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Abstract

Mammalian Unc-51-like kinases 1 and 2 (ULK1 and ULK2) belong to the ULK/Atgl family of
serine/threonine kinases, which are conserved from yeast to mammals. Although ULK/Atgl is
best known for regulating flux through the autophagy pathway, it has evolutionarily conserved
noncanonical functions in protein trafficking that are essential for maintaining cellular
homeostasis. As a direct target of energy- and nutrient-sensing kinases, ULK/Atg1 is positioned to
regulate the distribution and use of cellular resources in response to metabolic cues. In this review,
we provide an overview of the molecular mechanisms through which ULK/Atg1 carries out its
canonical and noncanonical functions and the signaling pathways that link its function to
metabolism. We also highlight potential contributions of ULK/Atgl in human diseases, including
cancer and neurodegeneration.

Introduction

Cells redirect resources to adapt to changes in supply and demand. In response to nutrient or
energy depletion, healthy cells switch from anabolic metabolic pathways that promote
cellular growth to catabolic pathways that generate energy. Metabolic changes are often
accompanied by the induction of autophagy, a catabolic process that degrades and recycles
cellular components into intermediate metabolites to provide an efficient alternative to de
novo synthesis [1].

The molecular mechanisms involved in autophagy have been best characterized in budding
yeast [2]. Atg was among the first of more than 30 autophagy-related (A7G) genes
identified [2]. Atgl regulates multiple steps in the autophagy pathway, from initiating the
response upon nutrient deprivation to facilitating membrane recycling during
autophagosome biogenesis [3]. The spatiotemporal regulation of Atgl repurposes machinery
involved in protein trafficking to help meet the metabolic demands of the cell. Although the
characterization of Atgl homologues in higher eukaryotes has largely focused on their roles
in autophagy, growing evidence indicates that this family of serine/threonine kinases has
evolved to fulfill cell type—specific needs under physiologic conditions and may have a
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broader role in coordinating the use of resources in response to changing intracellular and
environmental cues.

Here we review the canonical (i.e., autophagy-related) and noncanonical functions of
metazoan Atgl homologues (i.e., ULK/Atg1). We also discuss the potential role of ULK/
Atgl deregulation in the pathogenesis and prognosis of human diseases. A deeper
understanding of ULK/Atg1 function is essential now that several ULK kinase inhibitors
have been developed and are being considered for therapeutic purposes [4e¢,5].

ULK/Atg1l redirects resources to autophagy in response to cellular stress

Under vegetative conditions in yeast, inactive forms of vacuolar enzymes are transported
from the cytoplasm to the vacuole via the cytoplasm-to-vacuole targeting (Cvt) pathway [6].
Upon nutrient deprivation, autophagy fulfills the transport function, and vacuolar hydrolases
are included among cytosolic cargo, which are nonspecifically sequestered into
autophagosomes. The Cvt pathway and autophagy are similar in that both sequester cellular
material in vesicles that fuse with the vacuole, but they differ in specificity of the cargo and
the size of the vesicles. Each pathway has unique genes, but many A7G genes, including
Algl, participate in both.

Atgl interacts with at least eight other proteins, some of which participate in autophagy (i.e.,
Atg17-Atg29-Atg31), and others exclusively participate in the Cvt pathway (i.e., Atgll-
Atg20-Atg24 and Vac8) [7]. Interaction with Atg13 mediates the self-association and
activation of Atgl via autophosphorylation of the evolutionarily conserved threonine 226
residue [8,9]. Meanwhile, the scaffolding complexes promote clustering and stimulation of
Atgl’s catalytic activity [10ee]: Atgll-cargo complexes recruit Atgl to the vacuole to
promote sequestration of cargo for selective autophagy, and the Atg17-Atg29-Atg31
complex recruits Atg1l-Atg13 to the preautophagosomal structure (PAS) for bulk autophagy.
Thus, spatiotemporal activation of Atgl is regulated via association with Atg13 and the
autophagy or Cvt-specific scaffolding complexes.

The activation of yeast Atgl is linked to metabolic status via posttranslational modifications
by energy sensors, including TORC1 and PKA. For example, phosphorylation of Atg13 by
TORC1 reduces its binding affinity for Atgl and Atgl7 [11,12], thereby limiting autophagy
induction under nutrient-replete conditions. Under these conditions, the Cvt pathway is the
preferred method of delivering hydrolases to the vacuole. Mitochondrial respiratory
deficiency suppresses autophagic flux, at least in part by activating PKA, which
phosphorylates Atg13 and impairs recruitment of Atgl-Atgl3 to the PAS [13,14].

Although there are examples of autophagy occurring in the absence of ULK1 and ULK2 in
mammals [15,16], these kinases are required for efficient stress-induced autophagy under
most circumstances [3,17]. The interaction between ULK1/2 and ATG13-FIP200/ATG17-
ATG101 stabilizes ULK/ATG1 and is required for the induction of autophagy in response to
cellular stress [18]. Mammalian ULK1 and ATG13 are phosphorylated by mTOR under
normal growth conditions and are rapidly dephosphorylated in response to amino acid
deprivation, thus activating ULK/ATG1 activity [19-21]. Glucose and amino acid starvation

Curr Opin Cell Biol. Author manuscript; available in PMC 2018 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang and Kundu

Page 3

also activate AMPK, leading to the phosphorylation of ULK1 and ULK2 at multiple sites
within their unstructured serine—proline-rich domain [22,23]. Although the mechanism by
which AMPK-mediated phosphorylation affects ULK/ATG1’s autophagy-inducing function
remains unclear, we know that it induces autophagy in response to glucose- or amino acid—
starvation [18,22-24] and can influence the localization of the ULK/ATG1 kinase complex
[25]. Thus, mTOR and AMPK cooperatively sense the metabolic cues and relay them to the
ULK/ATG1 complex. ULK1 is also activated by the GSK3-TIP60-signaling axis upon
growth factor deprivation [26].

From these studies, it is evident that the spatiotemporal regulation of ULK/ATG1 activity is
mediated by its interacting partners and that the signals for ULK/ATG1 activation may
originate from the cargo or signaling pathways responsive to metabolic cues. Moreover,
upon starvation in yeast, Atgl helps repurpose the Cvt pathway’s machinery for autophagy
(Figure 1). We speculate that ULK/ATGL1 has a similar role in higher eukaryotes.

ULK/Atg1l regulates multiple steps in the autophagy pathway

In response to metabolic stress, ULK/Atgl phosphorylates several autophagy-related
proteins, including components of the VPS34 Class 111 P13 kinase complex, and ATG9.
ULK1-mediated phosphorylation of ATG14 facilitates the recruitment of the ATG14-
containing pro-autophagy VPS34 complex to phagophore initiation sites [27,28]. The
subsequent phosphorylation of BECLIN1 and VVPS34 by ULK1 promotes PI3P
phosphorylation, recruitment of PI13P-binding proteins (e.g. ATG2, ATG18), and
autophagosome nucleation [4e¢,27-29]. VPS34 complexes that do not contain ATG14
appear to be unaffected by ULK1 [29]. In yeast, the recruitment of Atg18 (and Atg8) to the
PAS also requires Atgl-mediated phosphorylation of Atg9 [30]. ATGS9 is a transmembrane
protein that facilitates membrane recycling from various sources. In mammals, ATG9
traffics through the plasma membrane, the trans-Golgi network (TGN), early endosomes,
late endosomes and recycling endosomes [31,32]. During starvation, ATG9 moves from the
TGN and plasma membrane to the peripheral pool, colocalizing with endosome markers,
and autophagosome markers, including ATG16L1 and LC3 [31]. Although certain aspects of
ATGO trafficking can be regulated in an ULK1-independent manner [24,30], the
redistribution of ATG9 from the plasma membrane and juxta-nuclear region to the peripheral
pool depends on ULK1 and its catalytic activity [33] . In yeast, Atg9 cycles between the
preautophagosomal structure (PAS) and peripheral sites. This process requires the presence
of Atgl, but not its catalytic activity [30,34].

ULK/Atg1l regulates ER-to-Golgi trafficking

In mammals, constitutive autophagy is essential for clearing long-lived proteins and
organelles. Defective autophagy increases steady-state levels of the autophagy-adaptor
protein p62 and intracellular accumulation of p62*;ubiquitin* inclusions and abnormal
mitochondria [1]. Constitutive autophagy involves genes from the ubiquitin-like conjugation
pathway (e.g., Atg5and Atg7) and Fip200/Atg17[35-37]. However, in the CNS it proceeds
in the absence of UlkZ and Ulk2[38e¢]. In the absence of exogenous stress, ULK/ATG1
regulates endoplasmic reticulum (ER)-to-Golgi trafficking of specific cargo in
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Caenorhabditis elegans and mammalian cells [38¢¢]. ULK/ATG1-mediated phosphorylation
of the COPII scaffold SEC16A regulates the assembly of SEC24C* ER-exit sites (ERES)
and the ER-to-Golgi trafficking of associated cargo [38ee].

Certain components of the COPII pathway may be redirected to provide membrane sources
for autophagy. Yeast strains with mutations in certain components of the secretory pathway
(e.g., Sec12, Secl16, Sec23, and Sec24) fail to generate autophagosomes; this finding
provided the first evidence that components of this pathway may also regulate autophagy
[39]. Several additional proteins that regulate directional trafficking of COPII vesicles from
the ER to the Golgi (e.g., Sarl, Yptl/Rabl, and Hrr25) have also been implicated in
autophagy [40-42]. Autophagosomes form in close proximity to ERES in yeast and
mammals [43,44], and Sarl inhibition also inhibits starvation-induced autophagy [40],
suggesting that autophagy relies on ER export or certain components of the COPI|I
machinery.

Recent studies have demonstrated that the induction of autophagy results in class-111 PI3
kinase—dependent relocation of COPII components from ERES to an ER-Golgi intermediate
complex (ERGIC) or ERGIC-like fraction [45¢] and that membranes from this fraction
promote lipidation of LC3/Atg8 in vitro [46]. Super-resolution microscopy has revealed that
ATG13" structures emerge from regions where ATG9* vesicles align with the ERGIC.
Although the formation of these PAS requires ER exit, being blocked by H89 and FLI106,
two inhibitors of COPII transport, ATG13 did not localize to SEC16* ERES [47¢]. ATG13
served as a surrogate for ULK/ATGL in the super-resolution studies [47¢], but given that
certain forms of autophagy proceed in the absence of ULK1 and ULK2 [15,16,38¢¢],
additional studies are required to determine whether the interaction between ULK/ATG1 and
SEC16A is required for the formation of the ATG13* PAS. Moreover, given that ULK/ATG1
activity is regulated by the metabolic status of the cell and that it interacts with and regulates
the function of SEC16A, it is tempting to speculate that ULK1 and ULK2 redirect COPII
components for autophagy, similar to the role of Atgl in redirecting Cvt components.

ULK/ATG1 regulates vesicular trafficking

In addition to ER-to-Golgi trafficking, ULK/ATG1 has been implicated in several cell type—
specific functions. In C. elegans, UNC-51 regulates axonal growth along the dorsoventral
axis [48]. UNC-51 interacts with UNC-14 to regulate the trafficking of the Netrin receptor
UNC-5 [49-51]. UNC-51 also interacts with VAB-8 to control SAX3/ROBO expression in
the growth cones of touch neurons [49,52]. The severe axon guidance defects observed in
unc-51-mutant C. elegans are not observed in epg-1 (Atg13) or epg-9 (Atg101) mutants,
suggesting that the role of UNC-51 in neurodevelopment is not a result of defective
autophagy [53,54].

Similar to unc-51 mutants, Drosophila melanogaster atg1 mutants exhibit abnormal axonal
tracts in the ventral nerve cord [55] and abnormal defasciculation of the larval mushroom
body axons [56]. The NCAM-like axon guidance molecule Fasciclin 11 is mislocalized in
atgl-mutant D. melanogaster due to a defect in the kinesin-mediated vesicle-transport
pathway [56]. ATG1-mediated phosphorylation of the kinesin adaptor UNC-76 increases its
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affinity for Synaptotagmin-1, a major transmembrane protein of synaptic vesicles, and
promotes synaptic vesicle transport [55].

Mammalian ULK1 and ULK2 have also been implicated in regulating neurite outgrowth in
various neuronal populations [57,58]. ULK1 modulates Ras- and Rab5-mediated
endocytosis through its interactions with SynGAP and Syntenin, which recruits Rab5 and
ULK1 to a subset of synaptic vesicles [59]. Rab5 marks a subset of signaling endosomes
containing endocytosed nerve growth factor (NGF)-TrkA receptor complexes and promotes
fusion of the vesicles with the endocytic/degradation pathway, thereby providing a means of
titrating the NGF-signaling response [60,61]. The binding of NGF to TrkA induces TRAF6-
mediated polyubiquitination of ULK1/2 at lysine 63 residue, thereby facilitating ULK1/2
interaction with p62 and its recruitment to the NGF-TrkA complex [58].

These studies highlight a multifaceted role of ULK/ATGL1 in protein and membrane
trafficking that may fulfill certain cell type—specific functions. Given that some ULK/Agt1-
binding partners are also involved in autophagy, ULK/Atgl may redirect these proteins in
response to metabolic cues. For example, whereas p62 may recruit ULK1/2 to signaling
endosomes under basal conditions [58], in response to proteasome inhibition or expression
of polyQ-Htt, ULK1-mediated phosphorylation of p62 induces autophagic degradation of
protein aggregates [62¢]. Similarly, ULK1 interacts with GATE-16, an essential factor for
intra-Golgi transport [63], and GABARAP [64], the -y2 subunit of GABA-A receptor—
associated protein, which regulates receptor trafficking [65-67]. Both proteins are
mammalian homologs of Atg8 and are involved in autophagy [68,69]. In yeast, the
interaction between Atg8 and Atgl targets Atgl to autophagosomes, and also triggers
vacuolar degradation of the Atg1-Atg13 complex [70].

ULK/Atgl may influence disease

Data on the role of ULK/Atg1l in disease pathogenesis are limited. Nevertheless, alterations
in ULK/Atgl expression and autophagy-related functions have been implicated in the
prognosis of some cancers [71]. In patients with esophageal squamous cell carcinoma [72]
or hepatocellular carcinoma [73], U/kZ overexpression is associated with poor prognosis.
There are conflicting reports on the correlation between ULK1 expression and prognasis in
breast cancer patients, with one report suggesting that ULK1 expression is associated with a
poor prognosis [74], and another indicating that low ULKZ1 expression is a marker for
disease progression [75]. Although the precise role of ULK/Atgl-dependent autophagy in
tumor development and progression remains controversial, other functions of ULK/Atgl
may contribute to tumor growth.

First, ULK1/2 phosphorylates key glycolytic enzymes (i.e., hexokinase,
phosphofructokinase 1, and enolase 1) and a gluconeogenic enzyme (i.e., fructose-1,6-
bisphosphatase) to secure carbon flux into the pentose phosphate pathway and maintain
cellular energy [76¢]. Silencing other key autophagy genes (e.g., Atg5, Atg7, and Beclin-1)
does not recapitulate the effect of ULK1/2 deficiency on glucose consumption under the
same conditions [76e¢], dissociating this function from its role in autophagy. ULK1 and
ULK?2 have both been implicated in fatty acid metabolism in adipocytes [77]. Thus, future
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studies of metabolic alterations in ULK1-overexpressing tumors may reveal vulnerabilities
that could be targeted using ULK/Atgl-specific inhibitors.

Second, ULK1 accelerates cell death in response to excessive accumulation of reactive-
oxygen species (ROS). ULK1 and ULK2 are direct targets of p53, and treating osteosarcoma
cells with a sublethal dose of camptothecin leads to p53-mediated upregulation of ULK1 and
subsequent cell death [78-80]. Similarly, ULK1 sensitizes wild-type murine embryonic
fibroblasts to cell death induced by ROS-inducing drugs [81¢]. Oxidative stress induces
translocation of ULK1 from the cytoplasm to the nucleus, where ULK1 promotes activation
of poly (ADP-ribose) polymerase 1 (PARP1), thereby accelerating ATP depletion and
necrotic cell death [81¢], which can induce a protumor inflammatory response [82]. Thus,
heterogeneity of ULK1 localization within a given tumor may benefit its growth. Although
ULKZ1 overexpression may be associated with poor prognosis with current treatment
regimens, the fact that it sensitizes cells to ROS-induced cell death could be exploited to
select appropriate ROS-inducing drugs to advance treatment of patients with ULK1-
overexpressing tumors.

Recent studies have implicated ULK1 and ULK?2 in the interferon (IFN)-response pathway.
ULK1 mediates a negative-feedback mechanism to limit the transcription of IFNs and
related genes in multiple cell lines [83]. Upon IFN stimulation, AKT-dependent
phosphorylation of ULKZ1 at serine residue 757 is required for phosphorylation of p38
MAPK and transcription of IFN-stimulated genes in multiple cell lines [84¢]. ULK1
expression is elevated in patients with myeloproliferative disorders, compared to that in age-
matched controls, and blocking ULK1 expression suppresses the antineoplastic effects of
type-l IFNs against malignant erythroid precursors derived from patients [84¢]. These results
suggest that elevated ULKZ1 level could be favorable for type-I IFN treatment of
myeloproliferative disorders that are IFN-responsive.

Conclusions

Recent studies have provided insight into the regulation and cellular function of the ULK/
Atgl family of proteins, but additional studies are required to better understand the factors
directing the spatiotemporal activation of ULK/Atgl. Whether ULK/Atg1 redirects cellular
resources for biosynthetic vs. degradative processes in response to metabolic cues as it does
in yeast remains unknown. ULK/Atg1 appears to have related functions under different
growth conditions (Figure 2) and is a direct target of metabolic sensors; therefore, it may be
central to maintaining cellular homeostasis beyond its role in autophagy. These features may
make ULK/Atgl a more attractive target of therapy than autophagy-specific inhibitors and
activators.
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Figure 1.
ULK/Atg1 redirects machinery used under vegetative conditions for stress-induced

autophagy. In yeast, the binding of Atgl to Atg13 and the Atg11-Atg20-Atg24 complex
facilitates the Cvt pathway under nutrient-rich conditions. Upon starvation, Atgl forms an
alternative complex that includes, Atg13 and Atgl17-Atg29-Atg31 to induce autophagy.
Depending on the stimulus, the cellular machineries involved in membrane nucleation and
cargo sequestration are directed to the cargo or PAS by ULK/ATGL. Similarly, in mammals,
ULK/ATG1 may exist in different complexes depending on the metabolic status of the cell.
For example, the ULK/ATG1-SEC16A complex regulates ER-to-Golgi trafficking under
normal growth conditions, while the ULK/ATG1-ATG13-FIP200-Atg101 complex induces
autophagy in response to stress. It remains to be seen whether the redirection of COPII
components that occurs in response to autophagy-inducing stimuli depends on ULK/ATG1.
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Figure 2.
ULK/ATG1 dictates cell fate under different physiologic states. Under normal physiological

conditions, such as embryonic development, ULK/ATG1-mediated vesicular trafficking,
which appears to be autophagy independent, promotes normal growth (i.e., axonal
extension). Upon stress, the cell secures its energy supply by redirecting ULK/ATGL1 to the
autophagy and glycolysis pathways. When challenged with excessive ROS, the cell actively
transports ULK/ATG1 into the nucleus, where the kinase initiates PARP1-mediated necrotic
cell death.
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