasts (MEF) derived from these mice show normal
general autophagy suggestive of ULK1/2 in vivo redundancy.”
Ulk2-null mice are also born without phenotype and the cor-
responding MEFs show normal autophagy.?® However, UlkI
knockout mice do display defects in mitochondrial autophagy
during erythrocyte development and in primary hepatocytes.”>*
Consistent with the concept of ULKl-specific in vivo roles,
ULK1 was the critical isoform required for autophagy induced
through low potassium-mediated membrane depolarization in
primary cerebellar granule neurons.?* In HEK293 cells, we have
shown that siRNA-mediated depletion of ULKI, but not ULK2,
is sufficient to inhibit autophagy which further supports how
particular ULK isoforms can have predominant roles in certain
cell contexts.®

In this study, we aimed to more definitively define roles of
ULK1 and ULK2. We generated MEFs genetically targeted in
both Ulkl and Ulk2 and investigated their respective roles in
basal and starvation-induced autophagy. To evaluate effects on
autophagy, we used relatively late markers such as lipidation of
LC3, the well-characterized ortholog of yeast Atg8, microtubule-
associated protein 1 light chain 3 (LC3). For additional insight,
we investigated eatlier molecular markers of autophagy initiation
by detecting membranes containing the phosphatidylinositol
3-phosphate (PtdIns3P)-binding protein WIPI2.® Our previ-
ous work has shown WIPI2 is found on the PAS or phagophore
initiation membranes associated with the ER, where it becomes
transferred to nascent autophagosomes. Here, we found that
ULK1 and ULK2 are required together for autophagy induction
by both amino acid and glucose withdrawal. Nutrient-dependent
formation of PtdIns3P-containing autophagy membranes and
LC3 lipidation are both robustly inhibited only in the combined
absence of ULK1 and ULK2. Interestingly, we found that glu-
cose starvation activates LC3 lipidation without generation of
PtdIns3P, which has been previously proposed as essential for
autophagy.”’

Results

ULK1 and 2 are both required for induction of autophagy by
amino acid starvation. Mice defective in essential autophagy
genes Atg5, Atg7 and Atg9a exhibit neonatal lethality during the
post-birth starvation period.?*** In contrast, previously derived
Ulki-deficient mice are viable and fertile, with overall func-
tional autophagy and only delayed autophagic mitochondrial
clearance in reticulocytes during erythrocyte development.”
We hypothesized that ULK1-independent autophagy was main-
tained in vivo through functional compensation by its closely
related homolog, ULK2,® previously thought to have only a
minor role in autophagy based on cell line work.® We generated
UlkI-deficient mice using embryonic stem cells carrying a splice
acceptor gene trap within a large intronic region of the mouse
UlkI locus that disrupts the protein near its N terminus (details
in Fig. S1). As expected, homozygous Ulk! gene trap knockout
mice (ULK1KQO) were viable, fertile and showed no differences
from wild-type (WT) in growth or survival. Ulk2-deficient
mice have also been shown to be viable, fertile and capable of
autophagy.”® We derived MEFs from ULKIKO, ULK2KO
and WT embryos and analyzed autophagy properties in pri-
mary and SV40 T antigen immortalized sublines. Immortalized
ULK1KO MEFs showed reduced ability to regulate amino acid
starvation-induced autophagy as assessed by LC3 lipidation
(Fig. 1A) (serum was also absent during short-term amino-acid
starvation). ULKIKO MEFs had significantly lower LC3-II/
LC3-I ratios under both full-nutrient and amino acid-starved
conditions as compared with WT MEFs, although ULK1KO cells
displayed some residual ability to increase LC3-II in response to
amino acid starvation. In contrast, ULK2KO MEFs displayed an
alternate phenotype of abnormally elevated LC3-11/LC3-I under
both full-nutrient and amino acid-starved conditions. Lipidation
of LC3 was further measured following amino acid starvation in
the presence of the vacuolar proton ATPase inhibitor bafilomy-
cin A (BafAl) to assess autophagic flux when lysosomal func-
tion was inhibited. WT MEFs show robust LC3-1I accumulation
under amino acid starvation + BafAl conditions as expected.
Consistent with effects under amino acid starvation, ULK1KO
MEFs showed approximately 50% decreased LC3-II accumula-
tion following starvation + BafAl. Conversely, ULK2KO MEFs

Figure 1 (See opposite page). Loss of ULK1 and ULK2 inhibits autophagy following amino acid starvation. (A) Wild-type (WT), UlkT knockout
(ULK1KO), Ulk2 knockout (ULK2KO) and two independently derived Ulk1/Ulk2 double knockout (DKO) MEF lines were treated with full-nutrient medium
(F), EBSS (-AA) or EBSS containing 50 nM bafilomycin A, (Baf) for 2 h. Resolved cell lysates were immunoblotted with antibodies against ULKT, actin
and LC3 (Nanotools 5F10 monoclonal). “*” indicates nonspecific band on ULK1 immunoblot. MEF lines were immortalized with SV40 T antigen. Below:

LC3-11/LC3-1 signals were plotted as average + SEM, (n = 4) using 2 different y-axis scales. Two-tailed paired t-tests were performed relative to values of
WT MEFs under the same condition: *p < 0.04; **p < 0.005; ?p = 0.14; °p = 0.056; °p = 0.12. (B) Total RNA was extracted from MEF lines described in (A)
and analyzed for UlkT and Ulk2 transcript levels using quantitative RT-PCR. Plots show UlkT or Ulk2 levels normalized to Actin transcript levels (average
+ SEM, (n = 3), values relative to WT cells). (C) WT and DKO MEF lines were treated as in (A) to full-nutrient medium or EBSS for 2 h. Resolved cell lysates
were immunoblotted with antibodies against phospho-(Ser79) acetyl CoA carboxylase (P-ACC), phospho-(Ser240/244) ribosomal protein S6 (P-RPS6);
actin and LC3 (5F10 monoclonal antibody). (D) MEF lines were treated to full-nutrient medium (F) or glucose starvation (-Glc) for 16 h before lysis and
immunoblot analysis as in (C). (E) MEF lines were steady-state labeled overnight with C14-valine, chased for 24 h, and analyzed for protein degradation
over 2 h of amino acid starvation. Plot shows average + SEM (n = 3). Two-tailed paired t-tests were performed relative to WT MEFs: *p < 0.02; **p < 0.01.
(F) WT and Ulk DKO#1 MEFs were treated as in (A) for 2 h and fixed for LC3 immunostaining. Shown are representative confocal images of ~AA and
—-AA+Baf conditions. Scale bar: 10 um. Plots show average puncta/cell £ SEM (each column: n = 22 to 39 cells per condition from two experiments).
Two-tailed paired t-tests when compared with WT MEFs under the same condition: ***p < 0.0003; *p < 0.02. (G) Primary WT and DKO MEFs were sub-
jected to starvation conditions as in (A) and lysed forimmunoblot analysis of SQSTM1 and actin. Right: Plotted densitometry [SQSTM1 levels normal-
ized to actin, shown as average + SEM (n = 4)]. Two-tailed paired t-tests when compared with WT MEFs under same conditions: *p < 0.04, **p < 0.01.
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Figure 2. ULK1 and ULK2 are both required
for WIPI2 spot formation following amino
acid starvation. (A) WT, ULK1KO, ULK2KO
and DKO primary MEFs were treated with
either full nutrient-medium (F) or EBSS
(-AA) for 2 h before fixation. Cells were then
stained with an antibody against WIPI2.

(B) In 10 fields per condition (two inde-
pendent experiments) Hoechst-stained
nuclei (cell number) and WIPI2 puncta were
quantified (WIPI2 puncta/cell + SEM) (n =
20 fields). Differences between F and —~AA
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treated as in (A). Cell lysates were immu-
noblotted for ULK1, WIPI1, WIPI2 and actin.
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showed elevated LC3-II accumulation when cells were starved
while blocking lysosomal activity. These data suggest partially
disrupted amino acid-dependent autophagy in ULKIKO cells
but an alternate cellular phenotype following Ulk2 knockout that
may involve compensatory mechanisms that lead to moderately
elevated autophagy.

Given the functional compensation observed in mouse via-
bility following single Ulkl or Ulk2 knockout, we investigated
Ulk1/2 double-deficiency. We interbred ULK1KO and ULK2KO
mice and derived MEFs from DKO embryos collected at day E13
of development. DKO MEFs showed more dramatic impairment
of autophagy, with decreased LC3-II/LC3-I following amino
acid starvation (as observed in 2 independent DKO MEF cell
lines). Both DKO MEEF lines also showed significantly decreased
LC3-II accumulation following starvation + BafAl conditions.
Analysis of LC3/actin levels further confirmed the inhibition

364 Autophagy

presence of BafAl (Fig. S2A). We also
confirmed in primary MEFs that Ulk
DKO showed the clearest impairment
of amino acid-dependent LC3 lipidation
(Fig. S2B). Taken together, these results
are consistent with a partial block in
amino acid starvation- dependent auto-
phagy following Ulkl loss, with more

DKO#1

complete ablation following combined
loss of Ulkl and Ulk2. Of note, detect-
able levels of autophagy (LC3 lipidation)
are still observed following single or
double loss of Ulk1/2 members, in con-
trast with effects following Azg5 knock-
out as observed in control experiments
(Fig. S2B and S2C). As further control,
we confirmed proper targeting of Ulkl and Ulk2 mRNAs in
these MEF lines (Fig. 1B).

As starvation-dependent autophagy was strongly affected
following Ulk DKO, we investigated if amino acid signal-
ing mechanisms to MTORCI had been disrupted. Following
amino acid starvation, MTORC1 was robustly inactivated, as
expected, using levels of phosphorylated ribosomal protein RPS6
as a marker (Fig. 1C). MTORCI inactivation following amino
acid starvation was similar in both DKO lines. The 2 h of amino
acid starvation did not activate the AMPK pathway (using phos-
phorylation of acetyl-CoA carboxylase (ACC) as a marker). As
we used glucose starvation as a means to activate autophagy in
later parts of this study, we also analyzed AMPK activation when
cells were subjected to glucose-depleted conditions (Fig. 1D).
WT MEFs displayed a 3.35-fold (+ 1.8 SEM, n = 3) increase
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in ACC phosphorylation (phospho-ACC/actin, normalized to
the full-nutrient condition) following glucose starvation. ACC
phosphorylation was also stimulated in Ult DKO MEFs fol-
lowing glucose starvation but to a lesser extent (e.g., 1.6-fold
(+ 0.8 SEM, n = 3) in DKO line #2). Prolonged glucose starva-
tion did not lead to MTORCI inactivation in any of the cell types
(Fig. S2D). These data suggest that amino acid deprivation leads
to expected MTORCI inactivation responses even under Ulk
DKO cellular contexts. Furthermore, prolonged glucose star-
vation could activate AMPK in Ulk DKO cells, although this
response was partially impaired.

We investigated levels of impairment in Ulk DKO cells using
additional autophagy assays. Levels of long-term protein degra-
dation in radiolabeled cells, a classical biochemical method of
quantifying autophagic degradation, was impaired by approxi-
mately 50% in both DKO MEEF lines as compared with WT
cells (Fig. 1E). We also characterized formation of autophagic
structures in WT and DKO MEFs using LC3 puncta formation
(Fig. 1F). Amino acid starvation increased the numbers of quan-
tified LC3-positive structures in WT MEFs. Numbers and sizes
of structures were further sharply increased upon addition of
BafAl into the starvation medium. Amino-acid starvation did
not stimulate formation of LC3-positive membranes in DKO
cells. Accumulation of LC3-positive membranes following star-
vation in the presence of BafAl was also significantly lower in
DKO as compared with wild-type MEFs. As a further approach
to assess autophagy capacities, we measured steady-state levels of
the SQSTM1/p62 autophagy adaptor protein (Fig. 1G). Amino
acid starvation increased SQSTMI degradation in WT cells as
expected, and inclusion of BafAl during amino-acid starvation
prevented SQSTMI degradation. Under both amino acid replete
and depleted conditions, Ulk DKO cells showed a general accu-
mulation of SQSTMI relative to WT cells, which further sug-
gests that overall autophagic SQSTMI degradation was impaired.

Since LC3 lipidation is a comparatively late event in auto-
phagy,’® we examined whether the loss of ULK1 and ULK2
affected eatlier markers of autophagosome formation such as
WIPI2. By functioning as a PtdIns3P effector protein, WIPI2
localizes to early phagophore structures and WIPI2 puncta for-
mation can monitor activity of the BECNI-class III phospha-
tidylinositol 3-kinase (PtdIns3K) pathway.”® Resting MEFs
maintained under full nutrients do not show any detectable
WIPI2-positive punctate structures. When starved of amino
acids, ULK1KO and ULK2KO cells were still capable of form-
ing WIPI2-positive puncta. However, Ulk DKO cells were com-
pletely blocked in this pathway (Fig. 2A and B). These results
show that recruitment of WIPI2 during the autophagic response
to amino acid starvation is dependent on both ULK1 and ULK2,
as could be inferred by the position given to WIPII through the
hierarchal analysis of autophagy regulation in MEFs.!® Although
WIPI2-positive structures are not formed in Ulk DKO cells,
we could confirm that WIPI2 (and its related family member
WIPI1) were similarly expressed in all MEF types irrespective
of ULK1/2 expression (Fig. 2C). As an alternate strategy, we
studied MEF lines stably expressing GFP-tagged zinc finger,
FYVE domain containing 1/double-FYVE containing protein

www.landesbioscience.com

1 (ZFYVE1/DFCP1) which serves as a marker for PtdIns3P-
associated omegasome membranes formed upon autophagy
activation (Fig. 2D).* Amino-acid starvation promoted a 4-fold
increase in formation of GFP-ZFYVEl-positive membranes in
WT MEFs. By contrast, DKO MEFs show only low numbers
of basal GFP-ZFYVEl-positive structures but formation of these
are not stimulated by amino acid starvation. These data suggest
that amino acid-dependent formation of PtdIns3P-containing
autophagy membranes is markedly impaired upon Ulk1/2 DKO.

Amino acid response in ATG13-deficient cells is similar to
DKO cells. In mammalian cells, ATG13 is an obligate binding
partner of ULK1/2 and forms an essential part of the ULKI-
containing autophagy induction complex, together with RBICCl
and C12orf44.7> ATG13 binds the C-terminal domain of both
ULK1 and ULK2 and can be phosphorylated by these kinases.”
Since ATGI13 is essential for autophagy and can form a complex
with both ULK1 and ULK2, we reasoned that ATG13 depletion
should have a similar effect as the combined loss of both ULK1
and ULK2. We depleted Azg/3 in WT and DKO MEFs using
siRNAs and further subjected cells to amino acid starvation
(Fig. 3). While ATG13 showed similar steady-state expression
levels in WT and DKO MEFs, ATG13 levels were clearly reduced
by transient siRNA transfections. ATG13 knockdown inhibited
the ability of amino acid starvation to promote LC3 lipidation
in WT cells. As expected, Ulk DKO MEFs (treated with control
siRNA) already showed impaired amino acid starvation-induced
LC3 lipidation and lower amounts of LC3-II accumulation when
starved in the presence of BafAl. Further ATG13 knockdown in
DKO MEFs did not produce higher levels of inhibition.

To further compare effects of ATG13 depletion with Ulk
DKO, we examined the formation of WIPI2 puncta in response
to amino acid withdrawal. In agreement with LC3 data, ATG13
knockdown suppressed starvation-induced WIPI2 puncta forma-
tion in WT, Ulkl and Ulk2 KO cells. Ulk DKO MEFs did not
show amino acid starvation-induced WIPI2 puncta and ATGI3
depletion had no further effect (Fig. 4). Control experiments
confirmed that siRNA treatments did not affect WIPI2 levels
in the different MEF lines (Fig. S$3). Taken together, these data
show that ATG13 depletion and Ulk DKO have similar inhibi-
tory effects on amino acid withdrawal-induced autophagy. As
ATG13 knockdown produced no further detectable effect within
the Ulk DKO context, our data suggest that ATG13 primarily
functions in autophagy by regulating the ULK1/2 complex.

Autophagy following glucose starvation is dependent upon
ULK1/2 but not PtdIns3P. In addition to amino acid-dependent
regulation, autophagy is induced when cells are starved of glucose
via pathways that involve AMPK activation and increased pro-
duction of the metabolic intermediate ammonia.?"3%3 We set out
to determine whether the ULK1/2 complex regulates autophagy
following prolonged glucose withdrawal. WT displayed increased
levels of lipidated LC3-II (normalized to actin) in response to
glucose starvation (Fig. 5). In contrast, glucose starvation did
not stimulate LC3 lipidation in DKO MEFs. As expected, high
amounts of LC3-II accumulated when BafA1l was included dur-
ing this prolonged period of glucose starvation and this effect was

similarly robust in both WT and DKO MEFs.
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Figure 3. ATG13 knockdown phenocopies Ulk1/Ulk2 double knockout for the LC3 lipidation pathway following amino acid starvation. (A) WT and DKO
primary MEFs were transfected with either RISC-Free control or mouse Atg13-targeting siRNA. Following knockdown, cells were treated with either
full-nutrient medium (F), EBSS (-AA) or EBSS containing bafilomycin A (~AA+Baf) (100 nM) for 2 h. Resolved cell lysates were immunoblotted with
antibodies against ULK1, ATG13, actin and LC3 (Abcam polyclonal). (B) Average LC3-Il/actin densitometry + SEM (n = 4). Two-tailed paired t-tests were
performed relative to WT-RISC-Free siRNA MEFs under the same conditions: ?p = 0.067; °p = 0.068; “p = 0.089.

To validate the lack of an induction of LC3-lipidation after
glucose withdrawal we assayed for WIPI2 puncta formation.
Surprisingly, WIPI2-localized structures failed to clearly form in
glucose-starved WT MEFs (Fig. 6). MEFs with single or double
Ulk knockout similarly did not show WIPI2-positive puncta fol-
lowing glucose starvation. From these data, we hypothesized that
glucose-induced autophagy is not strictly dependent on robust
accumulation of PtdIns3P, a lipid signal previously thought to
be essential for autophagy.” To investigate this notion, we tested
effects of the PtdIns3K inhibitor wortmannin on amino acid-
and glucose-dependent autophagy. As expected, wortmannin
significantly inhibited induction of LC3 lipidation in WT MEF
following amino acid starvation down to basal levels observed in
fully fed cells (Fig. 7A). In contrast, addition of wortmannin dur-
ing glucose starvation mildly increased LC3 lipidation.

To further define roles of PtdIns3P during nutrient-dependent
autophagy, we studied effects of PtdIns3K inhibition on auto-
phagosome membrane formation. Prolonged glucose starva-
tion stimulated the formation of LC3-labeled autophagosomes
in wild-type MEFs (Fig. 7B). LC3-positive structures formed
following glucose starvation were generally larger than those
found following amino acid starvation. PtdIns3K inhibition by
wortmannin produced a stronger inhibition of amino acid star-
vation-dependent autophagy structures. After amino acid star-
vation, 36% of cells showed 15 or more puncta per cell, which
was reduced to 5% of cells when wortmannin was added during
starvation. By comparison, after glucose starvation 24% of cells
showed 15 or more puncta per cell and 15% of cells still showed
15 or more puncta per cell when wortmannin was included dur-
ing glucose starvation. These findings further support the notion
that glucose starvation induces a previously uncharacterized LC3
lipidation pathway that can function independently of PtdIns3P
generation.

WIPIL, the close homolog of WIPI2,?® tagged with GFP

has been used as a marker for PtdIns3P-containing early
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autophagosomal membranes.'®** We have shown in cell lines that

contain both WIPI1 and WIPI2, for example G361 cells, there
is a substantial overlap of the endogenous proteins.?® To further
investigate the absence of WIPI2-localized membranes following
glucose-starvation in WT MEFs, we compared the localization
of endogenous WIPI1 and WIPI2 following amino acid or glu-
cose starvation with and without wortmannin (Fig. 8). WIPII
and WIPI2 levels were unaffected by glucose starvation with and
without wortmannin (Fig. S4). As expected, WIPI1 and WIPI2
puncta formed following amino acid starvation of MEFs with
close, but not identical, staining patterns. Formation of both
WIPI1- and WIPI2-labeled structures following amino acid
starvation were inhibited by wortmannin. Consistent with the
above result using WIPI2 (Fig. 6), prolonged glucose starvation
did not stimulate production of membranes containing WIPI1 or
WIPI2. These unexpected findings serve to further confirm the
absence of PtdIns3P generation when autophagy is activated in
MEFs deprived of glucose.

Discussion

Functional redundancy of Ulkl and Ulk2. The mammalian
ULK family is the ortholog of the yeast kinase Atgl, which was
the first protein identified to be required for autophagy in S. cere-
visiae.”’ ULK proteins have since been established to play a criti-
cal role in the autophagy regulatory pathway.?® Under the current
consensus, family members such as ULK1 and ULK2 form a core
autophagy regulatory complex along with ATG13, RBICC1 and
Cl12orf44. This core ULK complex has been proposed to inte-
grate nutrient-dependent signals from MTORCI and AMPK to
regulate the activation of autophagy.

The mammalian ULK family contains up to five members
(ULK1-4 and STK36) although only ULK1 and ULK2 show
extensive sequence homology along the entire protein length.?
The clearest evidence for ULK1/2 functional in vivo redundancy
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Figure 4. ATG13 knockdown

Control siRNA

Atg13 siRNA

phenocopies Ulk1/Ulk2 double
knockout on the formation of
WIPI2-positive autophagosom-
al membranes following amino
acid starvation. WT, ULK1KO,
ULK2KO and DKO primary MEFs
were transfected with either
RISC-Free control or mouse
Atg13-targeting siRNA. Fol-
lowing knockdown, cells were
treated with either full-nutrient
medium (F) or EBSS

(-AA) for 2 h before fixation.
Cells were stained with an
antibody against WIPI2.

Scale bar: 10 wm.

WT

ULK1KO

has been the normal mouse
viability of single UlkI or
Ulk2 knockout mice, which
contrasts with the overt neo-

ULK2KO

natal or postnatal lethality
from knockout of other essen-
tial autophagy genes.?2630-32
When we crossed Ulkl and
Ulk2 KO mouse lines to gen-
erate the Ulkl/2 DKO model,

we observed a reduction in

F

DKO

double knockout embryos at
day 13.5 and perinatal lechal-
ity (Tooze SA, unpublished).*
Our data on the correspond-
ing Ulk-deficient MEF cul-

tures shed more light on

On the other hand, loss of ULK2 led to moderately elevated cel-
lular markers of autophagy, which likely reflects compensation

from ULKI. Importantly, autophagy activation by amino acid
or glucose starvation was robustly inhibited when both Ulk! and
Ulk?2 are deleted. However, some residual autophagy occurs even
under ULK1/2-deficiency. Ulkl/2 DKO MEFs under nutrient
starvation while lysosomal flux was blocked still accumulated
lipidated LC3 and autophagosomal membranes although to a
much reduced extent. These data suggest that downstream auto-
phagy machinery still function at low but detectable rates despite
absence of the ULK1/2 complex. Other published results support

Figure 5. Combined UlkT and Ulk2 knockout reduces the LC3 lipida-
tion response to glucose starvation. (A) WT or DKO primary MEFs were
treated to either full-nutrient medium (F), glucose-free conditions
(=Glc), or glucose-free medium + bafilomycin A, (-Glc+Baf) (100 nM) for
24 h. Resolved cell lysates were immunoblotted with antibodies against
ULK1, actin and LC3 (Abcam polyclonal). “*” indicates nonspecific band.
(B) LC3-Il and actin signals were quantified by densitometry. Results

are shown as average = SEM (n = 4). Two-tailed paired t-tests were per-
formed relative to WT MEFs under the same treatment: *p < 0.02.
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Fed Glucose starved

WT

ULK1KO

ULK2KO

DKO

Figure 6. Glucose starvation does not stimulate production of WIPI2-
containing membranes. WT, ULK1KO, ULK2KO and DKO primary MEFs
were treated with either full-nutrient medium (Fed) or glucose-free
medium (glucose starved) for 24 h then fixed. Cells were stained with an
antibody against WIPI2. Scale bar: 10 pum.

a cellular ammonia-dependent form of autophagy that functions
independently of ULK1/2.% It also remains possible that under
Ulk1/2 DKO conditions, other ULK family members (ULK3,
ULK4 and STK36) may compensate to support low levels of
residual or non-canonical autophagy. ULK3 has been implicated
in a specific subtype of autophagy activated during oncogene-
induced cellular senescence,’ but neither ULK4 nor STK36 have
yet been implicated in autophagy.

Our previous work has shown that ULK1/2 C-terminal
domains are capable of inhibiting starvation-induced autophagy
in a dominantnegative fashion’ suggesting that these over-
expressed fragments compete for necessary ULK1/2 binding
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partners such as ATG13 or RBICC1."*" Consistent with the
concept of a critical ULK1/2-ATG13-RB1CCl autophagy com-
plex, we observed that ATG13 knockdown alone inhibited star-
vation-dependent autophagy to a similar extent as Ulk1/2 DKO.
Furthermore, ATG13 knockdown had no effect within a Ulk1/2
DKO background, presumably as the complex was already dis-
rupted. Our data from MEFs contrast with observations from
a chicken B cell system, which suggested autophagy regula-
tory roles of ATG13 and RBICCI1 that were independent of
ULK1/2." Further studies should clarify if mammalian ATG13
and RBICC1 have similar ULK-independent roles for autophagy
in particular cellular contexts.

Glucose-starvation dependent autophagy is independent
of PtdIns3P. Our further results indicate an ability of glucose-
starved cells to perform autophagy in the absence of robust
PtdIns3P generation, which has long been considered an obligate
requirement for autophagy.” Early in the autophagic pathway,
PtdIns3P is generated from the ER-localized PIK3C3/Vps34-
BECNI-ATG14 PtdIns3K complex.®** Hierarchal analysis of
autophagy regulation in MEFs has positioned ULK signaling
to function upstream of the PIK3C3-BECN1-ATGI14 PtdIns3K
complex'® and our results using the WIPI2 and ZFYVEI mark-
ers in Ulk1/2 DKO MEFs are consistent with this model. As the
PIK3C3-BECNI1-ATGI14 PtdIns3K complex translocates onto
the ER, WIPI2 is recruited to PtdIns3P at the omegasome and
proceeds to decorate the phagophore or nascent autophagosome.
There are several reports on colocalization of WIPI and ULK
family members on forming autophagosomes.’®** WIPI2 is
required for LC3 lipidation following amino acid starvation
highlighting how this role as PtdIns3P effector is required for
further downstream steps of the autophagy initiation cascade.?®

Here, we observed that cells starved of glucose fail to form
WIPI2 puncta, while they do show elevated LC3 lipidation. We
verified that WIPI1, the close ortholog of WIPI2,"®3¢ also failed
to form puncta when cells were glucose starved in agreement with
Pfisterer et al. who studied the GFP-WIPI1 marker in a MEF
system.* As both WIPI1 and WIPI2 bind PtdIns3P,**3¢ we ques-
tioned whether glucose-starved cells were capable of autophagy
in the absence of PtdIns3P generation. When cells are starved of
glucose, the requirement for the generation of PtdIns3P at the ER
appears to be abrogated, as we detected LC3 lipidation and gen-
eration of autophagosomes even in the presence of the PtdIns3K
inhibitor wortmannin. Wortmannin inhibited LC3 lipidation
and membrane formation in amino acid starved cells in accor-
dance with previous results.”’

Autophagy pathways with differential dependence on core reg-
ulatory factors have been identified and collectively termed non-
canonical autophagy. An ATG5-ATG7-independent autophagy
mechanism has been described® although loss of either of these
genes presents neonatal lethality in mice.?>?' As another example,
resveratrol induces a noncanonical form of autophagy that has
been shown to be BECN1 and PtdIns3P independent under cer-

tain contexts.

Others have reported that resveratrol-dependent
autophagy was partially sensitive to wortmannin and WIPI1/2
function but occurred in the absence of WIPI1/2-positive struc-

ture formation.” Our own previous data from HEK293 cells has
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shown reservatrol treatment to induce endogenous
WIPI2-positive puncta.”® Our data presented here
suggest the possibility of glucose starvation-depen-
dent autophagy without overt PtdIns3P generation
or the recruitment of WIPI2 to the omegasome and
nascent autophagosome. This pathway still required
both ULK1 and ULK2, but the apparent bypass of
PIK3C3-BECNI1-ATG14 PtdIns3K complex during

noncanonical autophagy remains to be explored.
Materials and Methods

Reagents and antibodies. Bafilomycin A and wort-
mannin were from Calbiochem or Tocris Bioscience.
SiIGENOME siRNAs were produced by Dharmacon/
ThermoScientific. Complete protease inhibitor tab-
lets (04693124001) were purchased from Roche.
Immobilon-P  PVDF membranes (IPVHO00010)
were from Millipore. Amersham ECL western blot-
ting detection reagents (RPN2106) and Amersham
Hyperfilm MP high performance autoradiogra-
phy film (28-9068-45) were obtained from GE
Healthcare. Restore PLUS western blot stripping buf-
fer (46430) was from ThermoScientific.

Rabbit anti-LC3B (ab48394) and rabbit anti-
actin (ab8227) were from Abcam. Mouse anti-LC3
(5F10) was from Nanotools, Teningen, Germany.
Mouse anti-actin (clone AC-40, all actin isoforms)
was from Sigma-Aldrich. Guinea pig anti-SQSTMI
(p62-C) was from Progen. Anti-phospho-acetyl
CoA carboxylase (Ser 79, #3661), anti-phospho-
ribosomal RPS6 protein (Ser 240/244, #2215) and
anti-LC3 (for immuno-cytochemistry, #2775) poly-
clonal rabbit antibodies are from Cell Signaling
Technology. Mouse anti-WIPI2, rabbit anti-WIPI1
and rabbit anti-ATGI13 were previously described.”*®
Polyclonal rabbit anti-ULK1 antibody was gener-
ated against the peptide CSGRPGPFSSNRYGASV
of the mouse ULK1 sequence and affinity-purifed
using the SulfoLink immobilization kit for peptides
(Pierce) according to the manufacturer’s instruc-
tions. Alexa fluor 555 conjugated donkey anti-mouse
antibody (A31570), Alexa fluor 488 conjugated
donkey anti-rabbit antibody (A21206), and Alexa
fluor 680 conjugated donkey anti-mouse antibody
(A21057) were from Invitrogen. Dylight 800 conju-
gated goat anti-rabbit antibody (35571) was obtained
from Thermoscientific. Donkey-anti-rabbit IgG
conjugated to HRP (NA934V) and donkey-anti-
mouse IgG conjugated to HRP (NA931V) were
obtained from Sigma-Aldrich and rabbit-anti-guinea
pig IgG conjugated to HRP (P0141) was from
DakoCytomation.

ULK knockout mice. ULK1 targeted mice were
derived from the AC0566 embryonic stem cell line
(Wellcome Trust UK, Sanger Institute Gene Trap
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Figure 7. LC3 lipidation and autophagosome formation following glucose starva-
tion are PtdIns3P-independent. (A) WT primary MEFs were treated with full-nutrient
medium (F), EBSS (-AA), or EBSS containing 100 nM wortmannin (-AA+Wm) for 2 h.
Alternatively, cells were incubated in glucose-free medium (-Glc) or glucose-free
medium containing 100 nM wortmannin (-Glc+Wm) for 24 h. Resolved cells lysates
were immunoblotted with antibodies for LC3 (Abcam polyclonal) and actin. Results
are shown as average LC3-Il/actin = SEM (n = 4). Two-tailed paired t-tests were per-
formed relative to equivalent treatment condition without wortmannin: *p < 0.04.
(B) WT (immortalized) MEFs were treated with full-nutrient medium (F) or EBSS (-AA)
for 2 h. Alternatively, cells were incubated in glucose-free medium (-Glc) for 16 h.
Where indicated, incubations included 100 nM wortmannin (+Wm). Cells were fixed
after treatments for LC3 immunostaining. Shown are representative confocal images
of —~AA and -Glc conditions + wortmannin. Scale bar: 10 um. Plot shows puncta/cell
distributions for each condition. Each column represents quantification of one cell
(40-60 cells/condition taken from two experiments). Shown are percentages of cells
within each group containing 15 (or more) puncta/cell.

Autophagy

369

©2013 Landes Bioscience. Do not distribute.



Figure 8. Absence of WIPI1- and WIPI2-positive autophagosomal membranes following
glucose starvation. WT primary MEFs were incubated in full-nutrient medium (Fed), EBSS
(=AA), or EBSS with 100 nM wortmannin (-AA+Wm) for 2 h. Alternatively, cells were glucose
starved without or with 100 nM wortmannin (-Glc, -Glc+Wm) for 24 h before fixation.
Cells were stained with antibodies against WIPI2 (red) and WIPI1 (green). Scale bar: 10 pum.
Zoomed inset shows WIPI2 and WIPI1 colocalization following amino acid starvation (ar-

row: strong colocalization; arrowhead: partial).

Resource) that carries a pGTOlxr genetrap insertion within the
9.8 kb intron 3 to 4 of the mouse UlkI locus. The pGTOlxr gen-
etrap cassette contains the engrailed?2 splice acceptor 5-prime to
the B-geo selection marker (fusion of B-galactosidase/neomycin
resistance). Location of genetrap insertion within intron 3 was
mapped by PCR using ES cell-derived genomic DNA (further
details in Fig. S1). A founder carrying germline transmission of
UlkI targeting was backcrossed onto the C57/BI6 strain for 10
generations. Ulk2 knockout mice were kindly provided by Dr.
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C. Tournier (University of Manchester, UK)
and were previously described.?® UlkI knockout
and Ulk2 knockout mice were crossed to gener-
ate Ulk1/Ulk2 double heterozygous mice. Ulkl/
Ulk2 double heterozygotes were intercrossed to
produce the different genotypes characterized
in this study. All animal work was performed in
accordance with UK Home Office and Cancer
Research UK institutional guidelines.

Generation and culture of mouse embry-
onic fibroblasts (MEFs). Pregnant female mice
were sacrificed at 13.5 d past conception and
the uterine horns removed. Separated embryos
were decapitated and internal organs removed.
Tissue was retained for genotyping. The
remaining body tissue was minced finely then
digested with 0.05% trypsin diluted in 0.2 g/L
versene and 100 Kunitz units/mL of DNase 1.
Warm MEF medium (DMEM, 20% FBS, pen/
strep and 4.8 mM L-glutamine) was added to
the digested tissue, which was triturated briefly
and remaining large tissue fragments allowed
to settle. The supernatant containing cells
was spun down at low speed and the resulting
cell pellet from each embryo was resuspended
in warm MEF medium and plated in a 10 cm
tissue culture dish. After 24 h, unattached
cells were discarded. MEFs were maintained
in MEF medium. Stably replicating primary
cultures derived through serial passage were
used for experiments. MEFs were immortal-
ized by transducing with retrovirus expressing
SV40 T antigen from the pBabePuro vector.
Experiments used either primary or immortal-
ized lines as indicated in the legends. To gener-
ate MEFs stably expressing GFP ZFYVEL? the
coding portion of GFP-Zfyvel was subcloned
into the pBabeHygro retroviral vector and virus
stocks were used to transduce immortalized
MEEF lines followed by selection in hygromycin-
containing media.

Genotyping. Tissue from the embryos
used to produce the MEFs were digested with
DirectPCR  reagent (Viagen, 101-T) supple-
mented with 0.1 mg/mL proteinase K. PCR
MegaMix-Blue (2MMB-5) was from Microzone,
Ltd. PCR primers against UlkI wild-type allele
were F: 5-ACT CGT GAG ATC TCA TGG CCA TGG-3' and
R:5-GCA TAA ATA GGA CCA AGT GGG CAC AGC-3.
Primers against genetrap cassette (UlkI knockout allele) were F:
5-ACA ACC AGG TCC CAG GTC CCG-3' and R: 5-TTC
AGG CTG CGC AAC TGT TGG-3'. Primers for the Ulk2
alleles were previously reported.*

Transcript analysis. MEF cultures were lysed in Trizol
reagent (Invitrogen Lifesciences) and total RNA was extracted
according to the manufacturer’s protocol. First strand cDNA was

Volume 9 Issue 3

©2013 Landes Bioscience. Do not distribute.



synthesized from equal amounts of total RNA using oligo —dT
primer and Bioscript reverse transcriptase (Bioline Reagents).
Quantitative PCR was performed using the SensiMix SYBR
(no-Rox) (Bioline Reagents) kit according to manufacturer’s
protocol. Real-time PCR primers: Ulkl forward TGC CCT
TGA TGA GAT GTT CC, Ulkl reverse AGT CTC CTC TCA
ATG CAC AGC; Ulk2 forward TCG TTT ATC GCT ACC
ACA AGG, Ulk2 reverse GCC TGC TAC TCA CAC AGT
TGC; B-actin forward GCC TTC CTT CTT GGG TAT GG,
B-actin reverse GCA CTG TGT TGG CAT AGA GG .

Transfection of siRNAs. Knockdowns in MEFs were per-
formed using siRNA directed against mouse Atgl3 duplex 2
(Dharmacon, D-053540-02) and RISC-Free control siRNA
(D-001220-01). Cells were treated with 20 nM siRNA and
0.25% Oligofectamine in OptiMEM for 6 h before replacement
with MEF medium. siRNA transfections were repeated 24 h
later. After a further 24 h, medium was refreshed and the cells
were used for experiments 24 h later.

Amino acid and glucose starvation. For amino acid star-
vation, cells were rinsed and treated with either fresh MEF
medium, EBSS or EBSS with bafilomycin A, for 2 h. For glucose
starvation, cells were rinsed and treated with either fresh MEF
medium, glucose-free MEF medium (glucose-free DMEM, dia-
lyzed FBS, penicillin/streptomycin) or glucose-free MEF medium
with bafilomycin A for 16 to 24 h. Where indicated in legends,
100 nM wortmannin was added to glucose starvation samples
16 or 24 h before harvest. An additional 100 nM wortmannin
was supplemented to these cultures 2 h before harvest, concur-
rent with the initiation of amino acid starvation treatments.

Immunoblotting. MEFS were washed with PBS and lysed
in TNTE buffer (20 mM Tris pH 7.4, 150 mM NaCl, 5 mM
EDTA, 1% TritonX-100) supplemented with complete protease
inhibitor. Lysates were centrifuged and the post-nuclear superna-
tant was used for immunoblotting. Concentrated Laemmli buffer
was added to the lysates and the samples were heated before being
resolved on 4-12% gradient Bis-Tris acrylamide (NuPAGE) gels
by electrophoresis using the MES buffer system. Proteins trans-
ferred onto PVDF membranes were blocked with 5% milk/TBS
and incubated with anti-LC3, anti-actin, anti-ATG13, anti-
ULK1 or anti-SQSTMI. Incubations with phospho-ACC and
phospho-RPS6 primary antibodies were overnight in 5% BSA/
TBS/0.1% Tween 20 as outlined in the manufacturer’s protocol.
Primary antibodies were detected using appropriate secondary
antibodies and developed using standard enhanced chemilumi-
nescence and film. Densitometry from film scans were quanti-
tated using Image] software (NIH). Alternatively, LC3 (5F10),
phospho-ACC, phospho-RPS6, and corresponding actin blots
were visualized using the Odyssey (Li-Cor Biosciences) infrared
quantitative imaging system.

Analysis of long-lived protein degradation. Long-lived
protein degradation was performed as previously described.®
Briefly, 35-mm dishes of WT, DKO#1, and DKO#2 MEFs were
labeled for 24 h with 0.2 wCi Cl14-valine in DMEM containing
65 wM valine with 10% dialysed FCS. After 24 h the medium
was replaced with full medium containing 2 mM valine. After an
additional 24 h the cells were either washed and returned to full
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medium or incubated in EBSS for 2 h. Medium and cells were
collected and the % long-lived protein degradation was calcu-
lated as described.®

Immunofluorescence. MEFs plated on glass coverslips
were fixed for 20 min with 3% paraformaldehyde and per-
meabilized with ice-cold 100% methanol. Aldehyde autofluo-
rescence was quenched with 50 mM NH,CI/PBS for 20 min.
Cells were blocked with 5% BSA/PBS and incubated with
mouse-anti-WIPI2 (1:400) or rabbit anti-WIPI1 (1:500) in
1% BSA/PBS. Cells were washed with PBS and incubated with
Alexa fluor 555-conjugated donkey-anti-mouse IgG in 1% BSA/
PBS. Images of WIPI1/2 were acquired on a Zeiss LSM 780
confocal microscope using a 40x/1.2NA objective and Zen
2010 software. For immunostaining of endogenous LC3,
MEFs fixed in paraformaldehyde and methanol-permeabilized
were blocked in gelatin/PBS before incubation with anti-LC3
(Cell Signaling) overnight. Primary staining was detected with
anti-rabbit Alexa fluor 546. MEFs stably expressing GFP-ZFYVEI
were plated on glass coverslips, treated as indicated before fixation
and visualization. Endogenous LC3 staining and GFP-ZFYVEI
fluorescence were captured on a Leica TCS SP5 confocal micro-
scope fitted with a HCX PL APO CS-63x-1.4NA objective and a
HyD GaAsP detection system (Leica Microsystems).

Quantification of puncta. WIPI2-positive spots were auto-
matically counted using Imaris software (Bitplane). For each of
two experiments, 10 fields were acquired per condition. Hoechst-
stained nuclei were counted manually. Thresholds and spot sizes
were set for each individual experiment. LC3 immunostaining
was quantified using a custom image analysis macro designed
in Image] that reported puncta and areas from images of single
cells. Only puncta above a threshold size were used for analysis to
exclude background. Images of GFP-ZFYVEI puncta were man-
ually scored by an observer that was unaware of sample identity.
Data were compiled using Prism software (Graphpad). Statistical
tests are detailed in the figure legends.
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