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ABSTRACT OF THE DISSERTATION

The Molecular Mechanisms of MAP4K3-mediated Autophagy Induction

by
Cynthia Li-Shin Hsu
Doctor of Philosophy in Biomedical Sciences

University of California, San Diego, 2016

Professor Albert R. La Spada, Chair

The ability of cells to maintain metabolic homeostasis in response to changes
in nutrient availability is critical for cell survival. Autophagy, the major cellular pathway
by which macromolecules and organelles are degraded, is upregulated in the face of
nutrient starvation and cell stress. The mammalian target of rapamycin complex 1

(mTORC1) integrates various environmental stimuli to regulate cellular processes,

Xii



including autophagy, cell growth, protein synthesis, and lipid metabolism. Of the
various inputs to mTORC1, the amino acid sensing pathway is among the most
potent. This dissertation describes three studies that aim to elucidate the molecular
mechanisms by which cells regulate autophagy and metabolic homeostasis in
response to amino acids.

The first study (Chapter 1) identifies let-7 as a microRNA capable of promoting
neuronal autophagy in response to nutrient deprivation by coordinately down-
regulating the amino acid sensing pathway to prevent mTORC1 activation. In the
course of this work, we identified MAP4K3 as a target of let-7, and found that
inhibition of MAP4K3 was sufficient to induce autophagy in neurons.

The second study (Chapter 2) builds upon the MAP4KS findings from the first
study, elucidating MAP4K3 regulation of autophagy via phosphorylation of
transcription factor EB (TFEB). In the presence of amino acids, activated MAP4K3
phosphorylates TFEB at serine 3, which is necessary for subsequent mMTORC1
phosphorylation of TFEB at serine 211 and sequestration in the cytoplasm by 14-3-3
binding. Loss of MAP4K3 leads to increased TFEB nuclear localization, transcription
of TFEB-regulated lysosomal genes, and autophagy induction.

In the final study (Chapter 3), we demonstrate another role for MAP4K3 in
autophagy regulation: MAP4K3 regulates both mTORCL1 localization and activity via
distinct pathways. We hypothesize that MAP4Ka3 is critical for the activation of
MTORCL1 through the inhibition of SIRT1, AMPK, and TSC2, upstream inhibitors of
MTORCL1, in the presence of amino acids. Subsequent to mTORCL1 activation,
MAP4K3 then regulates the Rag GTPases to mobilize mTORC1 off the lysosome to

phosphorylate and activate its substrates.
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Through these complex mechanisms, MAP4K3 emerges as a critical regulator
of cellular homeostasis in response to amino acids, via both mTORC1 activity and

TFEB-mediated autophagy induction.
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CHAPTER 1.

MAP4K3 and the mTOR signaling pathway

Cells must be able to respond to a large number of environmental stimuli and
extracellular signals in order to survive. However, most extracellular signals cannot
cross the plasma membrane in order to activate their corresponding genes.
Therefore, cells depend on signaling pathways to transmit their signals to various
cytoplasmic and nuclear targets. One such pathway, the mitogen-activated protein
kinase (MAPK) signaling cascade, is critical for the regulation of diverse cellular
processes such as proliferation, differentiation, stress response, and apoptosis in
response to the cellular environment (Avruch, 2007; Dhanasekaran and Johnson,
2007; Krishna and Narang, 2008; Pimienta and Pascual, 2007). The MAPK signaling
cascade is initiated when a stimuli activates a small G protein or adaptor protein. This
signal is then transmitted through up to five tiers of kinases by phosphorylation of
their downstream targets, going through MAP4Ks, MAP3Ks, MAPKKs, MAPKs, and
MAPKAPKSs from upstream to downstream. This multiplicity of components in the
MAPK signaling pathway allows extended specificity and tight regulation, which are

hallmarks of these signaling cascades.



MAP4K3

MAP4K3, also known as germinal center kinase-like kinase (GLK), is a
member of the MAP4K family, which is a subfamily of the sterile 20 (Ste20) protein
kinase family (Diener, 1997). MAP4K3 is in the GCK-I subfamily of Ste20 kinases,
and contains a conserved N-terminal kinase domain, a conserved C-terminal citron
homology domain and proline-rich motifs in the middle portion. In response to UV
radiation and TNF-a, MAP4K3 has been shown to activate the JNK pathway (Diener
et al., 1997; Ramjaun et al., 2001). MAP4K3 induces caspase-dependent apoptotic
cell death by modulating pro-apoptotic Bcl-2 homology domain 3 (BH3)-only proteins
post-transcriptionally via the JNK signaling pathway (Diener et al., 1997; Lam et al.,
2009; Lam et al., 2010). Consistent with this, increased MAP4K3 expression has
been linked to various autoimmune disorders, including Still's disease, rheumatoid
arthritis, and autoimmune encephalomyelitis (Chen et al., 2012; Lock et al., 2002).

Separately, MAP4K3 has also been shown to act upstream of the mTORC1
signaling pathway to induce phosphorylation of S6K and 4E-BP1 (elF4E-binding
protein) in response to amino acids, but not to insulin (Findlay et al., 2007). During
conditions of amino acid starvation, the phosphatase PP2A dephosphorylates
MAP4K3 at serine 170, which is normally transautophosphorylated, rendering it
inactive (Yan et al., 2010). Consistent with these findings, Drosophila mutant for
MAP4K3 have reduced phosphorylation of TOR targets, which physiologically
manifested as retarded growth, reduced size, and low lipid reserves (Bryk et al.,
2010; Resnik-Docampo and de Celis, 2011). Interestingly, MAP4K3 mutants showed
the same growth delay as wild-type Drosophila when cultured on amino acid-

restricted food, supporting amino acid-specific signaling to MAP4K3. In C. elegans,



depletion of MAP4K3 led to a small but significant increase in mean lifespan (Khan et
al., 2012). These findings support MAP4K3 regulation of mMTORC1 signaling in
response to amino acids. However, the mechanism by which MAP4K3 regulates

MTORCL1 signaling has not been elucidated.

mTORC1

Central to the mTORC1 signaling pathway is the mTORC1 complex,
composed of six protein subunits — the catalytic mammalian target of rapamycin
(mTOR), regulatory-associated protein of mMTOR (Raptor), mammalian lethal with
Sec13 protein 8 (mMLST8, also known as GBL), proline-rich AKT substrate 40 kDa
(PRASA40), the Ttil/Tel2 complex and DEP-domain-containing mTOR-interacting
protein (DEPTOR) (Hara et al., 2002; Jacinto et al., 2004; Kaizuka et al., 2010; Kim,
2003; Peterson et al., 2009; Sancak et al., 2007). Deregulation of the mTOR signaling
pathway has been implicated in aging, as well as a wide array of human diseases
including cancer, obesity, type 2 diabetes, and neurodenegeration (Laplante and
Sabatini, 2012). The vast reach of mTOR signaling is attributable to its ability to
integrate information about nutrient status, in the form of amino acids, growth factors,
or energy, and cell stress, and regulate disparate processes such as protein
translation, lipid metabolism, glycolysis, angiogenesis, autophagy, and inflammation
(Laplante and Sabatini, 2009). Here, we will explore the different upstream nutrients
that signal to mTORC1 and their effects on mMTORC1 downstream regulation of

metabolic homeostasis.



Upstream regulators of mTORC1
Growth factors

Growth factors such as insulin or insulin-like growth factor (IGF) stimulate
MTORC1 via the PI3K and ERK-Ras signaling pathways, ultimately culminating in the
activation of the small GTPase Rheb, which when loaded with GTP, stimulates the
kinase activity of mMTORC1 (Saucedo et al., 2003; Stocker et al., 2003). Activation of
these pathways leads to the phosphorylation and activation of protein kinase B (PKB,
also known as Akt), which activates mMTORC1 in two ways. Akt promotes the
phosphorylation and dissociation of PRAS40 from mTOR, leading to mTORC1
activation (Sancak et al., 2007; Vander Haar et al., 2007). Additionally, activated Akt
also phosphorylates and inactivates TSC2. TSC2, together with TSC1 and TBC1D7,
forms the TSC-TBC complex, which acts as a GTPase activating protein (GAP)

towards the Rheb GTPase (Inoki et al., 2002; Potter et al., 2002).

Energy

Another nutrient source that regulates mTORC1 activity via activation of Rheb
GTPase is energy, stored in the form of ATP. Upon nutrient deprivation, cellular ATP
levels drop, countered by an increase in levels of cellular ADP and AMP. Increases in
cellular ADP and AMP levels are sensed by AMP-activated protein kinase (AMPK), a
serine/threonine kinase composed of a catalytic (a) and two regulatory (B and y)
subunits.

Under nutrient starvation conditions, AMPK is phosphorylated at threonine
172 by liver kinase B1 (LKB1) in the LKB1-STRAD-MO25 complex. LKB1, a tumor

suppressor gene mutated in Peutz—Jeghers syndrome, is allosterically activated



through its interaction with STE20-related adapter (STRAD) and the adaptor protein
mouse protein 25 (MO25) (Boudeau et al., 2003). LKB1 phosphorylation of the
conserved threonine 172 residue in AMPK'’s activation loop increases its activity more
than 100-fold (Suter et al., 2006). Then, the y subunit of AMPK binds to AMP and
ADP, enforcing a conformational change that blocks de-phosphorylation of AMPK to
keep it in an activated state. Once active, AMPK phosphorylates TSC2 at serine
1387, which acts as a primer for the phosphorylation and activation of TSC2 by
glycogen synthase kinase (GSK)3- (Inoki et al., 2003; Inoki et al., 2006), stimulating
TSC2's GAP activity towards Rheb and ultimately inhibiting mTORC1. Additionally,
AMPK phosphorylates Raptor, causing it to dissociate from the mTORC1 complex by
binding to 14-3-3 proteins, leading to inhibition of MTORC1 through an allosteric

mechanism (Gwinn et al., 2008).

Amino acids

Only recently has it become apparent that amino acids are a critical regulator
of mMTORCL1 signaling, performing a distinct role separate from that of growth factor
and energy signaling. A number of amino acid sensors have been identified in the last
few years, including SLC38A9 and CASTOR1 as direct arginine sensors
(Chantranupong et al., 2016; Rebsamen et al., 2015; Wang et al., 2015), Sestrin2 as
a direct leucine sensor (Saxton et al., 2016; Wolfson et al., 2016), and adenosine
diphosphate ribosylation factor-1 (Arf1) GTPase to be critical in glutamine sensing
(Jewell et al., 2013).

Most of these sensors transduce signals that center upon the regulation of the

Rag GTPases. The Rag GTPases belong to the RAS superfamily of GTPases and



function as heterodimers wherein the active complex consists of GTP-bound RagA or
B complexed with GDP-bound RagC or D (Gao and Kaiser, 2006; Sekiguchi et al.,
2001). In response to the presence of amino acids, mMTORCL1 is recruited to the
cytoplasmic surface of lysosomes via a physical interaction between Raptor and the
Rag GTPases. Specifically, amino acids trigger the GTP loading of RagA/B proteins,
thus promoting binding to Raptor and assembly of an activated mMTORC1 complex
(Kim et al., 2008a; Sancak et al., 2008). In the absence of amino acids, the Rags
adopt an inactive conformation (GDP-bound RagA/B and GTP-bound RagC/D), and
mMTORCIL is inactivated and shuttled back to the cytosol.

The activation of Rag GTPases is tightly regulated by GEF and GAP proteins.
The pentameric lysosomal Ragulator complex, composed of p18, p14, MP1, HBXIP,
and C7orf59 (also known as LAMTORs 1-5), functions as a GEF for RagA/B in
response to amino acid stimulation (Bar-Peled et al., 2012). Meanwhile, the GATOR1
complex, a trimeric complex consisting of NPRL2, NPRL3, and DEPDCS5, acts as a
GAP for RagA/B and negatively regulates mMTORCL1 activation by promoting the
GTPase activity of RagA/B (Bar-Peled et al., 2013). Through regulation of these GEF
and GAP proteins, amino acids are able to regulate Rag GTPase activity and
MTORC1 localization to the lysosome. Bringing mTOR to lysosomes is critical for the
activation of its kinase activity because Rheb GTPase, activated by growth factors

and energy signaling, is lysosomally localized (Inoki et al., 2003b).
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Figure 1.1. Schematic of nutrient signaling to mTORC1 at the lysosome.



Cellular processes regulated by mTORC1

MTORC1 signaling must be tightly regulated in the face of different nutrient
stimuli because mMTORC1 positively regulates cell growth and proliferation. mTORC1
promotes anabolic processes such as protein and lipid biosynthesis and
angiogenesis, and limits catabolic processes such as lysosomal biogenesis and

autophagy.

Protein translation

MTORC1 promotes protein synthesis by phosphorylating the p70 ribosomal
S6 kinase 1 (S6K1) and eukaryotic initiation factor 4E (elF4E)-binding protein 1 (4E-
BP1). Unphosphorylated 4E-BP1 suppresses mRNA translation by binding to elF4E,
preventing cap-dependent translation. Phosphorylation by mTORC1 causes 4E-BP1
to dissociate from elF4E, allowing elF4E to recruit the translation initiation factor
elF4G to the 5" end of MRNAs (Haghighat et al., 1995; Hara et al., 1997).
Phosphorylation of S6K1 leads to increases in mRNA biogenesis, cap-dependent
translation initiation and elongation, and the translation of ribosomal proteins through
regulation of the activity of many proteins, including eukaryotic elongation factor 2
kinase (eEF2K) (Wang et al., 2001), S6K1 Aly/REF-like target (SKAR; also known as
POLDIP3) (Ma et al., 2008), 80 kDa nuclear cap-binding protein (CBP80; also known
as NCBP1) (Wilson et al., 2000) and elF4B (Holz et al., 2005; Ma and Blenis, 2009).
The activation of mMTORCL1 has also been shown to promote ribosome biogenesis by
modulating the activity of transcription initiation factor 1A (TIF-1A) to stimulate

transcription of ribosomal RNA (Mayer et al., 2004).



Autophagy

In addition to upregulating anabolic processes in response to the presence of
nutrients, mTORC1 must also inhibit catabolic processes like autophagy. Autophagy
is the major eukaryotic cellular pathway by which macromolecules and organelles are
degraded (Shintani and Klionsky, 2004). Autophagy involves the initial formation of an
isolation membrane, the phagophore, followed by engulfment of cytosolic
components and organelles into double membrane-bound vesicles that ultimately
fuse with lysosomal compartments to permit degradation of the enclosed contents.
When nutrient availability is limited, the degradation of organelles and proteins
through autophagy provides biological material to sustain anabolic processes such as
protein synthesis and energy production. Importantly, inhibition of mMTORCL is
sufficient to induce autophagy in the presence of nutrients in yeast or mammalian
cells (Kanazawa et al., 2004; Noda and Ohsumi, 1998). mTORC1 represses
autophagy via regulation of ULK1 and 2, homologues to yeast ATG1, which are
critical for recruitment of ATG proteins during autophagosome formation (Yan et al.,
1998). In mammalian cells, ULK functions in a trimeric complex with ATG13L and
FIP200, and mTORC1 phosphorylates Atg13L and phosphorylates ULK1 at serine
757 to repress ULK1 kinase activity (Ganley et al., 2009; Hosokawa et al., 2009a;
Jung et al., 2009). When mTORCL1 is inhibited under starvation conditions, ULK1
undergoes autophosphorylation and trans-phosphorylation of binding partners
ATG13L and FIP200, leading to activation of the kinase complex and subsequently,

autophagy induction (Boya et al., 2013).
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Lysosomal Biogenesis

In addition to repressing autophagy induction, recent work has also
discovered a related role for mMTORCL1 in regulating lysosomal biogenesis.
Lysosomes not only are an important signaling hub for the activation of mTORCL1 by
nutrients, as discussed above, but is also critical for cellular homeostasis by
regulating cellular clearance, lipid homeostasis, and energy metabolism. Transcription
factor EB (TFEB) has recently emerged as a master regulator of autophagy and
lysosomal biogenesis. TFEB is a member of the basic helix-loop-helix leucine zipper
family of transcription factors that recognizes a 10-base pair motif (GTCACGTGAC)
enriched in the promoter regions of numerous lysosomal genes (Sardiello et al.,
2009). Activation of TFEB induces expression of genes associated with lysosomal
biogenesis and function, and TFEB also stimulates the expression of genes
necessary for autophagosome formation, fusion of autophagosomes with lysosomes,
and lysosome-mediated degradation of the autophagosomal content (Palmieri et al.,
2011; Settembre et al., 2011). mTORC1 regulates lysosomal biogenesis by
modulating the activity of transcription factor EB (TFEB) (Martina et al., 2012;
Roczniak-Ferguson et al., 2012; Settembre et al., 2012).

Under nutrient-rich conditions, TFEB interacts with active Rag GTPases,
which promote recruitment of TFEB to the lysosomal surface (Martina and
Puertollano, 2013). This facilitates mTORC1 phosphorylation of TFEB on several
sites, including serine 211 (Ser211) (Martina et al., 2012; Roczniak-Ferguson et al.,
2012; Settembre et al., 2012). Phosphorylation of Ser211 creates a binding site for
14-3-3, a cytosolic chaperone that keeps TFEB sequestered in the cytosol. In

contrast, under starvation conditions, mTORCL1 is inactivated, permitting the
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TFEB/14-3-3 complex to dissociate, and enabling TFEB to translocate to the nucleus,
where it stimulates the expression of its target genes, thus leading to lysosomal
biogenesis, increased lysosomal degradation, and autophagy induction (Martina et

al., 2012; Roczniak-Ferguson et al., 2012).

Conclusion

While there is a clear relationship between MAP4K3 and mTORCL1 signaling,
the mechanism of action is not understood. In the following chapters, we catalogue
our increased understanding of MAP4K3 regulation of mMTORC1 signaling and
autophagy induction. In Chapter 2, we demonstrate that knockdown of MAP4K3 in
neurons is sufficient to induce autophagy. In Chapter 3, we identify MAP4K3 as a
critical negative regulator of autophagy through the phosphorylation of transcription
factor EB (TFEB). In the presence of amino acids, activated MAP4K3 phosphorylates
TFEB at serine 3. This preliminary phosphorylation step is necessary for subsequent
MTORC1 phosphorylation of TFEB at serine 211 and sequestration in the cytoplasm
by 14-3-3 binding. Loss of MAP4K3 leads to increased TFEB nuclear localization,
transcription of TFEB-regulated lysosomal genes, and autophagy induction. The
phosphorylation of TFEB at serine 3 is crucial for its interaction with the Rag
GTPases and mTORCL1 at the lysosome, as well as phosphorylation at serine 211. In
Chapter 4, we explore MAP4K3 regulation of mMTORC1 localization via the Rag
GTPases and the GATOR1 complex, as well as MAP4K3 regulation of mTORCL1
activity via SIRT1 and the LKB1-AMPK axis. Increased understanding of MAP4K3
and MTORCL signaling will lead to better understanding of deregulation in disease

states and identification of drug-targetable substrates.
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CHAPTER 2.

Let-7 coordinately suppresses components of the amino acid sensing pathway

to repress mTORCL1 and induce autophagy

Abstract

Macroautophagy (hereafter autophagy) is the major pathway by which
macromolecules and organelles are degraded. Autophagy is regulated by the mTOR
signaling pathway, which is the focal point for integration of metabolic information,
with mTORC1 playing a central role in balancing biosynthesis and catabolism. Of the
various inputs to mTORC1, the amino acid sensing pathway is among the most
potent. Based upon transcriptome analysis of neurons subjected to nutrient
deprivation, we identified let-7 as a microRNA capable of promoting neuronal
autophagy. We found that let-7 activates autophagy by coordinately down-regulating
the amino acid sensing pathway to prevent mTORC1 activation. Further we confirmed
that inhibition of one specific target of let-7, MAP4K3, was sufficient to induce
autophagy in neurons. Hence, let-7 plays a central role in nutrient homeostasis and

proteostasis regulation in higher organisms.
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Introduction

Autophagy is the major eukaryotic cellular pathway by which macromolecules
and organelles are degraded (Shintani and Klionsky, 2004). Autophagy involves the
initial formation of an isolation membrane, the phagophore, followed by engulfment of
cytosolic components and organelles into double membrane-bound vesicles that
ultimately fuse with lysosomal compartments to permit degradation of the enclosed
contents. Much of what we know about autophagy regulation and the autophagy
pathway comes from work done in yeast (Mizushima et al., 1998; Scott et al., 1996).
Although mammals also use autophagy as a cellular survival mechanism when faced
with starvation conditions, autophagy has been adapted to perform a wide range of
functions in higher organisms, including immune response to pathogen invasion,
surveillance against cancer, and maintenance of protein and organelle quality control
in the CNS (Mizushima and Komatsu, 2011).

Autophagy activation is tightly regulated in the cell based upon nutrient
availability and cell stress. One critical regulator of autophagy is TOR kinase (also
known as mTOR, for ‘mammalian target of rapamycin’), which forms the mTORC1
signaling complex along with regulatory-associated protein of mMTOR (Raptor),
mammalian lethal with Sec13 protein 8 (MLST8, also known as GbL); proline-rich
AKT substrate 40 kDa (PRAS40); and DEP-domain-containing mTOR-interacting
protein (Deptor) (Peterson et al., 2009). mTORCL1 serves as a focal point for
integration of metabolic information, growth factor signaling, and stress (Ganley et al.,
2009; Hosokawa et al., 2009a). Under conditions of abundant nutrients and absence

of cell stress, mMTORCL1 directly phosphorylates and thereby inactivates Atgl (ULK1),
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which is in complex with Atg13 and FIP200, key upstream autophagy pathway
proteins that initiate autophagy induction (Boya et al., 2013).

Recent studies have further demonstrated that sensing of nutrient status by
the mTORC1 complex is accomplished by direct association with the lysosome,
where nutrient availability both within this organelle and in the cytosol is transduced to
the mTORCL1 complex through a set of signaling complexes that converge on
MTORC1 to determine its activation state (Yan and Lamb, 2012). The Rag family of
GTPases are critical for the amino acid sensing ability of mMTORC1 (Kim et al., 2008a;
Sancak et al., 2008). The Rag GTPases exist as a heterodimer wherein the active
complex consists of GTP-bound RagA or B complexed with GDP-bound RagC or D
(Gao and Kaiser, 2006; Sekiguchi et al., 2001). Importantly, the RagA/Be™—
RagC/DePP heterodimer physically interacts with Raptor to recruit mMTORCL to the
lysosome under AA-rich conditions, placing it in close proximity to Rheb, a potent
activator of mMTORCL1. The Rag proteins lack membrane-targeting sequences, and
are instead anchored to the lysosomal surface by the Ragulator complex, which is
composed of five proteins: p18, p14, MAPK scaffold protein 1 (MP1), C70orf59, and
hepatitis B virus X interacting protein (HBXIP), encoded by the late
endosomal/lysosomal adaptor and MAPK and mTOR activator 1, 2, 3, 4, and 5
(LAMTORL, 2, 3, 4, and 5) genes, respectively (Sancak et al., 2010). This pentameric
Ragulator complex also acts as a guanine nucleotide exchange factor (GEF) towards
RagA/B (Bar-Peled et al., 2012).

In light of its numerous essential roles in cellular homeostasis, we
hypothesized that autophagy would be subject to sophisticated transcriptional

regulatory control, not just downstream of mMTORC1, but also upstream of mMTORC1
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to facilitate integration of nutrient sensing information coming from a variety of
signaling pathway sources. We predicted that such fine-tuned regulation would be
particularly important in the CNS, where autophagy-mediated turnover of misfolded
proteins and damaged organelles guards against disruption of crucial cellular
processes. To delineate pathways of genetic regulation of autophagy in the CNS, we
developed a novel culture system for autophagy induction in primary cortical neurons
(Young et al., 2009), and we used this system to interrogate gene expression
changes that occur upon nutrient deprivation mediated autophagy induction. We were
particularly interested in differential expression of miRNAs due to their ability to
regulate approximately 50% of all protein-coding genes and play important roles in all
types of biological events, including cell proliferation and differentiation, cell fate
determination, signal transduction, organ development, host-viral interactions,
tumorigenesis and progression (Huang et al., 2011; Krol et al., 2010). miRNAs are
highly conserved, small noncoding RNA molecules that can cause translational
inhibition, mMRNA destabilization, or mMRNA degradation by base pairing with the 3’
untranslated regions (3-UTRs) of their target mMRNAs through the seed sequences of
the miRNAs (Bartel, 2009).

Our analysis revealed that a feature of autophagy pathway activation in
primary neurons is upregulation of microRNAs belonging to the let-7 family. We then
determined that let-7 activates neuronal autophagy by repressing the expression of
genes that comprise a newly delineated amino acid sensing pathway (Jewell et al.,
2013), and confirmed the physiological significance of this let-7 regulation by
documenting let-7 modulation of autophagy in the brain. These findings reveal a

central role for let-7 in the regulation of cellular metabolic processes.
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Results

MicroRNA let-7 is a potent reqgulator of neuronal autophagy

To identify the transcriptional basis of autophagy pathway regulation in
neurons, we established a system for autophagy induction in primary cortical neurons
obtained from GFP-LC3 transgenic mice (Young et al., 2009) This system is based
upon culturing GFP-LC3 neurons in a nutrient limited media (NLM), as LC3
incorporation into autophagosomes, which are formed upon autophagy pathway
induction, requires a processing — conjugation step that converts diffuse appearing
GFP-LC3-I into discrete GFP-LC3-II puncta (Klionsky et al., 2012). The conversion of
LC3-1 to LC3-II can also be monitored by Western blot analysis, as LC3-11 migrates at
a lower molecular mass than LC3-I (Klionsky et al., 2012).

As microRNAs (miRNASs) are enriched in the nervous system and coordinate
the regulation of essential processes (Fineberg et al., 2009), we hypothesized that
miRNAs could regulate neuronal autophagy induction. To identify the miRNAs
necessary for neuronal autophagy induction, we performed a miRNA array analysis,
comparing GFP-LC3 neurons cultured under normal complete media (CM) conditions
and NLM conditions. We identified 19 miRNAs with a fold change of >1.2 at a P value
of <0.005 and false discovery rate of <0.10. Among these 19 miRNAs, five were
members of the let-7 miRNA family (Roush and Slack, 2008). As Argonaute-2 (Ago)
HITS-CLIP analysis of postnatal day 13 mouse cortex established that let-7 is highly
abundant in this brain region (Chi et al., 2009), and therefore likely to be
physiologically relevant for neuronal autophagy regulation, we focused on let-7, after
RT-PCR analysis confirmed increased let-7 expression in NLM-cultured primary

neurons.
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Analysis of autophagy activation revealed increased autophagy induction in
CM-cultured FFP-LC3 neurons transfected with let-7 mimic, based upon
immunostaining quantification of autophagosome formation and LC3 immunoblot
measurement of autophagy flux (Figure 2.1). To assess if autophagy induction is
accompanied by proper progression of the autophagy pathway, we treated GFP-LC3
neurons, cultured under normal CM conditions, with let-7 mimic and found that LC3-II
increased relative to actin (Figure 2.1A, B). To determine the flux through the
autophagic pathway, we examined the effect of let-7 mimic in the presence or
absence of ammonium chloride, a lysosomal inhibitor, and observed increased
autophagy flux upon let-7 mimic treatment in comparison to treatment with control
miR (Figure 2.1A, B). Analysis of GFP-LC3 puncta formation in primary neurons
transfected with let-7 mimic independently corroborated autophagy induction by let-7
(Figure 2.1C, D). This data suggests that expression of let-7 is sufficient to induce

neuronal autophagy.
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Figure 2.1. Let-7 activates the autophagy pathway in neurons. (A) LC3 immunoblot
analysis of GFP-LC3 primary cortical neurons cultured in CM with mir-scr, amino acid
deprivation media (EBSS) with mir-scr, or CM with let-7 mimic, in the absence or
presence of the lysosomal inhibitor ammonium chloride. (B) Densitometry analysis of
LC3 immunoblotting in (A) for autophagic flux quantification (mean £ SEM, n = 4
independent experiments). (C) NLM control-treated neurons and CM-cultured
neurons treated with let-7 mimic both display significant increases in the number of
cells with > 5 GFP-LC3 puncta (mean + SEM, n = 3 independent experiments). *p <
0.05, **p < 0.01; ANOVA with post hoc Tukey test. (D) GFP-LC3 primary cortical
neurons were cultured in complete media (CM) or nutrient limited media (NLM), and
treated with a scrambled miRNA or let-7 miRNA. NLM treatment or addition of let-7
MiRNA to CM yielded neurons with prominent puncta formation (arrowheads). Scale
bars = 20 ym
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Let-7 Controls Autophagy Activation Upstream of the mTORC1 Complex

To determine if let-7-mediated autophagy activation is upstream to mTORC1
complex repression, we cultured primary cortical neurons under normal CM
conditions, infected these neurons with lentivirus encoding the constitutively active
Rheb Q64L mutant (Inoki et al., 2003a), and transfected these neurons with the GFP-
LC3-mCherry reporter construct, in combination with let-7 mimic or a scrambled miR.
We observed prominent autophagic puncta formation in mock-infected primary
neurons treated with let-7, comparable to the autophagic puncta formation observed
in primary neurons subjected to amino acid starvation (Figures 2.2A-C). However,
expression of Rheb-Q64L dramatically suppressed autophagic puncta formation in
neurons subjected to amino acid starvation or let-7 mimic treatment (Figures 2.2A-C),
indicating that let-7 activation is mMTORC1-dependent. Immunoblot analysis
independently confirmed that let-7 mediated autophagy activation was markedly

blunted in the presence of the Rheb-Q64L mutant (Figure 2.3A, B).
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Figure 2.2. Let-7 Controls Autophagy Activation Upstream of mTORCL1. (A) Primary
cortical neurons were infected with Flag-Rheb-Q64L lentivirus or mock infected,
transfected with GFP-LC3-mCherry vector in combination with scrambled miRNA
mimic or let-7 mimic, and then cultured in EBSS media (amino acid starvation) or in
CM. Scale bars, 10 mm. (B) Average number of autophagosomes/cell (mean + SEM,
n = 3 independent experiments) for primary neurons in (A). (C) Average number of
autolysosomes / cell (mean £ SEM, n = 3 independent experiments) for primary
neurons in (A). *p < 0.05, **p < 0.01; ANOVA with post hoc Tukey test.
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Figure 2.3. Let-7 Controls Autophagy Activation Upstream of mTORCL1. (A) LC3
immunoblot analysis of primary cortical neurons infected with Flag-Rheb-Q64L
lentivirus or mock infected, transfected with scrambled miRNA mimic or let-7 mimic,
and then cultured in EBSS media for amino acid starvation (-aa) or in CM. Success of
Rheb-Q64L infection was confirmed by immunoblotting for the Flag epitope. (B)
Densitometry quantification of LC3-Il, normalized to actin, confirms Rheb-Q64L
repression of let-7-dependent autophagy activation (mean £ SEM, n = 3 independent
experiments). *p < 0.05, **p < 0.01; ANOVA with post hoc Tukey test.
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The amino acid sensing pathway is coordinately repressed by let-7

To determine how let-7 represses mTORC1 activation in neurons, we
considered the targets of let-7 identified by Ago HITS-CLIP analysis of mouse cortex
(Chi et al., 2009), and noted that Slc7a5 was found to be a let-7 target (Figure 2.4).
Slc7a5 is part of a bidirectional amino acid transporter that exchanges intracellular
glutamine for extracellular leucine to promote mTORCL1 activation (Nicklin et al.,
2009), and has emerged as a key step in the amino acid sensing pathway (Sancak et
al., 2008), that strongly regulates the mTORC1 complex at the lysosome (Jewell et
al., 2013). TargetScan 6.0 analysis of the 3' UTR regions of 14 genes encoding
components of the amino acid sensing pathway yielded predicted let-7 binding sites
for three members of this pathway: Map4k3, RagC, and RagD (Figure 2.4). When
compared to the number of predicted let-7 binding sites called by TargetScan for all
annotated genes, the fraction of let-7 sites predicted by TargetScan for the amino
acid sensing pathway represents a significant level of enrichment (P < 102, x2
analysis). TargetScan algorithm prediction is restricted to the 3' UTR, but certain
studies underscore the potential role of non-3' UTR sequences in miRNA expression
regulation (Chi et al., 2009); hence, we examined mRNAs of amino acid sensing
pathway components for let-7 seed site matches and found putative let-7 binding
sites in 13 of 14 components (Figure 2.5), with many sites falling within coding
sequences (Figure 2.4). To evaluate putative let-7 binding sites as potential direct let-
7 targets, we cloned either 3' UTR sequences or coding sequences downstream of a
luciferase cDNA, and then measured luciferase activity off of these 13 luciferase
reporter constructs, when individually transfected into HEK293T cells in the presence

of mature let-7 duplex or a scrambled miRNA. We observed significant repression of



24

luciferase activity by let-7 for 3'-UTR fragments or coding sequence fragments for 11
of 13 amino acid sensing pathway components, and a trend toward suppression in
the remaining two pathway members (Figure 2.6A). We introduced mismatch
mutations into predicted seed sites for a subset of let-7 targets, and found that these
binding site substitutions abrogated let-7 suppression of luciferase activity for all four
tested amino acid sensing pathway components (Figure 2.6A). To further assess the
physiological significance of let-7 repression of amino acid sensing pathway gene
expression, we generated a lentivirus expression construct encoding let-7 or a
scrambled miRNA, and infected primary cortical neurons with either let-7 lentivirus or
miRscrambled lentivirus. After confirming successful, modest induction of let-7
expression in infected neurons, we measured expression levels of amino acid
sensing pathway genes in neurons infected with let-7 or the scrambled miRNA, and
detected decreased expression for most amino acid sensing pathway genes, with
significant reductions noted for a majority of tested genes (Figure 2.6B). These results
indicate that let-7 is directly and coordinately targeting genes that comprise the amino
acid sensing pathway, upstream of the mTORC1 complex.

To confirm that let-7 regulation of amino acid sensing pathway genes occurs
at the level of protein expression, we treated NeuroZ2a cells or primary neurons with a
let-7 anti-miR or a scrambled anti-miR, and observed prominent derepression of
putative let-7 targets upon immunoblotting (Figures 2.7A, C). Quantification of protein
expression levels of these let-7 targets confirmed significant increases, when
Neuro2a cells or primary neurons were subjected to anti-let-7 treatment (Figure 2.7B,

D). These findings independently validate the RNA expression level alterations
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obtained upon let-7 treatment, and further demonstrate that let-7 is regulating amino

acid sensing pathway genes.



Slc¥ab ﬁ T
GE"EE'UTH CDS JUTR ::::::z ﬂ T.‘
Mapdkd  m— |
@ Ago HITS-CLIP RagA - mem—
A Target Scan RagB —
B Let-7 Seed Site RagC  rmmmmmn
RagD N 1 '
LAS —r
Lamtori *
Lamtor2 -T
Lamtor3 —T
Lamtord —T

26

Figure 2.4. Location of let-7 binding sites within coding regions and 3’ UTRs as
revealed by argonaute-2 HITS-CLIP (Chi et al., 2009), TargetScan 6.0, or direct
scanning for let-7 seed sites.
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Figure 2.5. Let-7 targets on the amino acid sensing pathway. This schematic of the

amino acid sensing pathway shows positive regulators in green and the negative

regulator in red. Thirteen positive regulatory proteins were found to contain target

sites for let-7, based upon review of published argonaute HITS-CLIP data (Chi et al.,

2009), Target Scan 6.0 analysis, or direct inspection of mMRNAs for let-7 seed
sequences.
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Figure 2.6. Let-7 Represses Expression of Amino Acid Sensing Pathway Genes. (A)
Luciferase reporter assays were performed by placing 3’ UTR sequences or coding
region sequences 3’ to the luciferase cDNA in the pGL3 vector, and measuring
relative luciferase activity in HEK293T cells upon transfection of let-7 mimic or
scrambled miRNA. Relative luciferase activity is shown for let-7 mimic normalized to
miR-scrambled, and the effect of mutations in seed sequences for a subset of let-7
targets (Slc7a5, Map4k3, RagD, and Lamtor4) was also measured (mean = SEM, n =
3 independent experiments). (B) RT-PCR quantification of amino acid sensing
pathway gene expression in primary cortical neurons infected with either let-7
lentivirus or miRscrambled lentivirus (mean £ SEM, n = 3 independent experiments).
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Figure 2.7. Let-7 Regulation Occurs at the Protein Level. (A) Neuro2a cells were
transfected with anti-miR scrambled control or with anti-let-7, and whole-cell extracts
were immunoblotted for the indicated proteins. (B) Densitometric quantification of
immunoblot analysis shown in (A) (mean £ SEM, n = 3 independent experiments). *p
< 0.05, *p < 0.01, **p < 0.001,; t test. (C) Primary cortical neurons were transfected
with anti-miR scrambled control or with anti-let-7, and whole cell extracts were
immunoblotted for the indicated proteins. (D) Densitometric quantification of
immunoblot analysis shown in (C) (mean + s.e.m., n = 3 independent experiments).
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Inhibition of MAP4K3, a target of let-7, is sufficient to induce autophagy in neurons

The mTORC1 complex is principally responsible for repression of autophagy
pathway activation under conditions of abundant nutrients and absence of cell stress.
A defining feature of miRNA transcriptional control of biological processes is the
coordinate down-regulation of multiple targets on the same pathway (Small and
Olson, 2011), and evaluation of let-7 regulation indicates that let-7 promotes neuronal
autophagy activation through simultaneous downregulation of multiple amino acid
sensing pathway targets (Figures 2.4 and 2.5). However, to assess the physiological
relevance of identified let-7 targets for autophagy control in neurons, where amino
acid sensing pathway regulation is yet to be studied, we considered the let-7 family
seed site sequence, and determined the extent of let-7 seed site conservation for
genes encoding components of the amino acid sensing pathway. This analysis
revealed conservation down to zebrafish or frog respectively for two confirmed let-7
target sites in the Map4k3 gene, indicating likely regulatory significance; hence, we
knocked down MAP4K3 under nutrient replete CM conditions to examine its role in
neuronal autophagy regulation. Map4k3 knockdown in GFP-LC3 primary cortical
neurons yielded marked induction of autophagy at levels comparable to nutrient
deprivation (Figure 2.9). To assure that Map4k3 knock-down resulted in autophagy
pathway progression, we performed LC3 immunoblotting analysis on primary neurons
transfected with Map4k3 shRNA or control scrambled shRNA, confirmed successful
Map4k3 knock-down (Figure 2.8A), and cultured these neurons in the absence or
presence of the lysosomal inhibitor ammonium chloride. Characteristic upregulation of
autophagic flux was noted for control neurons subjected to nutrient deprivation, and a

marked increase in autophagic flux was measured for primary neurons knocked-down
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for Map4k3 (Figure 2.10A, B). LC3 Western blot analysis of nutrient replete Neuro2a
cells subjected to Map4k3 knock-down similarly resulted in autophagy induction at
levels comparable to nutrient deprivation (Figure 2.8B, C), establishing the

importance of amino acid sensing pathway regulation for autophagy in neurons.
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Figure 2.8. Map4k3 knock-down promotes productive neuronal autophagy. (A) RT-
PCR analysis of Neuro2a cells transfected with the indicated shRNAs, under
specified culture conditions (mean + s.e.m., n = 3 independent experiments). (B) LC3
immunoblot of Neuro2a cells transfected with the indicated shRNAs, under specified
culture conditions. (C) Densitometry analysis of LC3 immunoblotting shown in (B).
NLM vyields a significant increase in LC3-II (to actin), and Map4k3 shRNA knock-down
of CM-cultured NeuroZ2a cells yields a significant increase in LC3-1I levels (mean +
s.e.m., n = 3 independent experiments). **P < .01; ANOVA with post-hoc Tukey test.



33

Control shRNA -CM Control shRNA - NLM

% neurons with
=5 GFP-LC3 puncta
b3

*k
30
20
0

Control Mapdk3
shRNA shRNA NLM

CM

Figure 2.9. Map4k3 knock-down promotes productive neuronal autophagy. GFP-LC3
primary cortical neurons cultured in CM transfected with Map4k3 shRNA exhibit
prominent puncta formation (arrowheads), comparable to NLM treatment.
Quantification of GFP-LC3 puncta counts/neuron for (F). NLM treatment serves as
positive control (mean = SEM, n = 3 independent experiments). **p < 0.01; ANOVA
with post hoc Tukey test. Scale bars, 20 mm.
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Figure 2.10. Map4k3 knock-down promotes productive neuronal autophagy. (A) LC3
immunoblot analysis of primary cortical neurons transfected with control shRNA or
Map4k3 shRNA, and cultured under CM or amino acid deprivation (EBSS) conditions,
in the absence or presence of the lysosomal inhibitor ammonium chloride. (B)
Densitometry analysis of LC3 immunoblotting in (A) for autophagic flux quantification
(mean = SEM, n = 3 independent experiments). *p < 0.05, **p < 0.01; ANOVA with

post hoc Tukey test.
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Discussion

Pathways of nutrient sensing and metabolic regulation have emerged as
powerful determinants of lifespan and healthspan in a wide range of model organisms
(Lopez-Otin et al., 2013). Hence, it comes as no surprise that the genes comprising
these pathways are among the most highly conserved genes found in multicellular
organisms. The mTOR signaling pathway is especially well conserved, owing to its
central role in the integration of cellular homeostasis, and it is the activation state of
the mTOR complexes, mMTORC1 and mTORC?2, that primarily determine the
metabolic disposition of the cell. The mMTORC1 complex is principally responsible for
dictating whether the cell is in an anabolic or catabolic state, and directly regulates
energy metabolism, protein synthesis, lipid synthesis, and the autophagy-lysosome
pathway (Laplante and Sabatini, 2012). Of the various inputs to the mTORC1
complex, a deficiency of amino acids can outweigh pro-growth signals coming from
mitogen or hormone responsive pathways, resulting in mTORCL1 inhibition (Smith et
al., 2005). Until recently, components of this amino acid sensing pathway were ill-
defined, but over the last decade, the principal factors involved in transmission of
amino acid satiety to the mTORC1 complex have been delineated, and include a
family of highly conserved Ras-related GTP-binding proteins, known collectively as
the Ragulator complex, and a set of five proteins, LAMTOR 1, 2, 3, 4 and 5, that
anchor the mTORCL1 complex at the lysosome (Bar-Peled et al., 2012; Jewell et al.,
2013; Kim et al., 2008a; Yan and Lamb, 2012). Here, we demonstrate that a highly
conserved miRNA, let-7, regulates the expression and activity of the genes that
encode these and other components of the amino acid sensing pathway, thereby

establishing let-7 as a key node in the mTORC1 regulatory circuit.
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To define regulatory factors that control autophagy activity in the CNS, we
developed a nutrient deprivation protocol in which primary cortical neurons exposed
to nutrient-limited media (NLM) were found to undergo autophagy induction in a
MTOR and insulin signaling pathway dependent manner (Young et al., 2009). When
we interrogated the transcriptomes of primary neurons subjected to NLM treatment,
we noted that multiple members of the let-7 family exhibited marked up-regulation.
We then confirmed that let-7 is sufficient for neuronal autophagy induction in primary
neurons transfected with let-7 mimic.

A recurrent theme in miRNA regulation is the observation that an individual
miRNA typically achieves a biological effect by targeting multiple genes along a
pathway (Small and Olson, 2011). Our analysis of amino acid sensing pathway
component genes revealed evidence for let-7 modulation of virtually all the genes that
we examined. Indeed, we found let-7 seed site matches in 13 of 14 amino acid
sensing pathway genes, and upon direct evaluation of let-7 repression of a luciferase
reporter linked to these putative target sites, we documented significant reductions in
luciferase activity for 11 of 13 tested gene sequences, with strong trends evident for
the remaining two genes. Mutation of the seed sites for four target sequences
abrogated let-7 repression in this assay. Moreover, we found that a majority of amino
acid sensing pathway genes exhibit significant expression reductions in primary
neurons infected with let-7 expressing lentivirus. In these studies, we aimed for
modest levels of let-7 over-expression, with increases of only 20% - 50%, which
corresponds closely to physiological let-7 induction noted upon nutrient deprivation or
amino acid starvation. Furthermore, we confirmed that let-7 regulation of target gene

expression occurs at the protein level by performing Western blot analysis on anti let-
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7-treated neuronal cells. Hence, multiple independent assays corroborate let-7
regulation of amino acid sensing pathway gene expression.

When we considered the seed site sequences of let-7 target genes on the
amino acid sensing pathway, we noted that seed site sequences within Map4K3 are
conserved down to zebrafish or frog. This degree of conservation led us to test if
knock-down of Map4K3 would be sufficient to induce neuronal autophagy, and we
found that Map4k3 knock-down could promote significant autophagy activation in
neurons. While these autophagy pathway effects are consistent with autophagy
activation upon Slcla5 knock-down in non-neuronal cells and autophagy repression
by a constitutively active RagA mutant in Drosophila and in neonatal mice (Efeyan et
al., 2013; Kim et al., 2008a; Nicklin et al., 2009), our results are the first to
demonstrate the physiological relevance of amino acid sensing pathway regulation for
autophagy modulation in the CNS.

Our discovery of amino acid sensing pathway gene regulation by let-7
reinforces an emerging view of let-7 as a predominant regulator of the mTORC1
complex. In a study that examined the regulation of glucose metabolism, let-7
suppressed the expression of genes encoding components of the insulin signaling
pathway in muscle (Zhu et al., 2011). For both the insulin signaling pathway in muscle
and the amino acid sensing pathway in neurons, let-7 regulation yields only modest
reductions in expression for individual target genes. Hence, for metabolic pathways,
coordinate down-regulation of multiple genes lying on the same pathway likely
represents a powerful strategy for achieving a desired metabolic outcome, since
network components are often wired into feedback circuit loops. Furthermore, if let-7

does dictate activity status for the amino acid sensing pathway and the insulin
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signaling pathway, then this would facilitate consistency of inputs to the mTORC1
complex through a single master genetic switch, increasing the rapidity and efficiency
of mMTORCL1 signal integration. To establish that let-7 is acting upstream of mMTORC1
to mediate its autophagy regulatory effects, we documented that let-7 induction of
autophagy in neurons can be markedly blunted by co-expression of the constitutively
active Rheb-Q64L mutant, which promotes mTORC1 complex activation (Inoki et al.,
2003a). As Rag GTPases, which are targeted by let-7, were recently found to
regulate the mTORC1 complex in response to both glucose and amino acid status
(Efeyan et al., 2013), a requirement for let-7 to permit autophagy induction in
response to either glucose deprivation or amino acid starvation is consistent with
these recent findings. Indeed, our results, together with studies of let-7 regulation of
the insulin signaling pathway (Zhu et al., 2011), strongly suggest that let-7 plays a
central role in nutrient homeostasis. A complete understanding of this regulatory
circuit, including the pathway by which nutrient stress promotes let-7 activation, will
be an important goal for future studies. In light of our results demonstrating let-7
activation of autophagy, the mechanistic basis of other let-7 effects also deserve
consideration, including let-7's established role as a tumor suppressor (Johnson et
al., 2005; Mayr et al., 2007).

One final question worthy of consideration is this: Why would amino acid
status serve as a potent signal for autophagy regulation in the CNS? Glutamine and
leucine are neutral amino acids subject to uptake by a variety of amino acid
transporters in neurons, including the broad specificity uncharged (0) amino acid
(B°AT) family (Zaia and Reimer, 2009). B°AT3 is a neutral amino acid transporter with

a very high affinity for leucine, and localizes to synaptic regions where uptake of
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leucine becomes maximal during periods of intense neuronal activity (Zaia and
Reimer, 2009). Hence, as full activation of the amino acid sensing pathway occurs
when leucine is exchanged for glutamine, which is produced from glutamate and is
thus highly abundant in the CNS (McGale et al., 1977), synaptic and metabolic
processes may converge in neurons to dictate autophagy pathway levels via
mMTORCL1 activation state, downstream of neutral amino acid inputs. Consequently,
let-7 suppression of amino acid sensing pathway components in neurons could be
highlighting synaptic-metabolic crosstalk at work in the neuronal milieu. Indeed,
recent studies have shown that glutamine synthetase potently inhibits autophagy by
driving the production of glutamine, which prevents the mTORC1 complex from
localizing to lysosomes (van der Vos et al., 2012), where its activation by the
Ragulator and LAMTOR complexes occurs (Bar-Peled et al., 2012; Sancak et al.,
2010). In addition to being coupled to glutamine efflux, synaptic regulation of leucine
transporter action may compete with glutamine synthetase to dictate mTORC1
activation state by favoring leucyl-tRNA synthetase activation of mMTORCL1 via
Ragulator and LAMTOR complexes (Han et al., 2012). Delineation of let-7 targeting
of the amino acid sensing pathway has thus uncovered a robust regulatory network
that could be amenable to manipulation for therapeutic benefit in diseases affecting

both the CNS and peripheral tissues.
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CHAPTER 3.

MAP4K3 regulates autophagy induction via phosphorylation of TFEB

Abstract

Autophagy is the major cellular pathway by which macromolecules and
organelles are degraded, and is tightly regulated based upon nutrient availability and
cell stress. In this paper, we identify MAP4K3 as a critical negative regulator of
autophagy through the phosphorylation of transcription factor EB (TFEB). In the
presence of amino acids, activated MAP4K3 phosphorylates TFEB at serine 3. This
preliminary phosphorylation step is necessary for subsequent mnMTORC1
phosphorylation of TFEB at serine 211 and sequestration in the cytoplasm by 14-3-3
binding. Loss of MAP4K3 leads to increased TFEB nuclear localization, transcription
of TFEB-regulated lysosomal genes, and autophagy induction. The phosphorylation
of TFEB at serine 3 is crucial for its interaction with the Rag GTPases and mTORC1
at the lysosome, as well as phosphorylation at serine 211. Our work reveals an
exciting novel role for MAP4K3, and provides new insight into the intricate regulation

necessary for tight control of autophagy regulation through TFEB.
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Introduction

Autophagy is a cellular catabolic pathway necessary for maintaining cellular
homeostasis and quality control in response to nutrient availability and cell stress
(Shintani and Klionsky, 2004). Autophagy is negatively regulated by the mammalian
target of rapamycin complex 1 (mTORC1), a component of the mTOR kinase
signaling pathway that coordinates metabolic information, growth factor signaling, and
nutrient abundance with cell growth and division (Dazert and Hall, 2011; Laplante and
Sabatini, 2012; Ma and Blenis, 2009).

MTORCL1 is comprised of the catalytic mMTOR subunit, mLST8, DEPTOR, the
Ttil-Tel2 complex, Raptor, and PRAS40. In response to amino acid stimulation,
MTORCL1 is recruited to the cytoplasmic surface of lysosomes via a physical interaction
between Raptor and the Rag GTPases, which function as heterodimers wherein the
active complex consists of GTP-bound RagA or B complexed with GDP-bound RagC
or D (Gao and Kaiser, 2006; Sekiguchi et al., 2001). Importantly, amino acids trigger
the GTP loading of RagA/B proteins, thus promoting binding to Raptor and assembly
of an activated mTORC1 complex (Kim et al., 2008a; Sancak et al., 2008). In the
absence of amino acids, the Rags adopt an inactive conformation (GDP-bound RagA/B
and GTP-bound RagC/D), and mTORC1 is inactivated and shuttled back to the cytosol.
Bringing mTOR to lysosomes is critical for the activation of its kinase activity by Rheb,
a lysosome-enriched GTPase that is regulated via TSC2 by growth factor signaling and
energy abundance (Inoki et al., 2003a).

mTORCL1 directly represses autophagy by phosphorylating and inhibiting the
activity of ULK1/2, members of the Atg family of proteins involved in the earliest step

of autophagy induction (Hosokawa et al., 2009a; Hosokawa et al., 2009b). mTORC1
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further regulates autophagy by modulating the activity of transcription factor EB
(TFEB) (Martina et al., 2012; Roczniak-Ferguson et al., 2012; Settembre et al., 2012).
TFEB is a member of the basic helix-loop-helix leucine zipper family of transcription
factors that recognizes a 10-base pair motif (GTCACGTGAC) enriched in the
promoter regions of numerous lysosomal genes (Sardiello et al., 2009). Activation of
TFEB induces expression of genes associated with lysosomal biogenesis and
function, and TFEB also stimulates the expression of genes necessary for
autophagosome formation, fusion of autophagosomes with lysosomes, and
lysosome-mediated degradation of the autophagosomal content (Palmieri et al.,
2011; Settembre et al., 2011).

Under nutrient-rich conditions, TFEB interacts with active Rag GTPases,
which promote recruitment of TFEB to the lysosomal surface (Martina and
Puertollano, 2013). This facilitates mTORC1 phosphorylation of TFEB on several
sites, including serine 211 (Ser211) (Martina et al., 2012; Roczniak-Ferguson et al.,
2012; Settembre et al., 2012). Phosphorylation of Ser211 creates a binding site for
14-3-3, a cytosolic chaperone that keeps TFEB sequestered in the cytosol. In
contrast, under starvation conditions, mTORCL1 is inactivated, permitting the
TFEB/14-3-3 complex to dissociate, and enabling TFEB to translocate to the nucleus,
where it stimulates the expression of its target genes, thus leading to lysosomal
biogenesis, increased lysosomal degradation, and autophagy induction (Martina et
al., 2012; Roczniak-Ferguson et al., 2012). Therefore, recruitment of TFEB to
lysosomes is critical for the proper negative regulation of this transcription factor.

MAP4K3 (also known as germinal center-like kinase) is a member of the

Ste20 family of protein kinases that regulates the amino acid sensing pathway
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upstream of MTORC1, and is required for maximal mTORC1-dependent S6K/4E-BP1
phosphorylation and regulation of cell growth (Findlay et al., 2007). Knockdown of
MAP4K3 in neurons is sufficient to induce autophagy (Dubinsky et al., 2014), but the
basis for this MAP4K3-mediated autophagy repression was not known. Here, we
demonstrate that MAP4K3 knock-out results in a marked upregulation of TFEB-
regulated genes and productive induction of autophagy, and that MAP4K3 absence
prevents TFEB association with the mTORC1 regulatory complex at the lysosome.
We further find that MAP4K3 directly phosphorylates TFEB at a novel amino-terminal
site, and that MAP4K3 phosphorylation of TFEB is required for both the interaction of
TFEB with the mTORCL1 regulatory complex and for inhibitory phosphorylation of

TFEB by mTORC1.
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Results

MAP4K3 knock-out cell lines display increased autophaqy induction and flux

Although it was previously shown that knockdown of MAP4K3 is sufficient to
induce autophagy (Dubinsky et al., 2014), we wished to study the effects of complete
MAP4K3 knockout (k.0.) on autophagy regulation. To obtain MAP4K3 k.o. cell lines,
we performed CRISPR-Cas9 genome editing with guide sequences targeting two
different exon sequences of MAP4K3, resulting in two distinct clones (M1 and M4)
with frameshift mutations at either of the two targeted sites. We confirmed complete
loss of MAP4K3 protein expression in these two cell lines by immunoblot analysis
(Figure 3.1).

Analysis of autophagy activation revealed increased autophagy induction in
MAP4K3 k.o. cells, based upon immunostaining quantification of autophagosome
formation and LC3 immunoblot measurement of autophagy flux (Figure 3.2 & 3.3).
Indeed, MAP4K3 k.o. cells cultured in nutrient rich complete media (CM) displayed
increased autophagy activation, comparable to levels seen in starved WT cells. When
we analyzed LC3-1l levels after treatment with ammonium chloride, a lysosomal
inhibitor, we observed a further increase in LC3-1l levels in MAP4K3 k.o. cells,
indicating an increase in autophagy initiation, rather than a block in autophagosome
degradation. To directly assess autophagy flux, we also used the tandem-tagged
mCherry-EGFP-LC3 vector, and noted that upon autophagosome formation, LC3 is
incorporated into autophagosome membranes, producing yellow puncta in merged
images. When autophagosomes fuse with lysosomes, vesicle pH becomes acidic,
guenching the EGFP signal so that only mCherry fluorescence remains detectable.

This acidification-dependent change in fluorescence emission can be used to monitor
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autophagosome maturation. When we monitored autophagic puncta dynamics in
MAP4K3 k.o. cells, we observed a marked increase in the number of
autophagosomes and autolysosomes per cell in MAP4K3 k.o. cells, when compared

to WT control cells (Figure 3.4).
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Figure 3.1. Validation of MAP4K3 k.o. cells. Wild type HEK 293A and four different
MAP4K3 k.o. clones (M1-1, M4-6, M4-11 and M4-21) were immunoblotted for
MAP4K3 to validate MAP4K3 k.o. at the protein level.
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Figure 3.2. Map4k3 knockout promotes autophagy flux. Wild type HEK 293A and
MAP4K3 k.o. clone M1-1 were grown in complete media (CM) (DMEM + FBS) or
amino acid deprived (EBSS + FBS) conditions, then treated with NH4Cl to inhibit
phagosome-lysosome fusion. Protein lysates were immunoblotted for LC3 and actin.
Densitometry analysis was performed of LC3 for autophagic flux quantification.
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Figure 3.3. MAP4K3 knockout promotes LC3 expression. Wild type HEK293A and
MAP4K3 k.o. cells cultured in complete media were fixed, permeabilized with
digitonin, and stained for endogenous LC3.
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Figure 3.4. MAP4K3 knockout promotes functional autophagy induction. Wild type
HEK293A and MAP4K3 k.o. cells cultured in complete media were transfected with
mCherry-GFP-LC3 to visualize autophagosomes and autolysosomes.
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MAP4K3 knock-out cell lines exhibit increased TFEB nuclear localization and TFEB

transcriptional activity, independent of mTORC1 activation state

As TFEB entry into the nucleus is required for transactivation of its target
genes, and inhibitory regulation of TFEB by mTORC1 phosphorylation restricts TFEB
to the cytosol, we examined the effect of MAP4K3 knock-out on TFEB subcellular
localization. MAP4K3 k.o. cells exhibited predominantly nuclear localization of TFEB,
regardless of nutrient status (Figure 3.5. To confirm that the difference in TFEB
nuclear localization is solely attributable to MAP4K3 k.o., we overexpressed MAP4K3
in MAP4KS3 k.o. cells and saw a significant rescue of TFEB localization back to
predominantly cytosolic localization (Figure 3.6). The rescue is not complete; this may
be attributed to the fact that MAP4K3 induces JNK signaling and caspase-dependent
apoptotic cell death when excessively over-expressed.

Consistent with its effect on TFEB nuclear translocation, MAP4K3 k.o. cell
lines also displayed significantly higher expression levels of all tested TFEB target
genes (Figure 3.7). As MAP4K3 is known to regulate the mTOR signaling pathway
(Findlay et al., 2007), we repeated these experiments in the presence of constitutively
active Rheb (CA-Rheb) to determine the effect of mMTORCL1 activation on TFEB
transcriptional activity in MAP4K3 k.o. and WT control cell lines. As expected,
transfection of CA-Rheb yielded marked repression of TFEB target in WT cells;
however, surprisingly, TFEB target gene expression was nhot repressed in MAP4K3
k.o. cells, but remained at or above the level of expression observed in WT cells at
baseline (Figure 3.8). To confirm this finding, we tested whether constitutively active
MTOR affects TFEB localization in MAP4K3 k.o. cells. While constitutively active

mMTOR significantly decreased nuclear localization of TFEB in WT cells treated with



51

amino acid starvation, constitutively active mTOR only had a minimal effect on
starved MAP4K3 k.o. cells (Figure 3.9). To investigate if constitutively active mTOR
causes different physiological responses in WT and MAP4K3 k.o. cells, we quantified
the number of autophagosomes and autolysosomes produced in both cell types when
overexpressing CA-Rheb (Figure in preparation). These results suggest that MAP4K3
regulation of TFEB transactivation may be operating upstream of the mTORC1

complex.
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Figure 3.5. MAP4K3 knockout results in increased TFEB nuclear localization. WT
and MAP4K3 k.o. cells were transfected with WT-TFEB-FLAG and cultured in
complete media and amino acid deprived conditions as indicated. Cells were
immunostained with anti-FLAG antibody. Percentages of cells with TFEB
predominantly in the nucleus were quantified.
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Figure 3.6. Increased TFEB nuclear localization in MAP4K3 knockout cells is rescued
by overexpression of MAP4K3. WT and MAP4K3 k.o. cells were transfected with WT-
TFEB-FLAG and MAP4K3-mCherry and cultured in complete media and amino acid
deprived conditions as indicated. Cells were immunostained with anti-FLAG antibody.
Percentages of cells with TFEB predominantly in the nucleus were quantified.
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Figure 3.7. MAP4K3 knockout results in increased TFEB transcriptional activity. WT
and MAP4K3 k.o. cells were cultured in complete media and treated with Torinl as
indicated. Total RNA was isolated and gRT-PCR was performed for TFEB-regulated
genes — TFEB, ATP6V1H, CLCN7, CTSD, CTSF, GLA, and MCOLN1.



54

OWT + mock BWT + CA-Rheb @M1 + CA-Rheb ®M4 + CA-Rheb
25 - ”

2
* * *
*%k
%1.5 | * *
% *
O * ¥ -
kel ke *
LE 1 11 1 x _L 1
0.5 +
O T T T

TFEB ATP6V1IH CLCN7 CTSD CTSF GLA  MCOLN1

Figure 3.8. MAP4K3 knockout results in increased TFEB transcriptional activity,

independent of mTOR activation. WT and MAP4K3 k.o. cells were transfected with
constitutively active Rheb for 24 hours. Total RNA was isolated and gRT-PCR was
performed for TFEB-regulated genes — TFEB, ATP6V1H, CLCN7, CTSF, and GLA.
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Figure 3.9. MAP4K3 knockout results in increased TFEB nuclear localization,
independent of mTOR activation. WT and MAP4K3 k.o. cells were transfected with
WT-TFEB-FLAG and constitutively active Rheb-myc and cultured in complete media
and amino acid deprived conditions as indicated. Cells were immunostained with anti-
FLAG and anti-myc antibody. Percentages of cells with TFEB predominantly in the
nucleus were quantified.
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MAP4K3 knock-out vields reduces physical interaction of TFEB with mTORC1 and

Rag GTPase complex

Retention of TFEB in the cytosol is determined by its phosphorylation status,
as phospho-TFEB complexes with 14-3-3, thereby precluding TFEB nuclear entry;
whereas dephosphorylated TFEB readily translocates to the nucleus (Roczniak-
Ferguson et al., 2012). TFEB interacts with activated Rag GTPases, which promotes
recruitment of TFEB to the lysosomal surface, where mTORC1 phosphorylates TFEB
on serine 211 to enforce its cytosolic retention and inactivation (Martina and
Puertollano, 2013). Previous work has demonstrated that the first 30 amino acids of
TFEB are requited for TFEB localization to lysosomes, and documented that
mutagenesis of serine 3 and arginine 4 to alanines (S3A/R4A) completely prevents
TFEB localization to lysosomes (Martina and Puertollano, 2013). To confirm the
importance of the amino-terminal region of TFEB for regulation of its subcellular
localization and the specific role of serine 3, we transfected WT HEK293 cells with
WT-TFEB-FLAG, and noted interactions of TFEB with Raptor, Rag A, Rag B, and
Lamtorl (Figure 3.10). However, when we transfected WT HEK293 cells with S3A-
TFEB-FLAG, or A30-TFEB-FLAG, we found that mutation of serine 3 to alanine or
deletion of the first 30 amino acids of TFEB prevented its interaction with mTORC1,
the Rag GTPases, and the Ragulator complex (Figure 3.10).

The mechanistic basis for serine 3 regulation of TFEB interaction with the
MTORC1 complex is yet to be determined. As serine residues are subject to
phosphorylation regulation and MAP4K3 is a kinase, we considered the possibility
that MAP4K3 regulation of TFEB is occurring through phosphorylation of TFEB. To

test this hypothesis, we evaluated the physical interaction of TFEB with mTORCL1 and
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its associated regulatory proteins in complex with it at the lysosome. While
immunoprecipitation of TFEB-FLAG provided evidence for interaction with Raptor,
Rag A, and Lamtorl in WT HEK293 cells, we noted that TFEB-FLAG interaction with
these MTORC1 complex components was markedly diminished in the two different
MAP4K3 k.o. cell lines (Figure 3.11). Reduced interaction of TFEB-S3A-FLAG was
similarly noted in WT HEK293 cells, suggesting that MAP4K3 is required for TFEB
interaction with the mTORC1 complex and that mutation of serine 3 to an alanine,
which cannot be phosphorylated, also renders TFEB incapable of fully interacting with
the mTORC1 complex, highlighting serine 3 as a potential site for MAP4K3
phosphorylation.

Sometimes phenotypes in cell lines derived by CRISPR-Cas9 genome editing
stem from an off-target effect. Although our results were obtained in two different
MAP4K3 cell lines derived with different guide RNAs, to exclude possible off-target
effects, we repeated the TFEB interaction studies in MAP4K3 k.o. cell lines
transfected with MAP4K3, and noted that exogenous MAP4K3 expression restored
TFEB interaction with Raptor, Rag GTPases, and Lamtorl in our MAP4K3 k.o. cell
lines (Figure 3.12). Furthermore, overexpression of TFEB-S3E, which features a
phosphomimetic amino acid substitution of glutamate for serine 3, also partially
restored TFEB interaction with these mTORC1 complex components (Figure 3.13).
These findings establish a role for MAP4K3 and for serine 3 phosphorylation in the

regulation of TFEB interaction with the mTORC1 complex.



58

INPUT IP: FLAG

TFEB  WT  S3A  A30 WT  S3A  A30
RapLOr | s o s

RagC e T
RagA | === ammp =
Lamtor1 " | — I

TFEB-FLAG | S — N

Figure 3.10. TFEB serine 3 is essential for TFEB-mTORC1-Rag GTPase interaction.
Wild type HEK 293A cells were transfected with WT-TFEB-FLAG, S3A-TFEB-FLAG,
or A30-TFEB-FLAG, as indicated. Immunoprecipitation was performed with anti-
FLAG antibody, followed by immunoblotting for Raptor, RagA, Lamtorl, and TFEB.
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Figure 3.11. MAP4K3 knockout results in reduced TFEB-mTORC1-Rag GTPase
interaction, similar to S3A-TFEB. Wild type HEK 293A and MAP4K3 k.o. cells were
transfected with WT-TFEB-FLAG or S3A-TFEB-FLAG, as indicated.
Immunoprecipitation was performed with anti-FLAG antibody, followed by
immunoblotting for Raptor, RagA, Lamtorl, and TFEB.
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Figure 3.12. TFEB-mTORC1-Rag GTPase interaction in MAP4K3 knockout cells is
rescued by MAP4K3 overexpression. Wild type HEK 293A and MAP4K3 k.o. cells
were transfected with WT-TFEB-FLAG and MAP4K3 overexpressing constructs, as
indicated. Immunoprecipitation was performed with anti-FLAG antibody, followed by
immunoblotting for Raptor, RagA, RagC, Lamtorl, and TFEB.
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Figure 3.13. TFEB-mTORC1-Rag GTPase interaction in MAP4K3 knockout cells is
partially rescued by S3E-TFEB overexpression. Wild type HEK 293A and MAP4K3
k.o. cells were transfected with WT-TFEB-FLAG and S3E-TFEB-FLAG
overexpressing constructs, as indicated. Immunoprecipitation was performed with
anti-FLAG antibody, followed by immunoblotting for Raptor, RagA, RagC, Lamtor1,
and TFEB.
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MAP4K3 physically interacts with and phosphorylates TFEB at Serine 3

To determine if MAP4K3 and TFEB interact, we transfected HEK293 cells with
either normal MAP4K3 (WT-MAP4K3) or a kinase dead version of MAP4K3 (KD-
MAP4K3). When endogenous TFEB was immunoprecipitated and immunoblotted for
MAP4K3, we detected a physical interaction between TFEB and MAP4K3, but not
between TFEB and a co-transfected negative control protein (HDACS6) (Figure 3.14).
Interestingly, the interaction between TFEB and KD-MAP4K3 was significantly
stronger than the interaction between TFEB and WT-MAP4K3, suggesting that the
kinase activity of MAP4Ka3 is critical for its interaction with TFEB. To determine if the
MAP4K3 — TFEB interaction is direct, we produced in vitro translated TFEB protein
and performed a pull-down assay with purified FLAG-tagged WT- or KD-MAP4KS3, or
HDACSG for negative control. In vitro translated WT-TFEB was able to pull down both
WT-MAP4K3 and KD-MAP4K3; the pull-down of KD-MAP4K3 was clearly stronger
(Figure 3.15). Furthermore, a recombinant GST-TFEB amino-terminal fragment
(TFEB: 1-37) was also capable of pulling down WT-MAP4K3 and KD-MAP4K3
equally well (Figure 3.16). These results support a direct interaction between
MAP4K3 and TFEB, and indicate that the first 37 amino acids of TFEB are critical for
this interaction.

To determine if MAP4K3 can phosphorylate TFEB, we carried out in vitro
phosphorylation by incubating immunopurified WT-MAP4K3 or KD-MAP4K3 with
immunopurified WT-TFEB, S3A-TFEB, or S211A-TFEB in the presence of y-*2P-ATP,
and performed two-dimensional phosphopeptide mapping. We did not pursue the use
of mass spectrometry, as trypsin digestion of TFEB is predicted to yield a tiny four

amino acid N-terminal fragment, which would not be readily detected. A review of the
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phosphopeptide maps, revealed a phosphopeptide that was present in the WT-
MAP4K3 + WT-TFEB incubation and in the WT-MAP4K3 + S211A-TFEB incubation,
but was absent in the WT-MAP4K3 + S3A-TFEB and KD-MAP4K3 + TFEB
incubations, for both thermolysin and chymotrypsin digestions (Figure 3.17 and 3.18).
Phospho-amino acid analysis (van der Geer and Hunter, 1994) of these peptides
confirmed that phosphoserine was specifically decreased in the KD-MAP4K3 + TFEB
reaction, in comparison to WT-MAP4K3 + WT-TFEB (Figure 3.19). These results
provide compelling evidence that MAP4K3 directly phosphorylates TFEB on the

serine 3.
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Figure 3.14. MAP4K3 interacts with TFEB. WT HEK293T cells were transfected with
HDACG6-FLAG, WT-MAP4K3-FLAG, or kinase dead (KD)-MAP4K3-FLAG.
Immunoprecipitation was performed with anti-TFEB antibody, followed by
immunoblotting for FLAG and TFEB. HDAC6 was used as negative control.
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Figure 3.15. MAP4K3 directly interacts with TFEB. WT HEK293T cells were
transfected with HDAC6-FLAG, WT-MAP4K3-FLAG, or KD-MAP4K3-FLAG and
lysates were immunoprecipitated with anti-FLAG antibody. GST-TFEB protein was in
vitro translated using purified HelLa lysates and in vitro pull-down was performed
using FLAG-immunoprecipitates.
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Figure 3.16. MAP4K3 directly interacts with the first 37 amino acids of TFEB. WT
HEK293T cells were transfected with HDAC6-FLAG, WT-MAP4K3-FLAG, or KD-
MAP4K3-FLAG and lysates were immunoprecipitated with anti-FLAG antibody and
eluted with FLAG peptide. Recombinant GST-TFEB protein (aal-37) was purified
from bacteria and immobilized onto GST-beads and in vitro pull-down was performed
using eluted FLAG-immunoprecipitates.



Figure 3.17. MAP4K3 phosphorylates TFEB at serine 3. WT HEK293T cells were
transfected with WT-MAP4K3-FLAG, KD-MAP4K3-FLAG, WT-TFEB-FLAG, S3A-
TFEB-FLAG, or S211-TFEB-FLAG. Each overexpressed protein was purified by
immunoprecipitation using anti-FLAG antibody. In-vitro kinase reaction was
performed by mixing MAP4K3 and TFEB proteins, as indicated, with P32-gamma
ATP. Phospho-peptide mapping was performed using the thermolysin enzyme and
autoradiography was performed to detect phosphorylated peptides on TFEB.

64



65

Figure 3.18. MAP4K3 phosphorylates TFEB at serine 3. In-vitro kinase reaction was
performed as in Figure 3.17, and phospho-peptide mapping was performed using the
trypsin enzyme and autoradiography was performed to detect phosphorylated
peptides on TFEB.
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WT-MAP4K3 + WT-TFEB KD-MAP4K3 + WT-TFEB

p-Ser n-Thr p-Ser/n-Tho-Ser/Total
WT+ WT 24545.08 68306.28 0.359339 0.264348
KD+ WT  7758.966 30850.44 0.251503 0.200961

Figure 3.19. Kinase assay with KD-MAP4K3 and TFEB shows less phospho-serine
than WT-MAP4K3 and TFEB. Phospho-amino acid analysis was performed after in-
vitro kinase reaction was performed as in Figure 3.17. Relative levels of phospho-
serine and phospho-threonine were quantified by densitometry analysis.
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MAP4K3 phosphorylation of TFEB at Serine 3 is required for subsequent mMTORC1

phosphorylation of TFEB at Serine 211

The phosphorylation of TFEB by mTORCL1 at serine 211 has been established
as a crucial regulatory event in the repression of TFEB activity (Martina et al., 2012;
Roczniak-Ferguson et al., 2012). To determine the relationship between MAP4K3
phosphorylation of TFEB at serine 3 and mTORC1 phosphorylation of TFEB at serine
211, we examined the effect of TFEB serine 3 status upon phosphorylation at serine
211 by immunoblotting analysis with phospho-specific anti-pSer211 antibodies. When
we compared WT-TFEB with S3A-TFEB upon transfection in WT HEK293 cells, we
observed a dramatic reduction in serine 211 phosphorylation of S3A-TFEB that was
comparable to the reduction in WT-TFEB serine 211 phosphorylation after Torin-1
treatment (Figure 3.20). We then evaluated the effect of MAP4K3 upon mTORC1-
mediated TFEB phosphorylation by immunoblotting for TFEB serine 211
phosphorylation in MAP4K3 k.o. cells transfected with either WT-TFEB, S3A-TFEB,
or S3E-TFEB (you need to describe S3A and S3E-TFEB). TFEB serine 211
phosphorylation of WT-TFEB or S3A-TFEB was undetectable in MAP4K3 k.o. cells,
while TFEB serine 211 phosphorylation of S3E-TFEB did occur in the MAP4K3 k.o.
cells. This indicates that serine 3 phosphorylation precedes serine 211
phosphorylation, and places MAP4K3 phospho-regulation of TFEB upstream of
MTORC1 phospho-regulation.

To confirm that the decrease in mMTORC1-mediated TFEB phosphorylation at
serine 211 is the result of MAP4K3 k.o., we attempted to rescue the effect by
overexpressing WT or kinase-dead MAP4K3 in the two cell types. In WT cells,

overexpression of WT MAP4K3 had no effect on TFEB serine 211 phosphorylation,



68

while KD MAP4K3 overexpression diminished TFEB serine 211 phosphorylation
slightly (Figure 3.21). Because MAP4K3 requires transautophosphorylation at serine
170 within its kinase activation domain in order for its activation (Yan et al., 2010),
overexpression of kinase dead MAP4K3 may cause a constitutively inactivating effect
on endogenous MAP4K3. In MAP4K3 k.o. cells, overexpression of WT MAP4K3 was
sufficient to partially rescue TFEB serine 211 phosphorylation, while overexpression
of KD MAP4Ka3 resulted in no difference in TFEB serine 211 phosphorylation from
baseline MAP4K3 k.o. levels (Figure 3.21). These data support that MAP4K3 kinase

activity both precedes and is necessary for TFEB serine 211 phosphorylation.
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WT MAP4K3 k.o.
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Figure 3.20. MAP4K3 phosphorylation of TFEB at serine 3 is necessary for mTOR
phosphorylation at serine 211. WT HEK293T cells were transfected with WT-TFEB-
FLAG, S3A-TFEB-FLAG, or S3E-TFEB-FLAG and Torinl treatment was used as a
negative control. Immunoprecipitation was performed with anti-FLAG antibody,
followed by immunoblotting for phospho-serine 211 TFEB and FLAG.

WT M4
MAP4K3  -- WT KD - WT KD
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p-S211/ 100 095 062 017 052 0.02
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Figure 3.21. MAP4K3 phosphorylation of TFEB is necessary for mTOR
phosphorylation at serine 211. WT HEK293T cells were untransfected or transfected
with WT or kinase-dead MAP4K3. Immunoprecipitation was performed with anti-
FLAG antibody, followed by immunoblotting for phospho-serine 211 TFEB and FLAG.
Quantification of relative phosphorylation of TFEB serine 211 was performed by
densitometry for n=3.
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Discussion

Autophagy is a fundamentally important pathway that requires tight regulation
based upon nutrient availability and cell stress. Our study is the first to identify
MAP4K3 as a direct regulator of autophagy through phosphorylation of TFEB at
serine 3. MAP4K3 phosphorylation of TFEB at serine 3 is necessary for mTOR
phosphorylation of TFEB at serine 211, which results in TFEB binding to 14-3-3 and
sequestration in the cytoplasm (Figure 3.22) (Martina et al., 2012; Roczniak-Ferguson
et al., 2012; Settembre et al., 2012)(Martina et al., 2012; Roczniak-Ferguson et al.,
2012; Settembre et al., 2012)(Martina et al., 2012; Roczniak-Ferguson et al., 2012;
Settembre et al., 2012).

Previous studies have identified MAP4K3 to be required for maximal mTORC1
activation and cell growth (Findlay et al., 2007; Yan et al., 2010). However, other
studies have also identified MAP4K3 as a pro-apoptotic kinase that activates
apoptosis through the mTORC1 and JNK pathways (Lam et al., 2009). Indeed, we
have also noted increased cell death due to high overexpression of MAP4K3. The
exact mechanism that allows MAP4K3 to either promote cell growth or cell death in
different conditions is unclear. It is possible that the trans-autophosphorylation of
MAP4K3 at serine 170 is necessary for its activation of mMTORCL1 in response to the
presence of amino acids, while a different post-translational modification on MAP4K3
leads to translational upregulation of PUMA and BAD to promote apoptosis. The dual
roles of MAP4K3 may explain why overexpression of MAP4K3 may not be sufficient
for a complete rescue of all phenotypes seen in MAP4K3 k.o. cells.

The first 30 N-terminal amino acids of TFEB are both necessary and sufficient

for lysosomal localization of TFEB and binding to the Rag GTPases (Roczniak-
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Ferguson et al., 2012). Additionally, mutagenesis of serine 3 and arginine 4 to
alanines (S3A/R4A) completely prevents TFEB localization to lysosomes (Martina
and Puertollano, 2013). We also found that mutation of serine 3 to alanine or deletion
of the first 30 amino acids of TFEB prevented its interaction with mTORC1, the Rag
GTPases, and the Ragulator complex (Figure 3.10). However, deletion of the first 30
amino acids consistently led to decreased TFEB interaction with the mTORC1, the
Rag GTPases, and the Ragulator complex than mutation of serine 3 to alanine alone.
This raises the possibility that phosphorylation of TFEB on serine 3 by MAP4K3 is not
the sole regulatory post-translational modification that occurs in the first 30 amino
acids of TFEB. However, serine 3 is the only phosphorylate-able residue in the first
30 amino acids of TFEB.

Here, we have elucidated the role of MAP4KS3 activity in autophagy induction
and identified a novel route by which TFEB localization is regulated. By
phosphorylating TFEB at serine 3, MAP4K3 primes TFEB for phosphorylation by
MTOR at serine 211, resulting in its binding of 14-3-3 and cytosolic sequestration.
MAP4K3 emerges as an important regulator of autophagy; knockout of MAP4K3 not
only indirectly induces autophagy through downregulation of mMTORC1 activity, but
also directly induces autophagy through the phosphorylation of TFEB. This two-step
regulation is unsurprising for a biological process that requires tight regulation to
balance cellular homeostasis.

Upregulation of TFEB and resulting lysosomal enhancement has been shown
to improve clearance of aggregates and ameliorate progression of lysosomal storage
diseases (Spampanato et al., 2013) and neurodegenerative diseases (Kilpatrick et

al., 2015; Palito et al., 2014; Xiao et al., 2015). Better understanding of TFEB
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regulation is critical for the development of therapies that can specifically upregulate
autophagy in areas where it is necessary, rather than systemically, as TFEB
overexpression has been shown to have negative effects in some organ systems
(Kim et al., 2014). Further, while inhibition of MTORC1 has been known to upregulate
TFEB, mTORCL1 is not an ideal drug target due to its central role in regulating cell
growth and macromolecule synthesis. Indeed, long-term mTORC1 inhibition results in
immunosuppression and wound healing (Lamming et al., 2013). Therefore,
identification of MAP4K3 as an mTOR-independent regulator of TFEB activity offers a

novel target for TFEB-mediated therapeutic enhancement of cellular clearance.
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Figure 3.22. Model representing the mechanism of MAP4K3 regulation of TFEB in
response to amino acids. First, the presence of amino acids activates MAP4K3, which
phosphorylates TFEB at serine 3. This enhances TFEB interaction with the Rag
GTPases and mTORCL1 complex at the lysosomes and facilitates mMTORC1
phosphorylation of TFEB at serine 211. This two-step phosphorylation process is
necessary for TFEB binding to 14-3-3 and TFEB sequestration in the cytoplasm. Loss
of MAP4K3 leads to decreased TFEB binding to 14-3-3 and increased TFEB nuclear
localization.
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CHAPTER 4.

MAP4K3 distinctly regulates mTORC1 activity via AMPK

and mTORCL1 localization via GATOR1

Abstract

The mammalian target of rapamycin complex 1 (IMTORC1) is the central node
of an essential signaling pathway that integrates a complex variety of environmental
stimuli, such as nutrient status and cell stress, to regulate cellular processes, such as
cell growth, protein synthesis, autophagy, and lipid metabolism. In this paper, we
elucidate the mechanism by which MAP4K3 separately regulates mTORC1 activity
and localization. In MAP4K3 k.o. cells, we show that mMTORCL1 is unable to be
activated in the presence of amino acids, while simultaneously exhibiting increased
lysosomal localization in the absence of amino acids, two seemingly contradictory
phenotypes. We hypothesize that MAP4K3 is critical for the activation of mTORC1
through the inhibition of AMPK and TSC2, upstream inhibitors of mMTORC1, in the
presence of amino acids. Subsequent to mTORCL1 activation, MAP4K3 then activates
the GATOR1 complex, which represses Rag GTPase activity in order to mobilize
MTORCL1 off the lysosome to phosphorylate and activate its substrates. We
hypothesize that the mechanism for MAP4K3 inhibition of AMPK is through the

phosphorylation and inhibition of SIRT1, which leads to increased acetylation of LKB1
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and inhibition of its kinase activity towards AMPK. Through this complex mechanism,
MAP4K3 exhibits tight control over the activity and subcellular localization of
MTORCL1, allowing for precise regulation of cell cycle and metabolism in the presence

of amino acids.
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Introduction

The mammalian target of rapamycin complex 1 (mMTORC1) is the central node
of an essential signaling pathway that integrates a complex variety of environmental
stimuli, such as nutrient status and cell stress, to regulate cellular processes, such as
cell growth, protein synthesis, autophagy, and lipid metabolism (Howell and Manning,
2011; Laplante and Sabatini, 2012). Deregulation of mTORC1 signaling can be found
in a myriad of human disorders, including neurodegeneration, cancer, and metabolic
diseases.

In response to the presence of amino acids, mTORCL1 is recruited to the
cytoplasmic surface of lysosomes via a physical interaction between Raptor and the
Rag GTPases. The Rag GTPases belong to the RAS superfamily of GTPases and
function as heterodimers wherein the active complex consists of GTP-bound RagA or
B complexed with GDP-bound RagC or D (Gao and Kaiser, 2006; Sekiguchi et al.,
2001). Importantly, amino acids trigger the GTP loading of RagA/B proteins, thus
promoting binding to Raptor and assembly of an activated mTORC1 complex (Kim et
al., 2008a; Sancak et al., 2008). In the absence of amino acids, the Rags adopt an
inactive conformation (GDP-bound RagA/B and GTP-bound RagC/D), and mTORC1
is inactivated and shuttled back to the cytosol. The activation of Rag GTPases is
tightly regulated by GEF and GAP proteins. The lysosomal Ragulator complex
functions as a GEF for RagA/B in response to amino acid stimulation (Bar-Peled et
al., 2012). The GATORL1 complex, a trimeric complex consisting of NPRL2, NPRL3,
and DEPDCS5, acts as a GAP for RagA/B and negatively regulates mTORCL1

activation by promoting the GTPase activity of RagA/B (Bar-Peled et al., 2013).
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Bringing mTOR to lysosomes is critical for the activation of its kinase activity
by Rheb, a lysosomally localized GTPase that is regulated by growth factor signaling,
energy abundance, and stress (Inoki et al., 2003a). Rheb is required for amino acid
induction of MTORC1 activation, as amino acids fail to activate mTORCL1 in Rheb
knockout cells (Hara et al., 1998; Long et al., 2005). Upstream of Rheb is the TSC-
TBC complex, formed by Tuberous sclerosis complex protein 1 and 2 (TSC1 and
TSC2) and TBC1D7. The C terminal domain of TSC2 acts as a GAP for Rheb, while
complex formation with TSC1 and TBC1D7 stabilizes TSC2 and enhances its GAP
activity (Garami et al., 2003; Inoki et al., 2003a; Tee et al., 2003; Zhang et al., 2003).
Loss of function of the TSC-TBC complex leads to constitutive mTORC1 activation
that is unresponsive to changes in cellular growth conditions (Jaeschke et al., 2002;
Kwiatkowski et al., 2002).

Many signals regulate mTORC1 and Rheb through the TSC-TBC complex.
For example, growth factors and cytokines activate mTORC1 via Akt-dependent
inhibitory phosphorylation of TSC2 (Inoki et al., 2002; Manning et al., 2002; Potter et
al., 2002) and energy stress inhibits mTORC1 through an AMPK-mediated activating
phosphorylation on TSC2 (Inoki et al., 2003b; Shaw et al., 2004). AMPK is a
serine/threonine kinase composed of a catalytic (a) and two regulatory (B and y)
subunits activated by increases in cellular AMP or ADP levels. Under nutrient
starvation conditions, AMPK is phosphorylated at threonine 172 by liver kinase B1
(LKB1), a tumor suppressor gene mutated in Peutz—Jeghers syndrome. Then, the y
subunit of AMPK binds to AMP and ADP, enforcing a conformational change that
blocks de-phosphorylation of AMPK to keep it in an activated state. The

phosphorylation of AMPK at threonine 172 in the activation loop is essential for its
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activation. Once active, AMPK phosphorylates TSC2 at serine 1387, which acts as a
primer for the phosphorylation and activation of TSC2 by glycogen synthase kinase
(GSK)3-B (Inoki et al., 2006), resulting in mTORCL1 inactivation.

LKBL1 is allosterically activated through its interaction with STE20-related
adapter (STRAD) and the adaptor protein mouse protein 25 (MO25) (Boudeau et al.,
2003). When active, LKB1 is predominantly in the cytoplasm; however, when not
associated with other proteins, LKB1 is located predominantly in the nucleus due to
its N-terminal nuclear localization signal. Lan and colleagues showed that
overexpression of SIRT1, a class |Il NAD+-dependent histone/protein deacetylase,
led to increased LKB1 deacetylation at lysine 48, cytoplasmic localization of LKB1,
and kinase activity against targets AMPK and MARK1 (Lan et al., 2008).

SIRT1 is the most well-studied member of the sirtuin family of proteins, which
act as energy sensors and metabolic regulators in multiple tissue types. SIR2 protein
is the sirtuin homologue in Saccharomyces cerevisiae, and over-expression of SIR2
extends replicative life-span in yeast, and orthologues of SIR2 extend organismal life-
span in both worms and flies (Kaeberlein et al., 1999; Tissenbaum et al., 2000).
SIRT1 activity can be regulated post-transcriptionally by several mechanisms,
including through interactions with proteins such as DBC1 (deleted in breast cancer
1) (Escande et al., 2010; Kim et al., 2008b), changes in NAD+ levels (Lin et al.,
2000), and phosphorylation. Interestingly, AMPK has been shown to activate SIRT1
by upregulating the gene encoding the NAD+ synthetic enzyme nicotinamide
phosphoribosyltransferase (NAMPT) (Canto et al., 2009; Fulco et al., 2008),

comprising a positive feedback loop.
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Previously, MAP4K3 was identified as a Ste20 kinase that regulates the
activity of mTORCL1 in response to amino acids, but not insulin or rapamycin (Findlay
et al., 2007). Additionally, MAP4K3 has been shown to regulate autophagy, both
indirectly through mTORC1 and directly through phosphorylation of TFEB (Dubinsky
et al., 2014). Here, we demonstrate that in MAP4K3 k.o. cells, mTORCL1 is unable to
be activated in the presence of amino acids, while simultaneously exhibiting
increased lysosomal localization in the absence of amino acids, two seemingly
contradictory phenotypes. We hypothesize that MAP4K3 is critical for the activation of
mMTORCL1 through the inhibition of AMPK and TSC2, upstream inhibitors of mMTORC1,
in the presence of amino acids. Subsequent to mMTORC1 activation, MAP4K3 then
activates the GATOR1 complex, which represses Rag GTPase activity in order to
mobilize mTORCL1 off the lysosome to phosphorylate and activate its substrates. We
hypothesize that the mechanism for MAP4K3 inhibition of AMPK is through the
phosphorylation and inhibition of SIRT1, which leads to increased acetylation of LKB1
and inhibition of its kinase activity towards AMPK. Through this complex mechanism,
MAP4K3 exhibits tight control over the activity and subcellular localization of
mMTORC1, allowing for precise regulation of cell cycle and metabolism in the presence

of amino acids.
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Results

MAP4K3 is critical for mTORC1 activation in the presence of amino acids

To evaluate the importance of MAP4K3 to mTORC1 activation, we generated
two clonal MAP4KS3 k.o. cell lines (M1 and M4) using CRISPR-Cas9 genome editing
(see Chapter 2). We found that loss of MAP4K3 in HEK293A cells resulted in
inhibited cell growth (Figure 4.1) and reduced cell size (Figure 4.2). Next, we tested
MTORC1 activation in WT and MAP4K3 k.o. cells in response to various nutrient
stimuli by probing for phosphorylation of downstream phosphorylation targets of
MTORC1, S6 kinase (S6K) and elF4E (eukaryotic initiation factor 4E)-binding protein
1 (4E-BP1), as well as the phosphorylation target of S6K, ribosomal protein S6. In
response to amino acid starvation, WT cells exhibited consistent reduction in
phosphorylation of mMTORC1 downstream targets and a rapid increase in
phosphorylation after only ten minutes of amino acid stimulation (Figure 4.3). While
there is no difference in the effect of amino acid starvation on mTORCL1 activity in
MAP4K3 k.o. cells, there is a striking difference after amino acid stimulation. In
MAP4K3 k.o. cells, there is little to no phosphorylation of S6K, S6, or 4E-BP1 in
response to amino acid stimulation. In contrast, stimulation of WT and MAP4K3 k.o.
cells with insulin yielded comparable activation of mMTORCL1 in both cell types. This
supports that MAP4K3 plays a critical role in activating mTORCL1 specifically in the

presence of amino acids.
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Figure 4.1. MAP4K3 is important for maintaining cellular growth. Cells were grown in
normal media conditions
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Figure 4.2. MAP4K3 is important for maintaining cell size. Kernel density plot of cell
size of WT cells and two MAP4K3 k.o. cell lines grown in complete media.
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Figure 4.3. MAP4K3 is necessary for the regulation of the mTORCL1 signaling
pathway by amino acids. WT and MAP4K3 k.o. cells were starved for 10, 30, 60, and
120 minutes, then re-stimulated with amino acids for 10 minutes. Cell lysates were
immunoblotted for the phosphorylation state of S6K1, S6, and 4E-BP1. MAP4K3 k.o.
inhibits amino acid-induced phosphorylation of S6K1, S6, and 4E-BP1.
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MAP4K3 is an important requlator of mMTORC1 lysosomal localization through the

GATOR1 complex

MTORCL is recruited to the lysosomes by active Rag GTPases in the
presence of amino acids (Kim et al., 2008a; Sancak et al., 2008). In the absence of
amino acids, we observed diffuse mTOR localization in WT cells, followed by mTOR
recruitment to the lysosomal surface following amino acid stimulation (Figure 4.4A).
Surprisingly, mTOR was significantly more localized to the lysosomes in MAP4K3 k.o.
cells during amino acid starvation compared to WT cells, and there was no significant
difference in mTOR localization once amino acids were added to the culture media
(Figure 4.4A-C). These results suggest that mTOR localization can be uncoupled
from its activation.

Because mTORC1 lysosomal recruitment depends on active Rag GTPases,
specifically GTP-bound RagA or B complexed with GDP-bound RagC or D, we
evaluated the ability of constitutively inactive GDP-bound RagA (RagA T21N) to
reverse the lysosomal localization of mMTOR seen in amino acid-starved MAP4K3 k.o.
cells. Indeed, overexpression of RagA-GDP was sufficient to reverse the lysosomal
localization of mMTOR seen in both amino acid-starved and re-stimulated MAP4K3 k.o.
cells (Figure 4.6). Further, because the GATOR1 complex acts as a GAP for RagA/B
(Bar-Peled et al., 2013), we evaluated the ability of GATOR1 overexpression to
reverse the increased mTOR lysosomal localization seen in MAP4K3 k.o. cells.
Overexpression of DEPDC5, one component of the GATOR1 complex, was sufficient
to prevent mTOR lysosomal localization in all cells, including MAP4K3 k.o. cells
(Figure 4.7). These findings suggest that MAP4K3 regulation of mTORC1 localization

is upstream of the GATOR1 complex. To determine if MAP4K3 interacts with
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components of the GATOR1 complex, we transfected HEK293 cells with normal
MAP4K3 (WT-MAP4K3) or a kinase dead version of MAP4K3 (KD-MAP4K3) along
with DEPDC5, NPRL2, and NPRL3. We then immunoprecipitated overexpressed
MAP4K3 and when we immunoblotted for the GATOR1 components, we found
evidence for a physical interaction between GATOR1 and MAP4K3 (Figure 4.8). This
evidence supports the possibility that MAP4K3 could be acting through GATOR1 to
affect mMTORC1 subcellular localization. Specifically, MAP4K3 could be inhibiting
GATORL1, which leads to an increase in active Rag GTPases and recruitment of

mMTORC1 to the lysosomes.
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Figure 4.4. MAP4K3 regulates mTORC1 localization to the lysosomal surface. (A)
WT and MAP4K3 k.o. cells were starved with amino acids for three hours or starved
and re-stimulated with amino acids for 60 minutes before co-immunostaining for
MTOR (green) and Lamp2 (red). (B, C) Quantification performed using CellProfiler of
the percentage of LAMP2 puncta that are superimposed by mTOR puncta in WT and
two MAP4K3 k.o. cell lines undergoing amino acid starvation or starvation and re-
stimulation with amino acids for the specified times.
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Figure 4.6. MAP4K3 regulates mTORC1 localization to the lysosomal surface
upstream of Rag GTPases. WT and MAP4K3 k.o. cells were transfected with
constitutively inactive GDP-bound RagA-FLAG, then starved with amino acids for
three hours or starved and re-stimulated with amino acids for 30 minutes before co-
immunostaining for mTOR (green) and RagA-FLAG (red).
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Figure 4.7. MAP4K3 regulates mTORC1 localization to the lysosomal surface
upstream of GATOR1. WT and MAP4K3 k.o. cells were transfected with DEPDCS5,
then starved with amino acids for three hours or starved and re-stimulated with amino
acids for 30 minutes before co-immunostaining for mTOR (red), Lamp2 (green), and
DEPDCS (blue).
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Figure 4.8. MAP4k3 interacts with all components of the GATOR1 complex.
HEK293T cells were transfected with expression vectors of WT- or KD-MAP4K3,
DEPDCS5, Nprl2, and Nprl3, lysates were prepared and immunoprecipitated with
FLAG antibody, followed by immunoblotting for the indicated proteins.
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MAP4K3 requlates mTORC1 activity through Rheb GTPase activation

However, bringing mTOR to lysosomes is critical for its activation by the Rheb
GTPase. In seeming contradiction, increased mTOR lysosomal localization is not
accompanied by increased mTORCL1 activity in MAP4K3 k.o. cells, but rather
decreased mMTORC1 activity. To investigate this phenomenon further, we evaluated
Rheb activity in MAP4K3 k.o. cells. Overexpression of the constitutively active Rheb
Q64L mutant was sufficient to constitutively activate mTORCL1 signaling in both WT
and MAP4K3 k.o. cells, regardless of amino acid status (Figure 4.9). This finding
suggests that MAP4K3 may normally activate mTORCL1 through activation of Rheb.
Rheb activity is regulated by TSC2, which acts as a GAP for Rheb (Garami et al.,
2003; Inoki et al., 2003a; Tee et al., 2003; Zhang et al., 2003). Consistent with the
binding preference of many GAPs for the GTP-loaded state of target GTPases, TSC2
preferentially interacts with GTP-bound Rheb (Carroll et al., 2016). We observed that
the interaction between endogenous TSC2 and Rheb in WT cells was much stronger
than in MAP4K3 k.o. cells (Figure 4.10). This suggests that there is a significantly

higher proportion of GDP-bound Rheb in MAP4K3 k.o. cells as compared to WT cells.
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Figure 4.9. MAP4K3 regulates mTORC1 activation upstream of Rheb GTPase. WT
and MAP4K3 k.o. cells were transfected with constitutively active Rheb where
indicated and starved of amino acids for 3 hours or starved and re-stimulated with
amino acids for 10 minutes. Lysates were prepared and immunoblotted for the
indicated proteins.
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Figure 4.10. Loss of MAP4K3 leads to a decrease in endogenous GTP-bound Rheb.
Lysate were prepared from WT and two MAP4K3 k.o. cell lines and
immunoprecipitated with Rheb antibody for endogenous TSC2.
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MAP4K3 requlates Rheb GTP-loading via the LKB1-AMPK axis

Many signals, such as growth factors, cytokines, and energy stress, regulate
MTORC1 and Rheb through TSC2. Of the known upstream regulators of TSC2,
AMPK was revealed to also interact with MAP4K3 through mass spectrometry.
Following increased cellular AMP or ADP levels, active AMPK phosphorylates and
activates TSC2, which is required for translation regulation and cell size control in
response to energy deprivation (Inoki et al., 2003b). After confirming interaction
between MAP4K3 and AMPK by co-immunoprecipitation, we determined whether
MAP4K3 acts upstream of AMPK to activate mTOR by making MAP4K3/AMPK
double k.o. cells using CRISPR/Cas9 genome editing. While MAP4K3 k.o. cells
exhibited blunted mTORC1 signaling in response to amino acid stimulation, MAP4K3
— AMPK double k.o. cells reversed mTORC1 signaling back to WT levels (Figure
4.11). Consistent with rescued mTORC1 signaling, AMPK k.o. on top of the MAP4K3
k.o. background also rescued the smaller cell size phenotype and slower cell growth
seen in MAP4K3 single k.o. cells (Figure 4.12). Because LKBL1 is the kinase
responsible for phosphorylating and activating AMPK following energy deprivation
(Hawley et al., 2003; Lizcano et al., 2004; Shaw et al., 2004), we investigated
whether MAP4K3 acts upstream of LKB1 by making MAP4K3/LKB1 double k.o. cells
using CRISPR/Cas9 genome editing. Similar to our results with MAP4K3/AMPK
double k.o. cells, MAP4K3/LKB1 double k.o. cells also rescued mTORC1 inactivation
phenotypes observed in MAP4K3 single k.o. cells (Figure 4.13 and 4.14). These
results indicate that MAP4K3 is acting upstream of the LKB1-AMPK axis to ultimately

activate mTORCL1.
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LKB1 activity is dictated by its subcellular localization; LKB1 is inactive in the
nucleus, but becomes activated in the cytoplasm by forming a complex with STRAD
and MO25 (Boudeau et al., 2003). When we assayed LKB1 subcellular localization in
WT and MAP4K3 k.o. cells, we found that while LKB1 was predominantly localized in
the nucleus of WT cells following amino acid stimulation, LKB1 remained localized in
the cytoplasm in MAP4K3 k.o. cells (Figure 4.15). Lan and colleagues showed that
deacetylation of LKB1 at lysine 48 led to increased cytoplasmic localization and
activity (Lan et al., 2008). Consistent with our previous results showing increased
LKB1 cytoplasmic localization in MAP4K3 k.o. cells, we also found that LKB1 was
more acetylated in MAP4K3 k.o. cells, using an antibody to detect pan- acetylation on
lysine (Figure 4.16). This suggests that LKB1 is more active in MAP4K3 k.o. cells
than in WT cells, leadings to increased AMPK and TSC2 activation and decreased

MTORCL1 activity.
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Figure 4.11. MAP4K3 regulates mTORCL1 activation upstream of AMPK. WT,
MAP4K3 single k.o., AMPK single k.o., and MAP4K3/AMPK double k.o. cells were
amino acid starved for 3 hours or starved and re-stimulated with amino acids for 30
minutes. Lysates were prepared and immunoblotted for the indicated proteins.
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Figure 4.12. MAP4K3 regulates mTORC1 activation upstream of AMPK. Kernel
density plot of cell size of WT, MAP4K3 single k.o., AMPK single k.o., and
MAP4K3/AMPK double k.o. cell lines grown in complete media.
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Figure 4.13. MAP4K3 regulates mTORC1 activation upstream of LKB1. WT,
MAP4K3 single k.o., LKB1 single k.o., and MAP4K3/LKB1 double k.o. cells were
amino acid starved for 3 hours or starved and re-stimulated with amino acids for 30
minutes. Lysates were prepared and immunoblotted for the indicated proteins.
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Figure 4.14. MAP4K3 regulates mTORC1 activation upstream of LKB1. Kernel
density plot of cell size of WT, MAP4K3 single k.o., LKB1 single k.o., and
MAP4K3/LKB1 double k.o. cell lines grown in complete media.
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Figure 4.15. MAP4K3 regulates LKB1 subcellular localization. (A) WT and MAP4K3
k.o. cells were transfected with LKB1-FLAG, then amino acid starved for 3 hours or
starved and re-stimulated with amino acids for 30 minutes, before immunostaining for
LKB1-FLAG (green) and DAPI (blue). (B) Quantification of the percentage of LKB1
that is localized in the cytosol in (A).
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Figure 4.16. MAP4K3 regulates LKB1 acetylation. (A) WT and MAP4K3 k.o. cells
were transfected with LKB1-FLAG, then amino acid starved for 3 hours or starved
and re-stimulated with amino acids for 30 minutes. Lysates were prepared and
immunoprecipitated with FLAG for overexpressed LKB1, then immunoblotted for pan-
acetyl lysine and FLAG for total immunoprecipitated LKB1. (B) Quantification of the
ratio of acetylation on LKB1 to total LKB1 in (A). n=2
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MAP4K3 inhibits SIRT1 via phosphorylation

Overexpression of SIRT1, a class IIl NAD+-dependent histone/protein
deacetylase, leads to increased LKB1 deacetylation, cytoplasmic localization of
LKB1, and kinase activity against targets AMPK and MARK1 (Lan et al., 2008).
SIRT1 itself can be regulated through phosphorylation. We hypothesized that
MAP4K3 might act upon LKB1 and AMPK through SIRT1, which was also revealed to
interact with MAP4K3 through mass spectrometry interactome screen that we
performed. MAP4K3 interaction with SIRT1 was confirmed by co-immunoprecipitation
(Figure 4.17). Interestingly, the interaction between SIRT1 and KD-MAP4K3 was
significantly stronger than the interaction between SIRT1 and WT-MAP4K3,
suggesting that the kinase activity of MAP4K3 is critical for its interaction with SIRT1.
To determine if the MAP4K3 — SIRT1 interaction is direct, we produced in vitro
translated SIRT1 protein and performed a pull-down assay. In vitro translated SIRT1
was able to pull down both WT-MAP4K3 and KD-MAP4K3 (Figure 4.18). To narrow
down the domain that is critical for MAP4K3 binding and phosphorylation of SIRT1,
we performed co-immunoprecipitations using three N-terminal and two C-terminal
deletion constructs of SIRT1 with MAP4K3. WT and KD-MAP4K3 bind differentially to
full-length and 142-747 SIRT1, but equally to 1-698 SIRT1 (Figure 4.19).
Phosphorylation of a substrate by its kinase often leads to changes in charge and
conformation of the substrate, causing dissociation of the kinase from its substrate.
Hence, our findings suggests that MAP4K3 phosphorylates SIRT1 at a residue in the
region of SIRT1 from 698-747aas, as the binding strength between WT and KD

MAP4K3 becomes equal once this domain is lost. Additionally, MAP4K3 binds to full-
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length and 142-747 SIRT1, but not to 465-747 SIRT1, which suggests that the region
of 142-465aas of SIRTL1 is necessary for MAP4K3 binding to SIRT1.

To investigate if MAP4K3 directly phosphorylates SIRT1, we performed in vivo
kinase assays by overexpressing SIRT1 in WT and MAP4K3 k.o. cells, then feeding
the cells with P32-orthophosphate, in the presence or absence of amino acids. The
ratio of P32 incorporation into SIRT1 in the presence versus the absence of amino
acids was much higher in WT cells compared to MAP4K3 k.o. cells (Figure 4.20),
suggesting that MAP4K3 is critical for phosphorylating SIRT1 in the presence of
amino acids. We then performed two-dimensional phosphopeptide mapping on the
phosphorylated SIRT1 protein. We found that SIRT1 isolated from WT cells
stimulated with amino acids contained residues that were uniquely phosphorylated
compared to both WT cells without amino acid stimulation and MAP4K3 k.o. cells,
both with and without amino acids (Figure 4.21). These phosphorylated residues
must be specific to MAP4K3 activated by amino acid stimulation. With these findings,
we propose the hypothesis that MAP4K3 phosphorylates and inactivates SIRT1 in the
presence of amino acids, dampening LKB1, AMPK, and TSC2 activity, leading to

increased GTP-bound Rheb and mTORCL1 activity.
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Figure 4.17. MAP4K3 interacts with SIRT1. HEK293A cells were transfected with HA-
SIRT1 and WT- or KD- MAP4K3-FLAG or FLAG-GFP or FLAG-LKBL1 for negative
controls. Lysates were prepared and immunoprecipitated with FLAG antibody, then
immunoblotted for the indicated proteins.
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Figure 4.18. MAP4K3 interacts directly with SIRTL1. In vitro translated HA-SIRT1 was
produced and mixed with immunoprecipitated WT- or KD-MAP4K3-FLAG, then
pulled-down with FLAG antibody and immunoblotted for MAP4K3 and SIRT1.
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Figure 4.19. MAP4K3 most likely phosphorylates SIRT1 in the C-terminal fifty amino
acids of SIRTL1. Various deletion constructs of SIRT1 were co-transfected with WT- or
KD- MAP4K3-FLAG, then immunoprecipitated with FLAG antibody and
immunoblotted for MAP4K3 and SIRT1.
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Figure 4.20. MAP4K3 regulates phosphorylation of SIRT1 in vivo. HA-SIRT1 was
overexpressed in WT and MAP4K3 k.o. cells that were fed P32 orthophosphate, then
starved or stimulated with amino acids for 30 minutes. Lysates were prepared,
immunoprecipitated with HA antibody for SIRT1 protein, and analyzed by SDS-PAGE
and autoradiography of P32 incorporation into SIRT1.



Figure 4.21. MAP4K3 regulates phosphorylation of SIRT1 in vivo. HA-SIRT1 was
extracted (from Figure 4.20) and phosphopeptide mapping was performed, with
cleavage from glutamate endopeptidase. Unique phosphopeptides in SIRT1
overexpressed in WT cells stimulated with amino acids are circled in red.
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Discussion

The mTORC1 signaling pathway is a tightly regulated process that integrates
an array of environmental stimuli to control cell growth and metabolism. While
MAP4K3 has been shown to activate mTORCL1 signaling in response to amino acids
(Findlay et al., 2007), the exact mechanism has yet to be elucidated. Additionally,
MTORCL1 activity has been tied to its localization to lysosomes (Sancak et al., 2010).
Here we reveal that MAP4K3 regulates mTORCL1 activity via phosphorylation of
SIRT1 and inactivation of the LKB1-AMPK axis, while simultaneously regulating
MTORC1 localization via the GATOR1 complex (Figure 4.22). This suggests that
MTORC1 localization does not always dictate its activity, and further, that once
MTORCL is activated at the lysosome, it must leave the lysosome in order to carry
out its kinase activities. We hypothesize that MAP4K3 may activate mTORCL1 at the
lysosomes, then subsequently mobilize mTORC1 away from the lysosome, once it
has been activated. In MAP4K3 k.o. cells, neither function of MAP4K3 is performed,;
therefore, we observe both mTORC1 inactivation and increased mTORC1 localization
to lysosomes, two seemingly contradictory phenotypes. Further analysis is necessary
to better understand the temporal qualities of MAP4K3 regulation of mTORC1 activity
and localization, which are currently stunted by lack of reagents for in vivo time-lapse
microscopy of mMTORCL1. Also, more work will need to be done to fully understand
whether and how SIRT1 regulates LKB1 and AMPK activity.

In this study, we also investigate the interplay between SIRT1 and AMPK
activity, which is currently proposed to comprise a positive feedback loop. Multiple
studies show SIRT1 regulating LKB1 and AMPK activity. For example, Lan et al.,

demonstrated that overexpression of SIRT1 diminishes LKB1 acetylation and
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increased LKB1 cytoplasmic localization and activity (Lan et al., 2008). Hou et al.,
demonstrated that activation of AMP by polyphenols requires the presence of both
SIRT1 and LKB1 (Hou et al., 2008). Suchankova et al. show that SIRT1 inhibitors
downregulated the activities of both AMPK and SIRT, while SIRT1 activators
increased both proteins’ activities (Suchankova et al., 2009). Simultaneously, AMPK
has also been shown to activate SIRT1. Fulco et al. proposed that AMPK activates
SIRT1 by upregulating the gene encoding the NAD+ synthetic enzyme nicotinamide
phosphoribosyltransferase (NAMPT) (Fulco et al., 2008), while Canto et al.
demonstrated that activated AMPK increased NAD+ levels and the NAD+/NADH
ratio, resulting in SIRT1 activation (Canto et al., 2009). Our study supports SIRT1
activation of AMPK through deacetylation of LKB1, which can be further enforced by
a feedback mechanism from AMPK activating SIRT1.

Further, while our study proposes direct regulation of SIRT1 by MAP4K3,
indirect regulation of SIRT1 by MAP4K3 is certainly possible via the JNK pathway.
MAP4K3 activates the JNK pathway upon stimulation with UV radiation and TNF-a
and induces apoptosis by modulating pro-apoptotic Bcl-2 homology domain 3 (BH3)-
only proteins post-transcriptionally via the JNK signaling pathway (Diener et al., 1997,
Lam et al., 2009; Lam et al., 2010). SIRT1 has been shown to be downstream of
JNK1 signaling in multiple studies. JINK1 phosphorylates SIRT1 at serine 27 and 47
and threonine 530 and increases its nuclear localization and enzymatic activity
(Nasrin et al., 2009), while knockdown of JNK2 decreased SIRT1 phosphorylation at
serine 27 and reduced the half-life of SIRT1 (Ford et al., 2008). Growth factors have
also been shown to increase SIRT1 expression through JNK1-dependent signaling

(Vinciguerra et al., 2012). Further work is necessary to elucidate how direct regulation
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of SIRT1 by MAP4Ka3 is functionally different from indirect regulation via the JNK
pathway.

In addition to the mTORCL1 and JNK signaling pathway, the EGFR and Hippo
signaling pathways have also been implicated to be downstream of MAP4Ka3.
Happyhour, the Drosophila homologue of MAP4K3, was shown to inhibit the EGFR
signaling pathway to regulate ethanol sensitivity (Corl et al., 2009). Separately, the
MAP4K family of proteins were shown to be important physiological LATS-activating
kinases in the Hippo signaling pathway (Meng et al., 2015). Furthermore, in addition
to the metabolic functions of MAP4K3 proposed in this study, dysregulation of
MAP4K3 has been associated with pancreatic cancer, though the mechanism by
which MAP4K3 mutations induce tumorigenicity is not understood (Jones et al., 2008;
Lam et al., 2009). It will thus be important to elucidate the interplay between these
different signaling pathways and how MAP4K3 integrates regulation of these different

pathways to cause physiological and pathological effects.
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Figure 4.22. Schematic of mechanisms by which MAP4K3 mediates mMTORC1
localization via the GATOR1 complex and mTORC1 activity via SIRT1 and the LKB1-
AMPK axis.
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MATERIALS AND METHODS

Cell culture

HEK293A and HelLa cells were grown in DMEM media with 10% FBS. For
amino acid deprivation (AAD), cells were treated with Earle’s balanced salt solution
(EBSS). For autophagic flux determination, Neuro2a cells were co-transfected with
the mCherry-GFP-LC3 vector using Lipofectamine 2000, according to the

manufacturer’s instructions (Invitrogen). After 24 hrs, the media was replaced.

Primary Neuron Studies

Primary cortical neurons were cultured from postnatal day 0 (P0) C57BL/6J
mice or GFP-LC3 transgenic mice (Mizushima et al., 2004). The primary neurons
were prepared as described (Young et al., 2009). On day 4 after cell seeding, primary
neurons were subjected to siRNA transfection, mimic transfection, anti-miR
transfection, or lentiviral infection. On day 5, primary neurons were cultured in CM,
NLM, or amino acid deprivation media (Earle’s balanced salt solution, EBSS) for
specific time courses, as described (Young et al., 2009). For mimic transfections, CM
and NLM controls were run both with or without scrambled mimic control. For siRNA
knockdown experiments, primary neurons were transfected with Silencer Select
predesigned siRNA's using RNAi Max (Invitrogen). For mimic transfections, primary
neurons were transfected with a stabilized miRNA mimic oligonucleotide let-7 or a
scrambled miR-let-7 negative control, containing a 6 bp mismatch in the seed site
(Dharmacon). The mimic negative control was used in all transfections, along with a

siGLO red indicator to monitor transfection efficiency (Dharmacon). RT-PCR analysis
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of mimic-transfected cells revealed a 4- to 10-fold increase in the expression level of
the corresponding mature miRNA. For anti-miR transfections, primary neurons were
transfected with 4 ug (6-well) or 1.6 ug (12-well) of a 2'-F/MOE modified anti-miR
complementary to let-7 (Regulus Therapeutics) using Lipofectamine 2000

(Invitrogen).

Lentivirus infection

Transduction of primary neurons with Rheb Q64L lentivirus was confirmed by
immunostaining of fixed neurons with anti-Flag antibody, and consistently revealed
nearly complete transduction (>95%) of neurons, permitting counting of all neurons in

experiments featuring Rheb Q64L lentivirus infection.

Luciferase Assays

Putative let-7 regulatory sites in amino acid sensing pathway genes were
cloned from mouse cDNA libraries prepared from (1) wild-type mouse brain, (2) wild-
type postnatal day 3 primary cortical neurons, or (3) mouse genomic DNA (gDNA,;
Promega). For cDNA synthesis, total RNA was extracted using TRIZOL and cDNA
synthesized using SuperScript Il first-strand synthesis system for RT-PCR with
random hexamer primers (Invitrogen). Regions containing predicted let-7 binding
sites are given in Supplemental Experimental Procedures. PCR amplicons were
directionally cloned into the 3' UTR of Renilla luciferase in the psiCHECK-2 dual
luciferase plasmid (Promega), using Xhol and Notl restriction enzymes. PCR
products were ligated using T4 DNA ligase (NEB) for 30 min at RT and transformed

into DH5a competent E. coli cells (Invitrogen). Plasmid DNAs were obtained using
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QIAprep Miniprep (QIAGEN) and sequenced. For dual luciferase experiments,
HEK?293T cells were cotransfected with 20 ng of psiCHECK-2 plasmid and 15 or 30
nM of miRVana miRNA mimic negative control #1 (#4464058), or mimic hsa-let-7f-5p
(#4464066) using Lipofectamine 2000 (Invitrogen). Changes in relative luciferase
were measured 24 hr later using the dual-luciferase reporter assay system (Promega)
and quantified in triplicate using a Promega 96-well plate luminometer. Luciferase
experiments were performed in triplicate, are shown as relative luciferase units
(RLUs) after normalization of Renilla luciferase to endogenous firefly luciferase, and

are shown relative to readouts obtained with mimic negative-control-treated samples.

Cell lysis and immunoprecipitation

Cells were rinsed twice with ice-cold PBS and lysed in ice-cold lysis buffer
(25mM HEPES-KOH pH 7.4, 150mM NaCL, 5mM EDTA, 1% Triton X-10040 mM,
one tablet of EDTA-free protease inhibitors (#11873580001 from Roche) per 10 mL of
lysis buffer, and one tablet of PhosStop phosphatase inhibitor, as necessary. The
soluble fractions from cell lysates were isolated by centrifugation at 8,000 rpm for 10
mins in a microfuge. Protein lysates were quantified using Pierce BCA Protein Assay
Kit (Thermo Scientific) following the manufactures protocol. For immunoprecipitations,
primary antibodies were incubated with Dynabeads® (Invitrogen) overnight, then
washed with sterile PBS. Antibodies bound to Dynabeads were then incubated with
lysates with rotation for 2 hours at 4°C. Immunoprecipitates were washed three times
with lysis buffer. Immunoprecipitated proteins were denatured by the addition of 20 pl
of sample buffer and boiling for 10 minutes at 70°C, resolved by SDS-PAGE, and

analyzed via Western blot analysis.
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Western Blot analysis

After SDS-PAGE, proteins were transferred to a 0.45 mm PVDF Immobilon-P
membrane (EMD Millipore), and blocked for 1 hr at RT with 5% PBS-T milk.
Membranes were incubated overnight with primary antibodies against: LC3 (Novus
Biologicals, #NB100-2331) 1/3000; beta actin (abcam, #ab8226) 1/10000; Map4k3
(Cell Signaling #9613) 1/1000; RagA (Cell Signaling #4357) 1/1000; RagC (Cell
Signaling #5466) 1/1000; and Lamtorl (Cell Signaling #8975) 1/1000 in 5% PBST
BSA. Antibodies and conditions for immunoblotting of mMTOR, phospho-mTOR
(S2448), S6K1, phospho-S6K1 (T421/S424), S6RP, and phospho-S6RP (S240/244)
have already been described (Dubinsky 2014). Species-specific secondary antibodies
were goat anti-rabbit IgG-HRP (Santa Cruz, #sc-2004) or goat anti-mouse 1gG-HRP
(Santa Cruz, #sc-2005), diluted 1/10,000 in 2% PBS-T milk and incubated for 1 hr at
RT. Chemiluminescent signal detection was captured using Pierce ECL Plus Western
Blotting Substrate (Thermo Scientific), and autoradiographic film, using standard

techniques. Densitometry analysis was performed using ImageJ.

RNA analysis

RNA was extracted from cells using Trizol (Invitrogen). For quantification of
MRNA expression, cDNA synthesis was performed using SuperScript Il first-strand
synthesis system and qRT-PCR was performed using SyberGreen master mix
(Invitrogen) and probes (Sardiello 2009). qRT-PCR samples were prepared in

triplicate, and fold change determined after normalization to GAPDH and negative
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control treatment conditions. All QPCR was performed on an Applied Biosystem

HT7500 RealTime PCR machine.

Immunocytochemistry

Cells were seeded in CC2-coated 8-chamber slides (Thermo Fisher) two days
prior to experimentation and transfected as indicated. PBS-MC (1mM MgCl,, 0.1mM
CacCl,, in PBS) was used for all washes and as a diluent for all solutions. Cells were
fixed with 4% paraformaldehyde in PBS-MC for 12 minutes, then washed 3 times.
Then 0.05% Triton-X in PBS-MC was used to permeabilize the cells for 5 minutes,
followed by 2 washes in PBS-MC. Primary and secondary antibodies were diluted in
5% normal goat serum in PBS-MC. Cells were incubated in primary antibodies for 2
hours at room temperature, followed by 4 washes in PBS-MC. Cells were incubated
in secondary antibodies for 1 hour at room temperature. Cells were washed 4 times in
PBS-MC, then mounted with Prolong gold antifade reagent with DAPI (#P-36931 from
Invitrogen). Images were captured with a Zeiss LSM 780 confocal microscopy and

analyzed with Zen 2011 LSM 780 software and Image J.

Autophagy Assays

For autophagic induction in GFP-LC3 primary neurons, cells were scored as
positive when >5 green puncta were observed. Cell counting for primary neurons was
performed, using a Zeiss LSM 780 Observer.Z1 with Zen 2011 LSM 780 software,
and only puncta superimposed on soma or within neurite processes were counted for
at least 100 cells, from at least three fields per transfection, per experiment. For

autophagic flux determination based on LC3 immunoblotting, we measured LC3-II
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and actin levels by densitometry using NIH ImageJ and divided LC3-Il:actin in the
presence of NHA4CI by LC3-ll:actin at baseline. For autophagic flux determination in
HEK293A cells and primary cortical neurons transfected with the mCherry-GFP-LC3
vector, we performed confocal imaging as above, categorized puncta as yellow
(autophagosomes) or red (autolysosomes), imaged =100 cells per experimental
condition from at least three fields per transfection, and performed at least three

separate experiments per condition.

Generation of MAP4K3 and TFEB knockout cells using CRISPR/Cas9 genome

editing
The 20 nucleotide guide sequences targeting human TFEB and MAP4K3
were designed using the CRISPR design tool at http://crispr.mit.edu/ (Hsu et al.,
2013) and cloned into a bicistronic expression vector (pX330) containing human
codon-optimized Cas9 and the RNA components (Addgene).
The guide sequence targeting Exon 1 of human MAP4K3 and Exon 3 of TFEB
are shown below.
MAP4K3: 5 — TACCTTGTAGACGTCGCCGT - 3
TFEB: 5 — GAGTACCTGTCCGAGACCTA -3’
The single guide RNAs (sgRNASs) in the pX330 vector (1 pg) were mixed with
EGFP (0.1 ug; Clonetech) and co-transfected into HEK293A cells using
Lipofectamine 2000 (Life Technologies) according to manufacturer’s instructions. 24
hrs post transfection, the cells were trypsinized, washed with PBS, and re-suspended
in fluorescence-activated cell sorting (FACs) buffer (PBS, 5 mM EDTA, 2% FBS and

Pen/Strep). GFP positive cells were single cell sorted by FACs (UCSD; Human
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Embryonic Stem Cell Core, BDInflux) into 96- well plate format into DMEM containing
20% FBS and 50 pg ml-1 penicillin/streptomycin. Single clones were expanded, and
screened for MAP4K3 and TFEB by protein immunoblotting. Genomic DNA (gDNA)
was purified from clones using the DNeasy Blood & Tissue Kit (QIAGEN), and the
region surrounding the protospacer adjacent motif (PAM) was amplified with

Phusion® High-Fidelity DNA Polymerase (New England Biolabs) using the following

primers:
MAP4KS3:
Forward: 5" — GGAGCCGGGTGATTGTGA - 3
Reverse: 5’ — AGAAGGGAGGTGGCAAAAAT - 3
TFEB:

Forward: 5" — CGTCACGCATAGGGTTGC - 3
Reverse: 5’ — CGTCCAGACGCATAATGTTG -3’
PCR products were purified using the QIAquick PCR Purification Kit
(QIAGEN) and cloned using the TOPO® TA Cloning (Life Technologies). To
determine the exact mutations of individual alleles, at least 10 bacterial colonies were

expanded and the plasmid DNA purified and sequenced.

In vitro kinase assay and phosphopeptide mapping

Respective proteins were transfected into HEK293T cells, immunoprecipitated
individually, mixed with y-32P-ATP in kinase buffer () at 30°C for 15 min, separated
by SDS/PAGE and the gel dried. 32P incorporation into TFEB was determined by
autoradiography and analyzed with a phosphorimager. For phosphopeptide mapping,

32P-labeled TFEB was extracted from the dried gel and precipitated with TCA. The
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precipitated protein was oxidized, digested with trypsin, lyophilized, and the tryptic
peptide mix spotted onto a TLC plate. The peptides were then resolved by
electrophoresis and chromatography in two dimensions and visualized by

autoradiography. Circles indicate location of the phospho-S3 peptide.

Statistical Analysis

All data were prepared for analysis with standard spread sheet software
(Microsoft Excel). Statistical analysis was done using Microsoft Excel, Prism 5.0
(Graph Pad), or the VassarStats website
(http:/ffaculty.vassar.edu/lowry/VassarStats.html). For ANOVA, if statistical
significance (p < 0.05) was achieved, we performed post hoc analysis to account for

multiple comparisons. The level of significance (alpha) was always set at 0.05.
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