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Autophagy is a highly conserved self-digestion process, essential to maintain
homeostasis and viability in response to nutrient starvation. Although the
components of autophagy in the cytoplasm have been well-studied, molecular
basis for the epigenetic and transcriptional regulation of autophagy occurring in
the nucleus is poorly understood. Here, I identify coactivator-associated arginine
methyltransferase 1 (CARM1) as a novel component and followed histone
H3R17 dimethylation as a critical epigenetic mark of autophagy. Intriguingly,
CARM1 stability is regulated by SKP2-SCF (Skp1-Cullin1-F box protein) E3
ubiquitin ligase complex in the nucleus, but not in the cytoplasm, under nutrientrich condition. Further, I found that nutrient starvation induced-AMP-activated
protein kinase (AMPK) phosphorylates FOXO3a in the nucleus, which in turn
transcriptionally represses SKP2 leading to increased CARM1 protein levels and
subsequent increase in histone H3R17 dimethylation. CARM1 dynamically
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regulates the outcome of autophagy from the nucleus as genome-wide analyses
reveal that CARM1 exerts transcriptional coactivator function on autophagyrelated genes and lysosomal genes through Transcription Factor EB (TFEB).
Taken together, my work unravels a new signaling axis of AMPK-SKP2CARM1 in autophagy induction under nutrient starvation. My findings provide a
conceptual advance that activation of specific epigenetic programs is
indispensable for a sustained response to autophagy and demonstrate a
previously

unrecognized

role

of

CARM1-dependent

histone

arginine

methylation in the process of autophagy.

Key words
Coactivator-associated arginine methyltransferase 1 (CARM1), Autophagy,
Histone arginine methylation, Epigenetic regulation, Transcription, Transcription
Factor EB (TFEB), AMP-activated protein kinase (AMPK), S-phase kinaseassociated protein 2 (SKP2),

Student Number: 2009-20340

ii

CONTENTS
Page
ABSTRACT

i

CONTENTS

iii

LIST OF FIGURES AND TABLES

vi

CHAPTER I. Introduction

1

I-1. Coactivator-associated arginine methyltransferase 1 (CARM1)

2

1.1. CARM1 is an arginine methyltransferase

2

1.2. The structure of CARM1

3

1.3. Physiological functions of CARM1

5

I-2. AMP-activated protein kinase (AMPK)

6

2.1. AMPK structure and activation

6

2.2. AMPK expression and its function in autophagy

7

I-3. S-phase kinase 2 (SKP2)

9

3.1. SKP2 structure and regulation

9

iii

3.2. Physiological functions of SKP2

11
12

I-4. Transcription Factor EB (TFEB)
4.1. TFEB, a member of the MiTF family

12

4.2. TFEB in autophagy

13
16

I-5. Autophagy
5.1. The autophagy pathway

16

5.2. Methods in mammalian autophagy research

17

5.3. Epigenetic and transcriptional regulation of autophagy

20

CHAPTER II. Increased H3R17 dimethylation by CARM1 is critical for
starvation-induced autophagy

22

II-1. Summary

23

II-2. Introduction

24

II-3. Results

26

II-4. Discussion

62

II-5. Materials and Methods

64

iv

CHAPTER III. CARM1 exerts transcriptional coactivator function on autophagyrelated and lysosomal genes through TFEB

75

III-1. Summary

76

III-2. Introduction

77

III-3. Results

79

III-4. Discussion

112

III-5. Materials and Methods

115

CHAPTER IV. Conclusion

125

REFERENCES

130

국문초록 / ABSTRACT IN KOREAN

146

v

LIST OF FIGURES AND TABLES

Figure I-1. Illustration of CARM1 functional domains
Figure I-2. Illustration of the SKP2-SCF E3 ligase complex
Figure I-3. Illustration of TFEB regulation and functions during starvation
Figure I-4 Illustration of mammalian autophagy
Figure II-1. Increased H3R17 dimethylation by CARM1 is critical for proper autophagy
Figure II-2. Autophagy flux analysis after CARM1 loss
Figure II-3. Increased H3R17me2 by CARM1 in amino-acid starvation-induced
autophagy
Figure II-4. Ellagic acid impairs starvation-induced autophagy
Figure II-5. CARM1 is ubiquitinated at K471 site and interacts with SKP2-SCF E3 ligase
in the nucleus under nutrient-rich condition
Figure II-6. CARM1 is degraded by SKP2-containing SCF E3 ligase in the nucleus under
nutrient-rich condition
Figure II-7. CARM1 is degraded by SKP2/CUL1-containing SCF E3 ligase in the nucleus
under nutrient-rich condition
Figure II-8. AMPKα2 accumulates in the nucleus

vi

Figure II-9. Decrease in SKP2 and subsequent increase in CARM1 upon glucose
starvation is AMPK dependent
Figure II-10. AMPK-dependent SKP2 downregulation is mediated by FOXO transcription
factor
Figure II-11. AMPK-mediated FOXO phosphorylation is critical in SKP2 transcriptional
repression
Figure II-12. SKP2 knockdown or CARM1 overexpression partially recover autophagy in
Ampk DKO MEFs
Figure II-13. Schematic model of the newly identified AMPK-FOXO3a-SKP2-CARM1
signaling cascade in starvation-induced autophagy
Figure III-1. Identification of CARM1 target genes by RNA-sequencing analysis
Table III-1. List of autophagy-related genes and lysosomal genes
Figure III-2. Identification of CARM1 target genes by ChIP-sequencing
Table III-2. List of autophagy-related genes and lysosomal genes with increase in
H3R17me2 upon glucose starvation
Figure III-3. Interaction between CARM1 and TFEB
Figure III-4. CARM1 interacts with TFE3, another member of the MiTF family

vii

Figure III-5. CARM1 exerts a transcriptional coactivator function on autophagy-related
and lysosomal genes through TFEB
Table III-3. List of genes from RNA-seq Cluster 1 with potential TFEB motifs
Figure II-6 A subset of autophagy-related and lysosomal genes regulated by TFEB
requires CARM1
Figure III-7. CARM1 is a critical co-activator of TFEB
Figure III-8. AMPK is required for activation of TFEB- and CARM1-dependent target
genes
Figure III-9. Treatment of ellagic acid inhibits CARM1 target gene expression in cells
and CARM1-induced autophagy in mice
Figure III-10. Schematic model of CARM1-dependent transcriptional regulation of
autophagy and lysosomal genes under nutrient-deprived condition
Figure IV-1. Graphical summary of the newly identified AMPK-SKP2-CARM1
signaling cascade

viii

CHAPTER I
Introduction

1

I-1.

Coactivator-associated

arginine

methyltransferase

1

(CARM1)
1.1

CARM1 is an arginine methyltransferase

Arginine methylation is a post-translational modification found in a variety of cellular
proteins that has been implicated in signal transduction, RNA processing, and
transcriptional regulation (Bedford and Clarke, 2009; Lee and Stallcup, 2009; Paik et al.,
2007; Stallcup, 2001). It is carried out by a family of protein arginine methyltransferases
(PRMTs). PRMTs transfer the methyl group from S-adenosylmethionine (AdoMet) to
the terminal guanidino nitrogens of arginine residues generating monomethyl-arginine,
symmetric dimethyl-arginine (SDMA), and asymmetric dimethyl-arginine (ADMA). At
least nine PRMTs have been identified and classified into class I and class II enzymes:
class I PRMTs catalyze the formation of asymmetric dimethylarginine (ADMA),
whereas class II enzymes are responsible for generating symmetric dimethylarginine
(SDMA) (Gary and Clarke, 1998).
The class I enzyme CARM1 was the first PRMT to be functionally linked to
transcriptional regulation (Lee et al., 2005a; Wysocka et al., 2005). As it was the fourth
arginine methyltransferase described, CARM1 is also referred to as PRMT4. CARM1 is
responsible for dimethylation of histone H3 on arginine 17 and 26 as well as many other
non-histone proteins including p300/CBP, SRC3, BAF155, RNA Pol II, and various
RNA-binding proteins (Chevillard‐Briet et al., 2002; Feng et al., 2006; Fujiwara et al.,
2006; Lee et al., 2005b; Li et al., 2002; Naeem et al., 2007; Schurter et al., 2001; Sims
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et al., 2011; Wang et al., 2014)

1.2

The structure of CARM1

CARM1 contains 608 amino acids in both mouse and human and its architecture has
been schematically divided into three domains. CARM1 is built around a catalytic core
domain, also called methyltransferase domain (residues 150–470 in mouse CARM1),
that is well conserved in sequence and therefore in structure among all PRMTs
members (Troffer‐Charlier et al., 2007; Yue et al., 2007). CARM1 possesses two unique
additional domains attached, respectively, at the N-terminal and at the C-terminal end of
the PRMT active site (Fig. I-1). Both N-terminal domain (residues 1–130 in mCARM1)
and C-terminal domain (residues 480–608 in mCARM1) have been shown to be
required for the coactivator function of CARM1 (Teyssier et al, 2002).

3

Figure I-1. Illustration of CARM1 functional domains
CARM1, also known as PRMT4, consists of 608 amino acids. As a member of the
PRMT family, it contains a highly conserved methyltransferase domain (150-470 amino
acids). The N-terminal and C-terminal regions are unique to CARM1.
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1.3

Physiological functions of CARM1

Carm1 knockout (KO) mice survive the entire development but die shortly after birth,
suggesting that the enzyme is required for postnatal survival (Yadav et al., 2003). The
enzymatic activity of CARM1 is critical, at least for its in vivo functions, since the
enzymatic dead mutant of Carm1 knockin (KI) mice show similar defects as to Carm1
KO mice (Kim et al., 2010a). Through arginine methylation of its substrates, CARM1
regulates a great number of cellular processes, including cell cycle progression, DNA
damage response and RNA processing (Cheng et al., 2007; El Messaoudi et al., 2006;
Kuhn et al., 2011; Lee et al., 2011; Ohkura et al., 2005). Indeed, various roles of
CARM1 have been reported in muscle (Chen et al., 2002; Wang et al., 2012), T cell
(Kim et al., 2004) and lung development (O'Brien et al., 2010), stem cell maintenance
(Torres-Padilla et al., 2007; Wu et al., 2009), and tumorigenesis (Yang and Bedford,
2013). Increasing evidence support the oncogenic properties of CARM1 in various
cancers including breast, prostate and colon. CARM1 is overexpressed in human
cancers and elevated levels correlate with poor prognosis (Davis et al., 2013; Hong et al.,
2004; Kim et al., 2010b; Mann et al., 2013). CARM1 transactivates many cancerassociated transcription factors such as NF-κB, p53, E2F1, FOS, WNT-βcatenin, steroid
hormones estrogen receptor alpha (ERα) and androgen receptor (AR) and promotes
cancer cell proliferation (Copeland et al., 2009). CARM1 overexpression has been
shown to not only activate multiple oncogenic pathways, but also promote a favorable
microenvironment for tumor growth and metastasis.
As a transcriptional coactivator CARM1 is a key player in the formation of large
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complexes at gene promoters leading to chromatin remodeling and gene activation.
CARM1 is best known to form a complex with ATP-remodeling SWI/SNF factors (Xu
et al., 2004). The recruitment of CARM1 results in arginine methylation of histone
H3R17 (H3R17me2), which has been linked to transcriptional activation (An et al.,
2004; Bauer et al., 2002; Daujat et al., 2002; Yue et al., 2007).

I-2. AMP-activated protein kinase (AMPK)
2.1 AMPK structure and activation
AMPK is a critical energy sensor highly conserved in all eukaryotic organisms.
Mammalian AMPK is a heterotrimer composed of catalytic α- and regulatory β- and γ subunits. There are two α- (α1 and α2), two β- (β1 and β2) and three γ –subunits (γ1, γ2
and γ3), making a total of 12 possible heterotrimeric combinations (Hardie et al., 2012).
However, the physiological significance of these different subunit combinations needs to
be further determined. AMPK is activated when intracellular ATP level decreases
whereas AMP or ADP level increase. Under lowered intracellular ATP levels, AMP or
ADP directly binds to the γ regulatory subunits of AMPK, leading to a conformational
change that promotes AMPK phosphorylation and activation. The α-subunit contains the
AMPK serine threonine kinase domain and the phosphorylation site threonine (Thr) 172.
The phosphorylation of this amino acid by upstream kinases is essential for AMPK
activation (Hawley et al., 1996; Suter et al., 2006). Liver kinase B1 (LKB1), also known
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as STK11, is a tumor-suppressor gene responsible for AMPK phosphorylation
(Shackelford and Shaw, 2009). LKB1 is the main serine/threonine kinase responsible for
AMPK phosphorylation but AMPK can also be activated in response to calcium flux by
calcium/calmodulin-dependent protein kinase kinase 2 (CAMKK2), also known as
CAMKKβ (Hawley et al., 2005; Hurley et al., 2005; Shaw et al., 2004; Woods et al.,
2003). Interestingly, sequence homology showed that CAMKK2 is the closest mammalian
kinase of LKB1. Mitogen-activated protein kinase kinase kinase (MAPKKK) family
member transforming growth factor beta-activated kinase 1 (TAK1) has also been
reported to phosphorylate Thr 172 of AMPK (Herrero‐Martín et al., 2009; Momcilovic et
al., 2006; Xie et al., 2006). Many types of cellular stress can lead to AMPK activation:
low nutrients, prolonged exercise, pathological conditions such as ischemia, naturally
occurring compounds such as resveratrol, a polyphenol found in grapes, and
pharmacological agents such as metformin, the most widely prescribed type 2 diabetes
drug (Hardie et al., 2006; Kudo et al., 1996; McGee and Hargreaves, 2010; Zhou et al.,
2001).

2.2 AMPK expression and its function in autophagy
AMPK has been considered to be a cytoplasmic enzyme but evidence is emerging that it
can also target to the nucleus and specific membrane domains. AMPKα1 is mainly
localized in the cytoplasm and AMPKα2 is mainly nuclear (Jakub et al., 1998). Both
AMPKα1 and α2 contain a nuclear export sequence (NES) but only the α2 subunit of
AMPK has a nuclear localization signal (NLS) (Suzuki et al., 2007). AMPKα1 is
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ubiquitously expressed whereas the expression of AMPKα2 is clearly abundant in
metabolic tissues such as liver and skeletal muscle.
The energy sensor AMPK was previously thought to activate autophagy entirely through
its ability to inactivate mTOR complex1 (TORC1). AMPK phosphorylates both TSC2
(Inoki et al., 2003) and Raptor (Gwinn et al., 2008) resulting in TORC1 inhibition. Since
TORC1 suppresses autophagy, it has been assumed that AMPK could indirectly trigger
autophagy. However, recent papers provided evidence that energy stress triggers
autophagy in mammalian cells by activating AMPK, which in turn directly
phosphorylates ULK1, the mammalian orthologues of ATG1 and key upstream
serine/threonine kinase that initiates the autophagy cascade (Egan et al., 2011; Kim et al.,
2011). As for many core autophagy proteins, ULK1 is required for cell survival upon
nutrient starvation and this also requires the phosphorylation of ULK1 by AMPK. Similar
results were obtained in budding yeast and in C. elegans, suggesting that AMPK-ULK1
pathway is well-conserved (Egan et al., 2011; Wang et al., 2001). Together, AMPK
activates autophagy through inactivation of TORC1 but also through direct
phosphorylation of ULK1.
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I-3. S-phase kinase 2 (SKP2)
3.1 SKP2 structure and regulation
S-phase kinase associated protein 2 (SKP2) is an F-box protein component of the
Skp1/Cullin1/F-box (SCF)-type E3 ubiquitin ligase complex (Fig. I-2). It has been first
identified to play an important role in cell cycle progression (Jin et al., 2004; Zhang et
al., 1995). SKP2 contains the N-terminal domain, F-box domain and C-terminal
leucine-rich repeats (LRR) (Frescas and Pagano, 2008; Nakayama and Nakayama,
2005). The crystal structure revealed that SKP2 interacts with Skp1 through its F-box
domain, whereas it does not directly bind with Cullin1 (Schulman et al., 2000; Zheng et
al., 2002). As a result, deletion of SKP2 F-box domain compromises its E3 ligase
activity by preventing SKP2 from forming a SCF E3 ubiquitin ligase complex. SKP2
LRR domain is responsible for the interaction of SKP2 with its substrates.
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Figure I-2. Illustration of the SKP2-SCF E3 ligase complex
The SCF (Skp1–Cullin1–F-box) E3 ubiquitin ligase complex consists of four
components: Skp1, Rbx1, Cullin1, and the variable F-box protein. SKP2 is an F-box
protein component. It recognizes the targeted proteins and promotes the ubiquitin
transfer to the substrate protein by UBC (the E2 enzyme). The addition of polyubiquitin
targets substrates for degradation by the 26S proteasome.
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SKP2 is ubiquitinated by the E3 ubiquitin ligase anaphase promoting complex
(APC)/Cdh1 complex in early G1 phase, further supporting the role of SKP2 in cell
cycle (Bashir et al., 2004; Wei et al., 2004). SKP2 also undergoes phosphorylation
during cell cycle progression and growth factor stimulation (Bilodeau et al., 1999).
However, the kinases involved in the phosphorylation of SKP2 are still under debate.
Recent studies revealed that SKP2 is phosphorylated by Cdk2 and Akt kinases, which
play an important role in SKP2 stability and localization (Gao et al., 2009; Lin et al.,
2009; Rodier et al., 2008). SKP2 is primarily localized in the nucleus but Akt signaling
has been reported to influence SKP2 cytosolic localization, especially during cancer
progression (Inuzuka et al., 2012; Lin et al., 2009).
SKP2 expression is also regulated at a transcriptional level. Indeed, CBF1 (Sarmento
et al., 2005), GABP (Imaki et al., 2003), E2F (Zhang and Wang, 2006) and FOXM1
(Wang et al., 2005) are shown to bind to SKP2 promoter and induce its expression. The
transcriptional repressors of SKP2, on the other hand, are less clear.

3.2 Physiological functions of SKP2
The SKP2-SCF complex interacts with p27 to promote its degradation through the
ubiquitin-proteasome pathway and SKP2-dependent degradation of p27 is essential for
cell cycle entry (Ganoth et al., 2001; Sutterlüty et al., 1999). Interestingly, SKP2 targets
many cell cycle regulators including p21, p27, Cyclin D and Cyclin E (Bornstein et al.,
2003; Ganoth et al., 2001; Nakayama and Nakayama, 2005; Spruck et al., 2001; Yeh et
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al., 2001; Yu et al., 1998).
SKP2 deficiency results in profound impairment in proliferation accompanied by
nuclear enlargement, polyploidy, and centrosome over-duplication (Nakayama et al.,
2000). Lines of evidence suggest that SKP2 has oncogenic properties as it promotes the
degradation of numerous tumor suppressor proteins, including p21, p27 and FOXO
(Cardozo and Pagano, 2004; Frescas and Pagano, 2008; Gstaiger et al., 2001). Indeed,
recent reports using genetic approaches have provided compelling evidence that SKP2
is required for tumorigenesis upon BCR-ABL overexpression, PTEN loss or pRB
inactivation (Agarwal et al., 2008; Frescas and Pagano, 2008; Lin et al., 2010; Wang et
al., 2010). Further, overexpression of SKP2 is frequently observed in human prostate
cancers and is significantly associated with cancer metastasis (Gstaiger et al., 2001;
Hershko, 2008; Yang et al., 2002).

I-4. Transcription Factor EB (TFEB)
4.1 TFEB, a member of the MiTF family
TFEB is a basic helix-loop-helix leucine zipper (bHLH-Zip) transcription factor of the
microphthalmia-associated transcription factor (MiTF) subfamily (Steingrímsson et al.,
2004). There are four related genes in the MiTF family: TFE3, TFEB, TFEC and MiTF.
The Mitf gene was isolated through transgene insertion events at the mouse
microphthalmia locus (Hodgkinson et al., 1993) while the human TFEB and TFE3
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genes were both isolated on the basis of their ability to bind the E-box sequence
(CANNTG), the DNA sequence recognized by bHLH-Zip transcription factors. TFEC
was isolated from rat osteosarcoma cDNA library based on sequence similarity to TFE3
(Zhao et al., 1993). All four proteins have identical DNA binding domain and very
similar HLH and Zip dimerization domains.
TFEB was first known as an oncogene as it was found to be translocated in a subset of
renal tumors (Medendorp et al., 2007; Rehli et al., 1999). Indeed, TFEB and more
commonly TFE3 are found fused to other genes in sporadic renal cell carcinoma (RCC)
tumors. These gene-fusion associated kidney cancers are common in children,
representing 20-50% of all pediatric RCC cases (Bruder et al., 2004; Ramphal et al.,
2006). Although TFE3 fusion is associated with aggressive and metastatic cancer, the
TFEB fusion carries good prognosis (Kauffman et al., 2014).

4.2 TFEB in autophagy
Recent studies have identified TFEB as a master transcriptional regulator of lysosomal
biogenesis and autophagy (Sardiello et al., 2009; Settembre et al., 2011). TFEB rapidly
moves into the nucleus to function as a transcription factor and activate critical target
genes involved in lysosomal biogenesis and autophagy under starvation or lysosomal
dysfunction, whereas under basal conditions, it is mainly located in the cytoplasm (David,
2011; Settembre and Ballabio, 2011). This process is controlled by TFEB phosphorylation
status: phosphorylated TFEB is located predominantly in the cytoplasm, whereas the
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dephosphorylated form is found in the nucleus. Phosphoproteomic approach revealed at
least ten different phosphorylation sites and at least three different kinases involved in
TFEB phosphorylation, suggesting a complex regulatory mechanism (Dephoure et al.,
2008). TFEB specifically recognizes and binds to the coordinated lysosomal expression
and regulation (CLEAR)-box sequence (GTCACGTGAC) present in the regulatory
region of many lysosomal and autophagy genes (Palmieri et al., 2011) (Fig. I-3).
Interestingly, other members of the MITF family show similar sequences to TFEB. Their
functions in lysosomal signaling and autophagy need to be defined but recent study has
shown that TFE3 exhibit lysosomal localization and nuclear accumulation in response to
lysosomal stress (Martina et al., 2014). It is proposed that TFE3 could also function as an
important regulator of the lysosomal response and autophagy as for TFEB, depending on
its relative abundance.
Accumulating evidence indicates that lysosomal and autophagy dysfunction is one of the
main mechanisms underlying neurodegenerative diseases such as Parkinsosn’s disease,
Alzheimer’s disease and Huntington’s disease as well as lysosomal storage diseases
(LSDs) (Ballabio and Gieselmann, 2009; Nixon, 2013; Settembre et al., 2008; Wong and
Cuervo, 2010). Several studies supported the idea that enhancing the lysosomalautophagic pathway could improve disease prognosis (Harris and Rubinsztein, 2012).
With recent discovery of TFEB and its function in cellular clearance, targeting TFEB has
been an appealing therapeutic strategy for treating common neurodegenerative diseases.
As an example, TFEB gene delivery in a mouse model of Parkinson’s disease ameliorated
tissue pathology (Settembre et al., 2013b).
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Figure I-3. Illustration of TFEB regulation and functions during starvation
In the presence of sufficient nutrients, TFEB is phosphorylated and localized in the
cytoplasm. During starvation, TFEB is no longer phosphorylated and translocates into
the nucleus. Once in the nucleus, TFEB regulates the expression of genes involved in
the lysosomal–autophagy pathway
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I-5. Autophagy
5.1 The autophagy pathway
Autophagy is an intracellular process that allows the degradation of cytoplasmic
proteins and organelles by lysosome (Deter et al., 1967; Klionsky, 2007; Mizushima,
2007). It occurs at low basal levels in all cells to perform homeostatic functions.
However, it is rapidly upregulated in response to stress including nutrient and energy
starvation. The ability of cells to respond to nutrient withdrawal is essential for the
maintenance of metabolic homeostasis and survival (Choi et al., 2013; Rabinowitz and
White, 2010). For a long time, autophagy has been viewed as a relatively unspecific
process where random portions of the cytoplasm are sequestered and delivered to
lysosomes for degradations. However, accumulating evidence has led to revisit that
notion. Indeed, studies have demonstrated that the autophagic machinery can target
specific entities in a highly specific manner (Mizushima et al., 2008). At least three
types of autophagy have been identified thus far: microautophagy, macroautophagy and
chaperone-mediated autophagy (CMA). Both micro- and macroauotphagy have the
ability to engulf large structures through both selective and non-selective mechanisms.
CMA on the other hand is known to degrade soluble proteins only. Macroautophagy is
the major catabolic mechanism that eukaryotic cells use to degrade damaged or longlived proteins and organelles.
The earliest step of autophagy is characterized by the formation (vesicle nucleation)
and expansion (vesicle elongation) of an isolation membrane called phagophore. The

16

edges of the phagophore then fuse (vesicle completion) to form a double-membraned
vesicle called autophagosome and sequester cytoplasmic cargo. This is followed by
fusion of the autophagosome with a lysosome to form an autolysosome where the
captured cytoplasmic constituents, together with the inner membrane, are degraded (Fig.
I-4).

5.2 Methods in mammalian autophagy research
There are three principal methods used to monitor autophagy: transmission electron
microscopy (TEM), biochemical detection and fluorescence microscopy of the
membrane-associated form of microtubule-associated protein light chain 3 (LC3)
(Klionsky et al., 2012).
TEM was used in the 1950s to discover the process of autophagy and is still
considered as the most classical method for monitoring autophagy. As the definition is
straightforward, it is usually easy to identify autophagosomes, undigested cytoplasmic
contents and autolysosomes. However, although TEM is a powerful tool, it is not perfect
and other methods should be accompanied for proper interpretation.
In mammalian cells, most autophagy (ATG) proteins are observed on isolation
membranes but not on complete autophagosomes (Longatti and Tooze, 2009). Only LC3,
the mammalian homolog of yeast ATG8, is known to exist on autophagosomes.
Therefore, LC3 protein serves as a widely used marker of autophagy occurrence and it
is widely accepted that the number of LC3-II correlates well with the number of
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autophagosomes (Mizushima and Yoshimori, 2007). To assess the number of
autophagosomes endogenous conversion of LC3-I to LC3-II can be detected by
immunoblot. As another widely used method, GFP-LC3 construct is visualized by
fluorescence microscopy. GFP-LC3 is seen as a diffuse cytoplasmic pool or as punctate
structures that primarily represent autophagosomes.
Although the number of GFP-LC3 puncta is usually an accurate measure of the
autophagosome number, results could lead to misinterpretations of autophagy flux.
Indeed, the accumulation of autophagosomes is not always indicative of autophagy
induction but could be the results from increased generation of autophagosomes and/or
block in autophagosome maturation and completion of the autophagy pathway. For
proper interpretation of autophagy occurrence, autophagy flux should be monitored by
LC3 turnover assay using autophagy inhibitors and degradation of autophagy substrates
such as p62, also known as SQSTM1.
There are many available techniques and methods to monitor autophagy in mammalian
cells. It is thus important to use several different methods to accurately assess the status
and functions of autophagy activity in a given biological setting.
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Figure I-4. Illustration of mammalian autophagy
Autophagy is triggered by starvation and starts with the stepwise engulfment of
cytoplasmic material by the phagophore, which matures into a double-membrane-bound
vesicle called autophagosome. Autophagosome then undergoes maturation by fusion
with lysosomes to create autolysosomes. In the autolysosomes, the inner membrane and
cargo inside are degraded by lysosomal enzymes.
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5.3 Epigenetic and transcriptional regulation of autophagy
Many transcription factors regulating autophagy-related genes have been identified thus
far, including forkhead box O (FOXO), p53, hypoxia inducible factor (HIF)-1α, and
transcription factor EB (TFEB) (Eijkelenboom and Burgering, 2013; Maiuri et al., 2010;
Mazure and Pouysségur, 2010; Pietrocola et al., 2013; Settembre and Ballabio, 2011).
Autophagy is mainly seen as a cytoplasmic event, but recent studies revealed that
transcriptional regulation happening in the nucleus is critical for the fine tuning of the
autophagy process (de Narvajas et al., 2013; Eisenberg et al., 2009; Füllgrabe et al.,
2014b; Shao et al., 2004). Histone post-translational modifications (PTMs) including
lysine acetylation, arginine and lysine methylation, phosphorylation, SUMOylation, and
ubiquitination, serve as key regulatory marks for the control of transcription and
chromatin architecture (Bannister and Kouzarides, 2011; Li et al., 2007). Histone PTMs,
carried out by numerous modifying enzymes, need to be tightly regulated as misregulation is often a key factor in the development of diseases.
Studies on epigenetic modifications associated with autophagy have just begun and
only few histone PTMs linked to autophagy have been reported. As an example, a
decrease in lysine 16 of histone H4 acetylation (H4K16Ac) upon autophagy stimuli has
been shown to be involved in the repression of key autophagy-regulated genes
(Füllgrabe et al., 2013).
An increasing body of evidence suggests that epigenetic modifications influence the
overall chromatin structure and have clear functional consequences in cellular processes
including autophagy (Füllgrabe et al., 2014a). However, fine-tuning of autophagy

20

through epigenetic modifications has been mainly focused on acetylation and
deacetylation of histone and non-histone proteins, whereas little has been known about
other PTMs, including arginine methylation.
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CHAPTER II
Increased H3R17 dimethylation by CARM1 is critical
for starvation-induced autophagy
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II-1. Summary
Autophagy is an intracellular process that allows the degradation of cytoplasmic
proteins and organelles by lysosome in response to stress including nutrient starvation
(Klionsky, 2007; Mizushima, 2007). Although autophagy is mainly seen as a
cytoplasmic event, recent studies revealed that transcriptional regulation happening in
the nucleus is critical for the autophagy process (de Narvajas et al., 2013; Eisenberg et
al., 2009; Füllgrabe et al., 2014b; Shao et al., 2004). However, little has been known
about the fine-tuning molecular basis of autophagy through epigenetic modifications.
To explore the importance of nuclear events in autophagy, I first hypothesized that
specific histone marks are involved in the epigenetic and transcriptional regulation of
autophagy in the nucleus leading to the fine-tuning of the autophagy process. Here, I
found a dramatic increase in histone H3R17 dimethylation (H3R17me2) when
autophagy was induced by various starvations. The induction in H3R17me2 resulted
from the increase in nuclear CARM1 expression, the sole enzyme responsible for this
epigenetic mark. Interestingly, I found that upon starvation CARM1 is stabilized
whereas it is constantly degraded in the nucleus by SKP2-SCF E3 ligase complex under
nutrient-rich condition. This regulation occurs mainly in the nucleus due to SKP2
exclusive nuclear localization. Further, I defined the detailed molecular mechanism of
AMPK-mediated SKP2 downregulation and subsequent CARM1 stabilization upon
glucose starvation. Together, I first define the new signaling axis of AMPK-SKP2CARM1 in autophagy.
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II-2. Intoduction
The ability of cells to respond to nutrient withdrawal is essential for the maintenance
of metabolic homeostasis and survival (Choi et al., 2013; Rabinowitz and White, 2010).
Autophagy-related genes (ATG) that are required for the formation of autophagosome
and subsequent autophagy process are highly conserved among species (Mizushima,
2007; Mizushima and Komatsu, 2011; Yang and Klionsky, 2010). Studies using
conditional KO mice of various ATG proteins have implicated autophagy in many
physiological and pathological processes including neurodegenerative diseases and
cancer (Kondo et al., 2005; Levine and Kroemer, 2008; Nixon, 2013; Wong and Cuervo,
2010).
Autophagy process may occur in three phases: a rapid response entirely mediated by
post-translational protein modifications in the cytoplasm, followed by a delayed
response where the expression of genes encoding proteins that regulate the autophagic
flux are upregulated through activation of specific transcriptional machinery in the
nucleus (Füllgrabe et al., 2014b; Kroemer et al., 2010). The last phase is characterized
by transcriptional repression of autophagy genes to avoid prolonged and sustained
autophagy that can potentially be lethal.
Autophagy is mainly seen as a cytoplasmic event, but activation of specific epigenetic
and transcriptional programs has emerged as indispensable event for a sustained
response to autophagy (de Narvajas et al., 2013; Eisenberg et al., 2009; Füllgrabe et al.,
2014b; Shao et al., 2004). Transcriptional regulation of autophagy genes is coupled to
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changes in histone modifications to consistently replenish the materials of autophagy
machinery and sustain autophagy. Histone post-translational modifications (PTMs)
carried out by numerous modifying enzymes, on the other hand, need to be tightly
regulated as mis-regulation is often a key factor in the development of diseases. Studies
on epigenetic modifications associated with autophagy have just begun and only few
histone PTMs linked to autophagy have been reported (Füllgrabe et al., 2013; de
Narvajas et al., 2013). An increasing body of evidence suggests that epigenetic
modifications influence the overall chromatin structure and have clear functional
consequences in cellular processes, including autophagy (Füllgrabe et al., 2014a).
Indeed, it is now well-accepted that the nucleus is a major regulator of autophagy and
that the autophagic process encompasses epigenetic and transcriptional programs.
Studies of the nucleus in autophagy research are on-going as little is known about PTMs
on histones and non-histone proteins other than phosphorylation and acetylation.
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II-3. Results
Starvation-induced autophagy is accompanied by an increase in histone H3R17
dimethylation
To explore the importance of nuclear events in autophagy, I first hypothesized that
specific histone marks are involved in the epigenetic and transcriptional regulation of
autophagy in the nucleus leading to the fine-tuning of the autophagy process. I induced
autophagy in mouse embryonic fibroblasts (MEFs) by glucose starvation and sought to
identify altered specific histone marks. Surprisingly, I observed an increase of histone
H3R17dimethylation (H3R17me2) among other histone modification marks tested in
response to glucose starvation (Fig. II-1A). Since H3R17me2 is a transcriptional
activation mark that is solely mediated by CARM1 arginine methyltransferase, I
checked for CARM1 protein levels in cells deprived of glucose. Concomitant with an
increase in H3R17me2 levels, levels of CARM1 protein were increased in various
human cell lines including HepG2 and HeLa cells under glucose starvation (Fig. II-1B).
To examine whether this H3R17me2 increase along with CARM1 induction is related
to the occurrence of autophagy, I analyzed LC3 conversion by immunoblot as an
increased ratio of the lipidated LC3-II form to the unlipidated LC3-I is a commonly
used biological marker of autophagy (Mizushima and Yoshimori, 2007). The increase of
CARM1 protein levels was concomitant with an increase in LC3 conversion, and LC3II accumulation was significantly decreased upon CARM1 depletion (Fig. II-1C-D). To
confirm that the decrease in LC3-II reflects the decrease of functional autophagic
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degradation, autophagy flux was also analyzed using the levels of autophagy-associated
p62 (also known as SQSTM1), a common autophagosome cargo whose degradation
reflects the levels of autophagy flux (Bjørkøy et al., 2009; Mizushima et al., 2010). The
accumulation of p62 when CARM1 is depleted further supports that autophagy is
blocked (Fig. II-1D).
To further examine whether the enzymatic activity of CARM1 is important in
autophagy induction, Carm1 knockin (KI) MEFs expressing the enzymatic activitydeficient mutant of CARM1 were analyzed for LC3 conversion and p62 degradation.
Glucose starvation induced LC3-II accumulation and p62 degradation in WT MEFs but
not in Carm1 KO and KI MEFs (Fig. II-1D). It has been previously reported that Carm1
KI mice phenocopy Carm1 KO mice, emphasizing the importance of its enzymatic
activity for in vivo function (Kim et al., 2010a). Consistent with these findings, Carm1
KO and KI MEFs showed similar defect of autophagy induction upon glucose starvation.
To evaluate the role of CARM1 in the autophagy process, the formation of GFP-LC3
positive autophagosome was examined by confocal microscopy. The increase in GFPLC3 punctate cells was strikingly attenuated in Carm1 KO MEFs compared to WT
MEFs upon glucose starvation (Fig. II-1E). Further, autophagosome/autolysosome
formation was analyzed by electron microscopy in WT, Carm1 KO and KI MEFs.
Glucose starvation increased the number of autophagic vesicles in WT MEFs, but such
double-membrane structures did not appear in Carm1 KO and KI MEFs (Fig. II-1F).
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Figure II-1. Increased H3R17 dimethylation by CARM1 is critical for proper
autophagy
(A) Immunoblot analysis of various histone marks in MEFs in response to glucose (Glc)
starvation for indicated times. h=hours. (B) Increase in H3R17me2 and CARM1 protein
levels in HepG2 and HeLa cells in response to Glc starvation as assessed by
immunoblot analysis. (C) Immunoblot analysis of CARM1 and lipidated LC3 (LC3-II)
upon Glc starvation in MEFs. LC3-II/LC3-I ratio is indicated. (D) Cell lysates of WT,
Carm1 KO or KI MEFs starved of Glc for indicated times were subject to immunoblot
analysis with the indicated antibodies. LC3-II/LC3-I ratio is indicated. (E) GFP-LC3
was transfected in WT or Carm1 KO MEFs and the formation of GFP-LC3-positive
autophagosomes was examined by confocal microscopy. GFP-LC3 (green); DAPI
(blue). Scale bar, 10 µm. The graph shows quantification of LC3-positive punctate cells
(right). ** p<0.01. Statistics by one-tailed t-test. (F) Representative transmission
electron micrograph (TEM) images of WT, Carm1 KO or KI MEFs after 18 hours (hrs)
of Glc starvation. Scale bar, 2 µm. High magnification of boxed areas are shown on the
right. Scale bar, 0.5 µm. Blue arrows represent autophagosomes, red arrows represent
autolysosomes and yellow arrow represents multilamellar body.
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Autophagy flux analysis confirmed the autophagic defect caused by CARM1 loss
I performed LC3 flux analysis in MEFs by knockdown of CARM1 or in WT and
Carm1 KO MEFs using Bafilomycin A1, an inhibitor of the late phase of autophagy,
which prevents maturation of autophagic vacuoles by inhibiting fusion between
autophagosomes and lysosomes (Yamamoto et al., 1998). Immunoblot analysis in
Carm1 knockdown or KO MEFs indicates a defect in autophagy flux as there was no
accumulation of LC3-II when treated with Bafilomycin A1 (Fig. II-2A-B). Moreover,
imaging experiments with the mCherry-GFP-LC3 construct which provides a
simultaneous readout of autophagosome formation (mCherry-positive and GFP-positive)
and maturation (mCherry-positive and GFP-negative) further validated autophagy
defect upon CARM1 loss. Indeed, inhibiting lysosomal acidification by Bafilomycin A1
prevented GFP quenching and resulted in merged yellow puncta signals upon glucose
starvation in WT MEFs, but not in Carm1 KO MEFs (Fig. II-2C). Taken altogether,
these findings indicate that the autophagic defect caused by CARM1 loss is the result of
defect from the initiation step.
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Figure II-2. Autophagy flux analysis after CARM1 loss
(A) MEFs infected with lentiviruses expressing nonspecific shRNA (shNS) or CARM1
shRNAs (shCARM1-1 and -2) were deprived of Glc for 18 hours (hrs) in the absence or
presence of Bafilomycin A1 (BafA1; 200 nM, 2 hrs). Immunoblot analysis was
performed with the indicated antibodies. LC3-II/LC3-I ratio is indicated. (B) LC3 flux
was analyzed in WT and Carm1 KO MEFs after cells were Glc starved in the absence or
presence of BafA1. LC3-II/LC3-I ratio is indicated. (C) mCherry-GFP-LC3 was
transfected in WT and Carm1 KO MEFs and the formation of autophagosome
(mCherry-positive; GFP-positive) and autolysosome (mCherry-positive; GFP-negative)
were examined. Scale bar, 20 µm.
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Increased H3R17me2 by CARM1 occurs in amino-acid starvation-induced
autophagy
To determine whether the increase of H3R17me2 mark also occurs when autophagy is
triggered by other types of starvation, I induced autophagy by amino acid starvation or
rapamycin, an inhibitor of the kinase mammalian target of rapamycin (mTOR) in MEFs.
Increase in H3R17me2 and induction of CARM1 was also observed when cells were
subject to amino acid starvation or rapamycin treatment (Fig. II-3A-C). CARM1 is a
critical component in proper autophagy occurrence in response to these upstream
signals as increase of LC3-II and degradation of p62 were severely compromised in
Carm1 KO or KI MEFs (Fig. II-3D). The lack of GFP-LC3 positive puncta in Carm1
KO MEFs further validated the importance of CARM1 induction and subsequent
increase in H3R17me2 in amino acid starvation-mediated autophagy (Fig. II-3E).
Together, these data indicate that the induction of CARM1 in association with
increased H3R17me2 is required for the proper progression of the autophagy process.
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Figure II-3. Increased H3R17me2 by CARM1 in amino-acid starvation-induced
autophagy
(A) Immunoblot analysis of various histone marks in MEFs in response to amino acid
(AA) starvation or rapamycin (100 nM) for indicated times. h=hours. (B) Increase in
H3R17me2 and CARM1 protein levels in HepG2 cells in response to AA starvation and
rapamycin as assessed by immunoblot analysis. (C) Immunoblot analysis of CARM1
and lipidated LC3 (LC3-II) upon AA starvation or rapamycin treatment in MEFs. (D)
Cell lysates of WT, Carm1 KO or KI MEFs starved of AA for indicated times were
subject to immunoblot analysis with the indicated antibodies. (E) GFP-LC3 was
transfected in WT or Carm1 KO MEFs and the formation of GFP-LC3-positive
autophagosomes was examined by confocal microscopy. GFP-LC3 (green); DAPI
(blue). Scale bar, 20 µm. The graph shows quantification of LC3-positive punctate cells
(right). **p<0.01. Statistics by one-tailed t-test.
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Ellagic acid impairs starvation-induced autophagy
Ellagic acid, a naturally occurring polyphenol, selectively inhibits H3R17me2 (Selvi et
al., 2010). Decrease in H3R17me2 by ellagic acid was confirmed by immunoblot (Fig.
II-4A and C). Then, to examine whether CARM1-mediated increase of H3R17me2 is
critical for autophagy occurrence, GFP-LC3 was introduced in MEFs to monitor GFPLC3 positive autophagic vesicles when cells were treated with ellagic acid along with
autophagy induction. Decrease in H3R17me2 by ellagic acid greatly reduced the
number of GFP-LC3 positive punctate cells (Fig. II-4B and D). I treated cells with
ellagic acid when nutrient deprived and checked for changes in autophagy markers.
Treatment of ellagic acid dramatically reduced LC3-II level and blocked p62
degradation (Fig. II-4A and C), indicating that the autophagy process is compromised.
These findings substantiate the model that increase in H3R17me2 in nutrient deprived
state is critical for proper autophagy occurrence.
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Figure II-4. Ellagic acid impairs starvation-induced autophagy
(A) Immunoblot analysis in MEFs deprived of Glc in the absence or presence of ellagic
acid (100 µM) was performed with the indicated antibodies. (B) MEFs transfected with
GFP-LC3 were deprived of Glc in the absence or presence of ellagic acid (100 µM) and
GFP-LC3 puncta formation was observed with a confocal microscopy. GFP-LC3
(green); DAPI (blue). Scale bar, 10 µm. The graph shows quantification of LC3-positive
punctate cells (below). ** p<0.01. Statistics by one-tailed t-test. (C) MEFs were either
AA starved or treated with rapamycin for indicated times in the absence or presence of
ellagic acid. Immunoblot analysis was performed with the indicated antibodies. h=hours.
(D) MEFs transfected with GFP-LC3 were treated with rapamycin in the absence or
presence of ellagic acid (100 µM) and GFP-LC3 puncta formation was observed with a
confocal microscopy. GFP-LC3 (green); DAPI (blue). Scale bar, 10 µm. The graph
shows quantification of LC3-positive punctate cells (left). *p<0.05. Statistics by onetailed t-test.
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Regulation of CARM1 stability by SKP2-SCF E3 ubiquitin ligase-dependent
degradation in the nucleus
Since CARM1 turned out to be critical for autophagy occurrence, I examined how
CARM1 induction is regulated upon glucose starvation. Unexpectedly, I found that
CARM1 protein level is increased only in the nucleus, but not in the cytoplasm, upon
glucose starvation (Fig. II-5A, left panel). To examine whether CARM1 protein levels
are regulated by 26S proteasome-dependent degradation in the nucleus, I treated cells
with MG132, a 26S proteasome inhibitor. MG132 treatment restored CARM1
expression in the nucleus (Figure II-5A, right panel). Ubiquitination site prediction
software predicted lysine 471 site of CARM1 as an ubiquitination site (Chen et al., 2013)
and I performed site-directed mutagenesis of lysine 471 to arginine and compared its
expression with CARM1 WT. CARM1 K471R mutant exhibited comparable expression
levels in the nucleus with or without MG132 treatment (Fig. II-5B). Further,
ubiquitination of CARM1 K471R mutant was dramatically reduced in the nucleus
compared to WT, indicating that K471 site is the ubiquitination targeting site (Fig. II5C). It is noteworthy that ubiquitination-dependent regulation of CARM1 stability
occurs mainly in the nucleus.
In order to identify the E3 ubiquitin ligase responsible for CARM1 ubiquitination, I
employed affinity chromatography in the presence of MG132 to block ubiquitindependent degradation pathway. CARM1 interacting proteins were then identified by
liquid

chromatography

mass

spectrometry/mass

spectrometry

(LC-MS/MS).

Intriguingly, S-phase kinase 2 (SKP2), an F-box protein of the SCF E3 ubiquitin ligase
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complex was identified as CARM1 binding protein along with cullin1 (CUL1) (Fig. II5D). Interaction between CARM1 and SKP2 was confirmed by endogenous coimmunoprecipitation assay and SKP2 exhibited specific binding to CARM1, but not to
other arginine methyltransferases (Fig. II-5E).
Since CARM1 is stabilized upon glucose starvation, I checked for endogenous SKP2
protein level changes upon glucose starvation. Interestingly, reduction of SKP2 protein
and increase of CARM1 protein levels were observed in glucose-starved MEFs and
HepG2 cells (Fig. II-5F). CUL1 protein levels on the other hand were not affected by
glucose starvation (Fig. II-5F). Decreased levels of SKP2 under glucose starvation
resulted in the stabilization of other known SKP2-SCF substrates including p21, p27
and cyclin E (Fig. II-5G).
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Figure II-5. CARM1 is ubiquitinated at K471 site and interacts with SKP2-SCF E3
ligase in the nucleus under nutrient-rich condition
(A) MEFs were deprived of Glc for indicated times in the absence (left) or presence
(right) of 5 µg/ml MG132, a proteasome inhibitor. Immunoblot analysis was performed
after subcellular fractionation with the indicated antibodies. h=hours. (B) CARM1 WT
and ubiquitination-defective mutant K471R were analyzed for their expression in MEFs
after MG132 treatment. (C) In vivo ubiquitination assay of CARM1 WT or
ubiquitination-defective mutant K471R was conducted in HepG2 cells. After 48 hrs of
transfection with HA-CARM1 WT or K471R and HisMax-ubiquitin, HepG2 cells were
treated with MG132 for 4 hours (hrs) and harvested for subcellular fractionation.
Cytoplasmic and nuclear fractions were pulled down with Ni2+-NTA beads and CARM1
was visualized by immunoblot with anti-HA antibody. (D) CARM1-interacting proteins
were purified from HEK293T cells expressing Flag-CARM1 in the presence of MG132
by immunoprecipitation with Flag-M2 agarose bead. Bound proteins were eluted,
resolved by SDS-PAGE, and prepared for LC-MS/MS analysis. (E) MEFs cells were
treated with MG132 for 4 hrs and nuclear fraction was subject to immunoprecipitation
against control IgG or anti-SKP2 antibody at endogenous expression level. Coimmunoprecipitation of CARM1 and other PRMTs were detected by immunoblot
analysis. (F) HepG2 cells and WT MEFs were Glc starved for indicated times and
nuclear fraction was analyzed for SKP2, CARM1, and CUL1 expression. (G) Nuclear
fractions of HepG2 and MEFs cells were analyzed for the expression of known SKP2SCF substrates.
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CARM1 is degraded by SKP2-containing SCF E3 ligase in the nucleus under
nutrient-rich condition
To determine whether SKP2 is responsible for CARM1 ubiquitination and degradation,
I checked for changes in CARM1 ubiquitination upon knockdown of SKP2.
Knockdown of SKP2 by shRNA attenuated CARM1 ubiquitination in the nucleus, with
no apparent change in the cytoplasm (Fig. II-6A). I then measured the half-life of the
CARM1 protein with cycloheximide (CHX) treatment. Knockdown of SKP2
significantly increased the half-life of CARM1 protein (Fig. II-6B). In contrast,
overexpression of SKP2 WT, but not SKP2 ∆F mutant which is not able to form a
SKP2-SCF complex (Carrano et al., 1999), increased CARM1 ubiquitination in the
nucleus upon glucose starvation (Fig. II-6C). Consistently, overexpression of SKP2 WT,
but not the ∆F mutant, decreased the half-life of CARM1 protein upon glucose
starvation (Fig. II-6D). These data indicate that SKP2 is a crucial player for regulating
CARM1 stability in the nucleus. I speculate that exclusive nuclear localization of SKP2
results in selective CARM1 ubiquitination in the nucleus under nutrient rich condition.
Further, immunocytochemistry showed that introduction of SKP2 WT, but not SKP2 ∆F
mutant, decreased CARM1 protein level in cells deprived of glucose (Fig. II-6E).
Collectively, these data indicate that SKP2-containing SCF E3 ligase complex is
responsible for CARM1 degradation in the nucleus under nutrient rich condition (Fig.
II-6F).
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Figure II-6. CARM1 is degraded by SKP2-containing SCF E3 ligase in the nucleus
under nutrient-rich condition
(A) HepG2 cells were infected with SKP2 shRNA lentivirus and in vivo ubiquitination
assay of CARM1 was performed. (B) HepG2 cells were infected with 2 different SKP2
shRNA lentiviruses and treated with cycloheximide (CHX, 50 µg/ml) for indicated times.
Nuclear fraction was then analyzed for indicated antibodies. The protein half-life of
CARM1 was quantitatively defined (right). **p<0.01. Statistics by one-tailed t-test.
h=hours. (C) HepG2 cells were transiently transfected with indicated plasmids and
subject to Glc starvation for 18 hrs. Cells were treated with MG132 for 4 hrs prior
harvesting and in vivo ubiquitination assay of CARM1 was performed. (D) HepG2 cells
were transiently transfected with SKP2 WT or ∆F mutant, Glc starved and treated with
CHX for indicated times. Nuclear fraction was then analyzed for indicated antibodies.
Protein half-life of CARM1 was quantitatively defined (right). **p<0.01. Statistics by
one-tailed t-test. (E) MEFs were transfected with Flag-SKP2 WT or ∆F mutant and Glc
starved for 18 hrs. Cells were fixed for immunocytochemistry and examined by confocal
microscopy. Flag-SKP2 (green); CARM1 (red); DAPI (blue). Scale bar 20 µm. (F)
Schematics of SKP2-SCF E3 ligase complex-dependent degradation of CARM1 (left).
Schematics of newly identified SKP2-CARM1 signaling axis in starvation-induced
autophagy (left).
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CARM1 is degraded by SKP2/CUL1-containing SCF E3 ligase in the nucleus
under nutrient-rich condition
Among E3 ubiquitin ligase family members, there are cullin family (CUL1, 2, 3, 4A,
4B, 5 and 7) and each cullin allows interaction with specific adaptors by acting as a
scaffold (Petroski and Deshaies, 2005). Since SKP2 is part of the SCF complex and
CUL1 was identified as a binding partner of CARM1 (Fig. II-5D), I checked whether
CARM1 could bind CUL1. Interestingly, among cullin family members tested, CARM1
specifically bound CUL1 (Fig. II-7A). More importantly, as a result of SKP2 downregulation, the interaction between CUL1 and CARM1 was significantly decreased
upon glucose starvation (Fig. II-7B). To examine whether CUL1 is responsible for
CARM1 ubiquitination as a component of the SKP2-containing SCF E3 ligase complex,
I performed ubiquitination assay by knockdown of CUL1. CUL1 depletion attenuated
CARM1 ubiquitination in the nucleus (Fig. II-7C). In contrast, overexpression of CUL1
WT, but not CUL1 K720R mutant which has impaired E3 ubiquitin ligase activity,
increased CARM1 ubiquitination in the nucleus (Fig. II-7D). Consistently, knockdown
of CUL1 increased the protein half-life of CARM1 (Fig. II-7E), whereas overexpression
of CUL1 WT, but not the K720R mutant, decreased the half-life of CARM1 (Fig. II-7F).
Collectively, these data indicate that SKP2- and CUL1-containing SCF E3 ligase
complex is responsible for CARM1 degradation in the nucleus under nutrient rich
condition (Fig. II-6F).
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Figure II-7. CARM1 is degraded by SKP2/CUL1-containing SCF E3 ligase in the
nucleus under nutrient-rich condition
(A) HepG2 cells were transiently transfected with Flag-tagged CULs. Cells were treated
with MG132 for 4 hrs prior harvesting and Flag-CUL 1, 2, 3, 4A, 4B or 5 was
immunoprecipitated with anti-Flag antibody and co-immunoprecipitated CARM1 was
detected by immunoblot analysis against anti-CARM1 antibody. (B) HepG2 cells
transfected with Flag-CUL1 were deprived of Glc for 18 hrs and treated with MG132
prior harvesting. Interaction between CARM1 and CUL1 was analyzed. (C) HepG2 cells
were infected with either nonspecific shRNA (shNS) or CUL1 shRNA (shCUL1)
lentivirus and in vivo ubiquitination assay of CARM1 was performed. (D) In vivo
ubiquitination assay of CARM1 using CUL1 WT or K720R mutant (MT). (E) HepG2
cells infected with 2 different CUL1 shRNA lentiviruses were subject to cycloheximide
(CHX) experiment (left). Protein half-life of CARM1 was quantitatively defined (right).
(F) CHX experiment in HepG2 expressing CUL1 WT or K720R MT (left). Protein halflife of CARM1 was quantitatively defined (right).*p< 0.05, **p<0.01. Statistics by onetailed t-test.
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AMPKα2 accumulates in the nucleus and is transcriptionally induced upon
glucose starvation
It has been shown that AMP-activated protein kinase (AMPK) is activated during
glucose starvation and leads to starvation-induced autophagy (Hardie, 2011; Inoki et al.,
2012; Mihaylova and Shaw, 2011). AMPK activates autophagy through its ability to
inactivate mTOR (Gwinn et al., 2008; Inoki et al., 2003) and by direct phosphorylation
of ULK1 (Egan et al., 2011; Kim et al., 2011) and other autophagy components (Kim et
al., 2013b), all of which occur in the cytoplasm. As the role of nuclear AMPK in the
outcome of autophagy has not been defined thus far, I aim to examine whether AMPK is
involved in transcriptional response to autophagy. Intriguingly, I found that unlike
AMPKα1, AMPKα2 protein level and phosphorylated AMPK, the activated form of
AMPK, increased in the nucleus upon glucose starvation along with CARM1 (Fig. II8A). Increased AMPKα2 protein level resulted from the transcription induction rather
than post-translational regulation (Fig. II-8B-C). AMPKα2 has been shown to be
preferentially expressed in the nucleus (Jakub et al., 1998), suggesting that it is possible
to perform distinct roles in the nucleus. To test the possibility that AMPK directly binds
and/or phosphorylates CARM1 and SKP2, I performed co-immunoprecipitation and in
vitro kinase assays. Co-immunoprecipitation assay showed that AMPK and CARM1 do
not bind at endogenous expression level in the nucleus upon glucose starvation (Fig. II8D). In vitro kinase assay revealed that AMPK does not directly phosphorylate SKP2
(Fig. II-8E).
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Figure II-8. AMPKα2 accumulates in the nucleus
(A) MEFs were deprived of Glc for the indicated times and nuclear fraction was
analyzed with indicated antibodies. h=hours. (B) qRT-PCR of Ampkα1 and Ampkα2 in
MEFs (right) and HepG2 cells (left). **p<0.01. Statistics by one-tailed t-test. (C)
Nuclear expression of AMPKα2 was analyzed after MG132 treatment. (D) Coimmunoprecipitation assay between CARM1 and AMPK from nuclear extract of MEFs
after 18 hrs of Glc starvation. (E) In vitro kinase assay. AMPK was immunopurified
from transfected HEK293T cells and GST-tagged proteins were purified from E.coli.
GST-SKP2 or GST-Beclin were incubated with AMP and [γ-32p]ATP for in vitro
phosphorylation by AMPK. GST-Beclin was used as positive control.
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AMPKα2 accumulated in the nucleus leads to repression of SKP2 and stabilization
of CARM1 under nutrient-starved condition.
Since the phosphorylated form of AMPK increased about 12 hours after glucose
starvation in the nucleus (Fig. II-8A), the involvement of AMPK in the regulation of
CARM1 stability in the nucleus was assessed using two well-characterized AMPK
activators, aminoimidazole carboxamide ribonucleotide (AICAR) and phenformin.
AMPK activation resulted in the increase of CARM1 and reduction of SKP2 (Fig. II9A). Next, I co-treated glucose starved cells with Compound C, an AMPK inhibitor.
Interestingly, increase in CARM1 and reduction of SKP2 were compromised when
AMPK activity was blocked by Compound C treatment (Fig. II-9B).
I then used WT and Ampkα1- and Ampkα2-double knockout (DKO) MEFs to check
for the expression of SKP2 and CARM1. Interestingly, reduction of SKP2 protein level
upon glucose starvation was not observed in Ampk DKO MEFs (Fig. II-9C). In the
nucleus, CARM1 was induced by glucose starvation in WT MEFs, but this induction
was abrogated in Ampk DKO MEFs (Fig. II-9C). In parallel, the half-life of the CARM1
protein in the nucleus was decreased in Ampk DKO MEFs compared to WT MEFs upon
glucose starvation (Fig. II-9D). Introduction of AMPKα2 WT, but not the dominantnegative (DN) form of AMPKα2, in Ampk DKO MEFs recovered the expression pattern
of SKP2 and CARM1 similar to WT MEFs when glucose starved (Fig. II-9E). Since
SKP2 is responsible for CARM1 degradation, I performed knockdown of SKP2 in
Ampk DKO MEFs to see whether CARM1 level is recovered. SKP2 depletion led to
increased CARM1 protein levels, indicating that reduction of CARM1 expression in

50

Ampk DKO MEFs is mediated by SKP2 (Fig. II-9F). Since the binding of CARM1 to
CUL1 is mediated by SKP2, knockdown of SKP2 or decrease in SKP2 expression upon
glucose starvation in WT MEFs almost completely abrogated mutual binding of
CARM1 and CUL1(Fig. II-9G). However, their binding was still maintained in Ampk
DKO MEFs upon glucose starvation as SKP2 failed to decrease (Fig. II-9G). Taken
altogether, I was able to conclude that decrease of SKP2 and subsequent increase of
CARM1 upon glucose starvation is AMPK-dependent.
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Figure II-9. Decrease of SKP2 and subsequent increase in CARM1 upon glucose
starvation is AMPK dependent
(A) MEFs were treated with AICAR (1 mM) or phenformin (2 mM) for 4 hrs. Nuclear
fraction was subject to immunoblot analysis with the indicated antibodies. (B) MEFs were
deprived of Glc in the absence or presence of 10 µM Compound C, an AMPK inhibitor,
and nuclear fraction was analyzed with indicated antibodies. (C) WT and Ampk DKO
MEFs were Glc starved and nuclear fraction was analyzed with indicated antibodies. (D)
WT and Ampk DKO MEFs were deprived of Glc for 12 hrs and treated with
cycloheximide (CHX) for indicated times. Nuclear CARM1 expression was analyzed
after subcellular fractionation (left). Protein half-life of CARM1 was quantitatively
defined (right). *p<0.05, **p<0.01. Statistics by one-tailed t-test. (E) Ampk DKO MEFs
were transfected with AMPKα2 WT or dominant-negative (DN) mutant and deprived of
Glc for 18 hrs. Immunoblot analysis with the indicated antibodies was performed after
nuclear fractionation. (F) Ampk DKO MEFs were infected with SKP2 shRNA lentivirus
and deprived of Glc for 18 hrs. Immunoblot analysis was performed from nuclear fraction
with the indicated antibodies. (G) CARM1-CUL1 interaction was analyzed after SKP2
knockdown in WT and Ampk DKO MEFs
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AMPK-dependent SKP2 downregulation is mediated by FOXO transcription
factor
Reduction of SKP2 expression upon glucose starvation is not mediated by proteasomal
degradation (Fig. II-10A), but rather regulated at transcription level (Fig. II-10B), as
SKP2 mRNA level decreased upon glucose starvation in MEFs and HepG2 cells.
Glucose starvation failed to decrease Skp2 mRNA level in Ampk DKO MEFs, but
reconstitution of AMPKα2 WT, but not AMPKα2 DN mutant, restored reduction of
Skp2 mRNA level (Fig. II-10C). Therefore, I prompted to search for a possible
regulatory mechanism of SKP2 down-regulation by AMPKα2. Interestingly, Skp2
promoter analysis revealed a highly conserved FOXO response element (Fig. II-10D).
FOXO transcription factors are a subgroup of the Forkhead family involved in diverse
functions including tumor suppression, energy metabolism, aging, and autophagy
(Maiese et al., 2008; Salih and Brunet, 2008; van der Horst and Burgering, 2007).
Recent studies have emphasized the AMPK-FOXO axis as a highly conserved nutrientsensing pathway critical for cellular and organismal homeostasis (Eijkelenboom and
Burgering, 2013). FOXO3a is directly modulated by AMPK as AMPK directly
phosphorylates FOXO3a and regulates FOXO3a transcriptional activity without
affecting its subcellular localization (Greer et al., 2007). Although mainly known as
transcriptional activators, FOXO proteins function as transcriptional repressors as well
(Lam et al., 2013; Potente et al., 2005; Wang and Li, 2010; Yang et al., 2014). Therefore,
I hypothesized that FOXO might function as a transcriptional repressor of SKP2. To
examine whether the FOXO response element is functional on Skp2 promoter, I
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performed luciferase reporter assay driven by Skp2 promoter. Glucose starvation
attenuated Skp2 promoter-luciferase activity, but Skp2 promoter in which I replaced the
core FOXO consensus response element GTAAACTA into GTGGGGTA showed no
change in luciferase activity upon glucose starvation (Fig. II-10D), indicating that the
FOXO response element of Skp2 promoter is functional. In Foxo1/3/4 triple KO (TKO)
MEFs, Skp2 mRNA level failed to decrease upon glucose starvation (Fig. II-10E).
Reconstitution of FOXO3a WT in Foxo1/3/4 TKO MEFs significantly reduced Skp2
mRNA level (Fig. II-10F), indicating that FOXO3a functions as a critical transcription
repressor of SKP2. In contrasts, neither FOXO3a H212R (HR) DNA-binding mutant
(Tsai et al., 2007) nor FOXO3a SA mutant which is not phosphorylated by AMPK
(Greer et al., 2007) reduced Skp2 mRNA level (Fig. II-10F).
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Figure II-10. AMPK-dependent SKP2 downregulation is mediated by FOXO
transcription factor
(A) Immunoblot analysis with the indicated antibodies after Glc starvation in the
absence or presence of MG132.(B) Quantitative RT-PCR (qRT-PCR) of Skp2 following
Glc starvation in MEFs and HepG2 cells. *** p<0.001. Statistics by one-tailed t-test. (C)
Ampk DKO MEFs were transfected with AMPKα2 WT or DN mutant and analyzed for
Skp2 mRNA level. *** p<0.001. Statistics by one-tailed t-test. (D) Schematics of Skp2
promoter (left). Luciferase activities of Skp2 WT promoter and FOXO response element
mutant (FRE MT) were measured in MEFs after Glc starvation (right). ** p<0.01,
NS=Non-Significant. Statistics by one-tailed t-test. (E) Foxo1/3/4 f/f MEFs were
infected with Cre virus and analyzed for Skp2 mRNA level. ** p<0.01, NS=NonSignificant. Statistics by one-tailed t-test. (F) Foxo1/3/4 f/f MEFs were infected with Cre
virus and transfected with indicated plasmids. Skp2 mRNA level was analyzed.
** p<0.01. Statistics by one-tailed t-test.
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AMPK-mediated FOXO phosphorylation is critical in SKP2 transcriptional
repression
Glucose starvation resulted in FOXO3a phosphorylation which was abolished in Ampk
DKO cells (Fig. II-11A). Since AMPKα2 has been shown to be preferentially expressed
in the nucleus (Jakub et al., 1998), I performed ChIP assay on Skp2 promoter to examine
for possible recruitment of AMPKα2 and phosphorylated FOXO3a. ChIP assay revealed
increased co-recruitment of AMPKα2 and phosphorylated FOXO3a on Skp2 promoter
upon glucose starvation (Fig. II-11B). Next, I rescued AMPKα2 WT or AMPKα2 DN
mutant in Ampk DKO MEFs and performed ChIP assays to further validate the
recruitment of AMPKα2-dependent phosphorylated FOXO3a on Skp2 promoter upon
glucose starvation. Phosphorylated FOXO3a recruitment was accompanied by a
decrease in RNA pol II level, indicating transcription repression of SKP2 (Fig. II-11C).
Next, I reconstituted FOXO3a WT or SA mutant in Foxo1/3/4 TKO cells and performed
ChIP assay on Skp2 promoter. Upon glucose starvation, phosphorylated FOXO3a is
recruited on the Skp2 promoter along with decreased RNA pol II level, but FOXO3s SA
mutant failed to be recruited to the Skp2 promoter upon glucose starvation (Fig. II-11D),
indicating that AMPK-dependent FOXO3a phosphorylation is crucial for the
recruitment of FOXO3a on Skp2 promoter. FOXO3a SA mutant exhibited comparable
expression level to FOXO3a WT but SKP2 expression failed to decrease and autophagy
occurrence was impaired in FOXO3a SA mutant-reconstituted Foxo1/3/4 TKO MEFs
(Fig. II-11E).
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Figure II-11. AMPK-mediated FOXO phosphorylation is critical in SKP2
transcriptional repression
(A) Immunoblot analysis with the indicated antibodies in WT and Ampk DKO MEFs
after Glc starvation. (B) ChIP assays on Skp2 promoter in WT MEFs following Glc
starvation. *** p<0.001. Statistics by one-tailed t-test. (C) ChIP assays in Ampk DKO
MEFs reconstituted with AMPKα2 WT or DN mutant. ** p<0.01, NS=Non-Significant.
Statistics by one-tailed t-test. (D) Foxo 1/3/4 TKO MEFs were transfected with
indicated plasmids and ChIP assay of Skp2 promoter was performed (left). ** p<0.01.
Statistics by one-tailed t-test. Schematics of SKP2 regulation by AMPK-FOXO axis
(right). (E) Immunoblot analysis with the indicated antibodies in Foxo1/3/4 TKO MEFs
transfected with FOXO3a WT or SA mutant.
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SKP2 knockdown or CARM1 overexpression partially recover autophagy in Ampk
DKO MEFs
Given that CARM1 failed to increase in Ampk DKO MEFs after glucose starvation but
is completely restored after SKP2 knockdown, I sought to examine the autophagy
occurrence in Ampk DKO MEFs. Confocal microscopy showed that the number of
GFP-LC3 positive punctate cells strikingly increased upon glucose starvation in Ampk
DKO MEFs after knockdown of SKP2 (Fig. II-12A). In parallel, I examined whether
knockdown of SKP2 in Ampk DKO MEFs can restore the increase in LC3 conversion.
Compared to WT MEFs, glucose starvation-induced LC3 conversion was minimal in
Ampk DKO MEFs, but knockdown of SKP2 in Ampk DKO MEFs significantly restored
the increase in LC3 conversion upon glucose starvation (Fig. II-12B).
I also tested whether CARM1 overexpression could restore autophagy induction in
Ampk DKO MEFs. GFP-LC3 puncta analysis showed that in Ampk DKO MEFs,
introduction of CARM1 WT or ubiquitination-defective K471R mutant restored the
number of GFP-LC3 punctate cells, whereas enzymatic-dead mutant CARM1 R169A
failed to do so (Fig. II-12C), indicating that enzymatic activity of CARM1 is required
for autophagy induction.
Together, I found a new signaling axis in autophagy induction where glucose
starvation activates AMPKα2 in the nucleus leading to the transcriptional repression of
SKP2 via FOXO3a phosphorylation. Reduction of SKP2 expression in turn leads to
increased CARM1 expression along with H3R17me2 signal resulting in autophagy
induction (Fig.II-12D).
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Figure II-12. SKP2 knockdown or CARM1 overexpression partially recover
autophagy in Ampk DKO MEFs
(A) Ampk DKO MEFs infected with lentiviruses expressing nonspecific shRNA (shNS)
or SKP2 shRNA (shSKP2) were transfected with GFP-LC3 and the formation of GFPLC3-positive autophagosomes was examined by confocal microscopy. SKP2 (red);
GFP-LC3 (green); DAPI (blue). Scale bar, 20 µm. The graph shows quantification of
LC3-positive punctate cells (left). ** p<0.01, *** p<0.001. Statistics by one-tailed t-test.
(B) WT and Ampk DKO MEFs infected with shNS or shSKP2 were deprived of Glc for
18 hrs. Immunoblot analysis was performed from whole extracts with the indicated
antibodies. (C) Ampk DKO MEFs were transfected with CARM1 WT, ubiquitinationdefective mutant K471R or enzymatic mutant R169A along with GFP- LC3 and the
formation of GFP-LC3-positive autophagosomes was examined by confocal microscopy.
CARM1 (red); GFP-LC3 (green); DAPI (blue). Scale bar, 20 µm. *p<0.05, ** p<0.01.
Statistics by one-tailed t-test. (D) Schematics of newly identified AMPK-FOXO3aSKP2-CARM1 signaling cascade in starvation-induced autophagy.
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II-4. Discussion
In this study, I identify the histone arginine methyltransferase CARM1 as a novel
component and subsequent histone H3R17 dimethylation as critical epigenetic mark in
starvation-induced autophagy. Interestingly, I found that CARM1 is stabilized upon
starvation and degraded by SKP2-SCF E3 ligase complex under nutrient-rich condition in
the nucleus, but not in the cytoplasm. Further, I defined the molecular mechanism
underlying CARM1 stability. Indeed, starvation led to AMPKα2 activation in the nucleus,
and AMPKα2 directly phosphorylated FOXO3a for transcriptional repression of SKP2.
ChIP assay showed that phosphorylated FOXO3a is recruited on Skp2 promoter
containing FOXO binding element. Down-regulated SKP2 leads to the stabilization of
CARM1 and subsequent induction of autophagy.
It is important to note that CARM1 stability is regulated primarily in the nucleus due to
the exclusive nuclear localization of SKP2. It is plausible that basal level of CARM1
expression in the nucleus is required for efficient and rapid induction of CARM1 in
response to glucose starvation. I speculate that this type of stabilization of histone
modifiers in the nucleus might be an efficient way to regulate target gene expression and
could be a prototype of protein stabilization in specific compartments of the cells in
starvation-induced autophagy.
Taken together, my finding provides evidence of CARM1 induction as a critical nuclear
event of autophagy and further supports the need to view autophagy that encompasses
both cytoplasmic and nuclear events for complete understanding of the process.
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Figure II-13. Schematic model of the newly identified AMPK-FOXO3a-SKP2CARM1 signaling cascade in starvation-induced autophagy
Under nutrient-rich condition, CARM1 is degraded by SKP2-SCF E3 ubiquitin ligase in
the nucleus. Under nutrient-deprived condition, activated AMPK directly
phosphorylates FOXO which in turn transcriptionally represses SKP2. Stabilized
CARM1 then increases histone H3R17 dimethylation (H3R17me2).
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II-5. Materials and Methods

Antibodies
The following commercially available antibodies were used: Anti-AMPKα1 (ab110036),
anti-AMPKα2 (ab3760), anti-FOXO3a (ab12162), anti-histone H3 (ab1791), antiH3R17me2 (ab8284), anti-H3K4me3 (ab8580), anti-H3K9me3 (ab8898), and antiH3K36me3 (ab9050) antibodies were purchased from Abcam. Anti-AMPK (#2532),
anti-CARM1 (#3379 for IB, #12495 for IP), anti-LC3 (#2775), anti-phospho-AMPKα
T172 (#2535), anti-phospho-FOXO3a S413 (#8174), and anti-SQSTM1/p62 (#5114)
antibodies were from Cell Signaling technology. Anti-SKP2 (sc-7164), anti-CUL1 (sc17775), anti-Tubulin (sc-8035), and anti-Lamin A/C (sc-6215) were from Santa Cruz
biotechnology. Anti-Flag (F3165), and anti-β-actin (A1978) antibodies were from
Sigma, anti-HA antibody (#MMS-101R) and anti-RNA-Polymerase II (8WG16)
(#MMS-126R) from Covance, and anti-tubulin antibody (LF-PA0146A) from Abfrontier.
The following chemicals were used in this study: rapamycin (R-5000) was purchased
from LC laboratories, cycloheximide (C4859), AICAR (A9978) and phenformin (P7045)
from Sigma, Bafilomycin A1 (#11038) and ellagic acid from Cayman (#10569),
Compound C from Calbiochem (#171260), and MG132 (M-1157) from A.G. Scientific.

Cell culture and generation of shRNA knockdown cells
HEK293T, HeLa, HepG2 cells, WT, Carm1 KO, Ampk DKO, Foxo1.3.4 f/f MEFs were
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cultured at 37°C in Dulbecco’s modified Eagle’s medium (DMEM) containing 10 %
fetal bovine serum (FBS) and antibiotics in a humidified incubator with 5 % CO2. All
cell lines used in the study were regularly tested for mycoplasma contamination. For
glucose starvation, cells were washed with PBS, then incubated with glucose-free
DMEM supplemented with 10 % dialyzed FBS. Transfection was performed with
Turbofect (Fermentas) or Lipofectamine 3000 (Invitrogen) according to manufacturer’s
protocol. To generate knockdown cells, lentiviral shRNA constructs were first
transfected along with viral packaging plasmids (psPAX2 and pMD2.G) into HEK293T
cells. Three days post-transfection, viral supernatant was filtered through 0.45-µm filter
and infected into targeting cells. Infected cells were then selected with 5 µg/ml
puromycin. The targeting sequences of shRNAs are as follows.
mCARM1-1; 5’-TCAGGGACATGTCTGCTTATT-3’,
mCARM1-2; 5’-GCCTGAGCAAGTGGACATTAT-3’,
mSKP2; 5’-GCAAGACTTCTGAACTGCTAT-3’,
hCUL1-1; 5’-GATTTGATGGATGAGAGTGTA-3’,
hCUL1-2; 5’- CCCGCAGCAAATAGTTCATGT-3’,
hSKP2-1; 5’-TTCCGCTGCCCACGATCATTT-3’,
hSKP2-2; 5’-AGTCGGTGCTATGATATAATA-3’.

Cre-retrovirus infection
PT67 packaging cells (Clontech) transfected with retroviral plasmid expressing Cre
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recombinase were grown in puromycin selection media, and the clone producing hightiter virus particle (PT67-Cre) was obtained. Foxo1.3.4f/f MEFs were incubated with
culture supernatants containing PT67-Cre virus overnight in the presence of 4 μg/ml
polybrene (Sigma). Cells were then treated with 5 μg/ml of puromycin for 48 hr for
selection.

Whole-cell lysate preparation and subcellular fractionation
All cells were briefly rinsed with ice-cold PBS before collection. For whole-cell lysates,
the cells were resuspended in RIPA buffer (150 mM NaCl, 1 % Triton X-100, 1 %
Sodium deoxycholate, 0.1 % SDS, 50 mM Tris-HCl [pH 7.5], and 2 mM EDTA [pH
8.0] ) supplemented with protease inhibitors and sonicated using a Branson Sonifier 450
at output 3 and a duty cycle of 30 for 5 pulses. For cytosolic and nuclear fractions, cells
were lysed in harvest buffer (10 mM HEPES [pH 7.9], 50 mM NaCl, 0.5 M sucrose, 0.1
mM EDTA, 0.5 % Triton X-100 and freshly added DTT, PMSF and protease inhibitors),
incubated on ice for 5 min and spun at 1,000 rpm for 10 min at 4°C. The supernatant
(cytosolic fraction) was removed to a separate tube. The nuclear pellet was rinsed twice
with 500 µl of buffer A (10 mM HEPES [pH 7.9], 10 mM KCl, 0.1 mM EDTA, and 0.1
mM EGTA) and spun down at 1,000 rpm for 10 min at 4°C. The supernatant was
discarded and the pellet (nuclear fraction) were resuspended in RIPA buffer and
sonicated as for the whole-cell lysates. All lysates were quantified by the Bradford
method and analyzed by SDS-PAGE.
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Immunofluorescence
Immunocytochemistry was performed as previously described (Kim et al., 2012). Cells
grown on coverslips at a density of 7 x 104 cells were washed three times with PBS and
then fixed with 2 % paraformaldehyde in PBS for 10 min at RT. Fixed cells were
permeabilized with 0.1 % Triton X-100 in PBS (PBS-T) for 10 min at RT. Blocking was
performed with 3 % bovine serum in PBS-T for 30 min. For staining, cells were
incubated with antibodies for 2 hrs at RT, followed by incubation with fluorescent
labeled secondary antibodies for 1 hr (Invitrogen). Cells were mounted and visualized
under a confocal microscope (Zeiss, LSM700). For autophagy studies, MEF cells were
transfected with GFP-LC3 and sub-cultured onto coverslips. The following day, cells
were incubated with either complete media or glucose starvation media for 18 hrs. Cells
were treated with rapamycin for 24 hrs and ellagic acid for 18 hrs.

Electron microscopy
Cells were fixed in 0.1 M sodium cacodylate containing 4 % glutaraldehyde, 1 %
paraformaldehyde for 1 hr at room temperature (RT). After washing three times with 0.1
M sodium cacodylate, cells were dehydrated through a gradient series of ethanol, 20
min each step, starting from 50 % ethanol and ending with 100 % ethanol. Afterwards,
cells were incubated with progressively concentrated propylene oxide dissolved in
ethanol then infiltrated with increasing concentration of Eponate 812 resin. Samples
were baked in a 65 °C oven overnight then sectioned using Ultra microtome. Sections
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were viewed with an energy filtering TEM unit (LEO-192AB OMEGA, Carl Zeiss) at
the Korean Basic Science Institute, South Korea.

Site-directed mutagenesis
To generate the CARM1 ubiquitination mutant (K471R), CUL1 mutant (K720R),
FOXO-response element(FRE) mutant in SKP2-promoter luciferase construct, FOXO3a
DNA-binding mutant (H212R) and FOXO3a SA mutant site-directed mutagenesis assay
by PCR was performed using the following primers.
mCARM1 K471R Forward(Fwd): 5’- ccagtaacctgctggatctaaggaaccccttcttcagg -3’
mCARM1 K471R Reverse(Rev): 5’- cctgaagaaggggttccttagatccagcaggttactgg -3’
hCUL1 K720R Fwd: 5’- catcgtgagaatcatgaggatgaggaaggttctg -3’
hCUL1 K720R Rev: 5’ - cagaaccttcctcatcctcatgattctcacgatg -3’
mSkp2 promoter_FREmut Fwd: 5’- cctttcctcacttgtgggctaggctcgaggacg -3’
mSkp2 promoter_FREmut Rev: 5’- cgtcctcgagcctagcccacaagtgaggaaagg -3’
FOXO3a T179A Fwd: 5’- cggacaaacggctagctctgtcccagatc -3’
FOXO3a T179A Rev: 5’- gatctgggacagagctagccgtttgtccg -3’
FOXO3a S399A Fwd: 5’ - cacgctcccgccggcccagccatcgccc -3’
FOXO3a S399A Rev: 5’ - gggcgatggctgggccggcgggagcgtg -3’
FOXO3a S413A Fwd: 5’- catgcagcggagctcagctttcccgtatacc - 3’
FOXO3a S413A Rev: 5’ - ggtatacgggaaagctgagctccgctgcatg - 3’
FOXO3a S555A Fwd: 5’ - ccttgtcgaattctgtcgccaacatgggcttgag - 3’
FOXO3a S555A Rev: 5’ - ctcaagcccatgttggcgacagaattcgacaagg - 3’
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FOXO3a S588A Fwd: 5’ – cctctcggactctctcgcaggatcctccttgtactc - 3’
FOXO3a S588A Rev: 5’- gagtacaaggaggatcctgcgagagagtccgagagg - 3’
FOXO3a S626A Fwd: 5’ – ggaatgtgacatggaggccattatccgtag - 3’
FOXO3a S626A Rev: 5’ – ctacggataatggcctccatgtcacattcc - 3’
FOXO3a H212R Fwd: 5’- gaactccatccggcgcaacctgtcactgc - 3’
FOXO3a H212R Rev: 5’ – gcagtgacaggttgcgccggatggagttc -3’
The amplified fragments were treated with DpnI and were transformed to E. coli. All
mutants were verified by sequencing.

Ubiquitination assay
Cells were transfected with combinations of plasmids including HisMax-tagged ubiquitin.
After incubation for 48 hrs, cells were treated with 5 µg/ml of MG132 for 4 hrs, lysed in
buffer A (6 M guanidinium-HCl, 0.1 M Na2HPO4/NaH2PO4, 0.01 M Tris-HCl [pH 8.0], 5
mM imidazole, and 10 mM β-mercaptoethanol), and incubated with Ni2+-NTA beads
(QIAGEN) for 4 hrs at RT. The beads were sequentially washed with buffer A, buffer B (8
M urea, 0.1 M Na2PO4/NaH2PO4, 0.01 M Tris-HCl [pH 8.0], and 10 mM βmercaptoethanol), and buffer C (8 M urea, 0.1 M Na2PO4/NaH2PO4, 0.01 M Tris-HCl [pH
6.3], and 10 mM β-mercaptoethanol). Bound proteins were eluted with buffer D (200 mM
imidazole, 0.15 M Tris-HCl [pH 6.7], 30 % glycerol, 0.72 M β-mercaptoethanol, and 5 %
SDS), and subject to immunoblot analysis. Ubiquitination site prediction software was
used for CARM1 ubiquitination site prediction (Chen et al., 2013).
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In vitro kinase assay
GST-SKP2 and Beclin (1-148 amino acids) were transformed in Rosetta E.coli,
purified with glutathione beads (GE Healthcare) and eluted in elution buffer (50 mM
Tris-HCl [pH 8.0], 100 mM NaCl, 10 mM L-glutathione reduced (SIGMA). HAAMPKα1 constitute active (CA) were co-transfected in HEK293T with Flag-AMPKβ
and HA-AMPKγ, and the complex was immunoprecipitated using Flag-M2 bead
(SIGMA) and eluted through 3X-Flag peptide in elution buffer (0.1 mg/ml in TBS). 1
μg of each substrate was reacted with AMPK complexes in kinase reaction buffer
containing 20 mM HEPES [pH 7.4], 5 mM MgCl2, 1 mM EGTA, 0.4 mM EDTA, and
0.05 mM DTT as previously described (Kim et al., 2013b). Reactions were incubated
with 150 μM AMP and 2 μCi of radiolabeled [γ-32p]ATP at 30°C for 15 min. The
reactions were terminated by adding SDS sampling buffer, and phosphorylation was
detected by SDS-PAGE and autoradiography.

Construction of reporter plasmids and luciferase assays
The Skp2 promoter region (from 1 kb upstream of transcription start site to 200 bp
downstream) was cloned into pGL2-luciferase reporter vector (Promega). FOXO
response element (FRE) mutant on Skp2 promoter was constructed by site-directed
mutagenesis. MEFs were transiently transfected with luciferase reporter plasmids and
luciferase activity was measured 36 hrs post-transfection and normalized by βgalactosidase expression.
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Quantitative RT-PCR
Total RNAs were extracted using Trizol (Invitrogen) and reverse transcription was
performed from 2.5 µg total RNAs using the M-MLV cDNA Synthesis kit
(Enzynomics). The abundance of mRNA was detected by an ABI prism 7500 system or
BioRad CFX384 with SYBR TOPreal qPCR 2x PreMix (Enzynomics). The quantity of
mRNA was calculated using ddCt method and HPRT, GAPDH and β-actin were used as
controls. All reactions were performed as triplicates.
The following mouse primers were used in this study.
β-actin Fwd: 5’ – TAGCCATCCAGGCTGTGCTG - 3’
β-actin Rev: 5’ – CAGGATCTTCATGAGGTAGTC - 3’
Gapdh Fwd: 5’ - CATGGCCTTCCGTGTTCCTA - 3’
Gapdh Rev: 5’ – CCTGCTTCACCACCTTCTTGA - 3’
Hprt Fwd: 5’ - GCTGGTGAAAAGGACCTCTCG - 3’
Hprt Rev: 5’ – CCACAGGACTAGAACACCTGC - 3’
Skp2 Fwd: 5’ - CCTCCAAGGAAACGAGTCAAG - 3’
Skp2 Rev: 5’ – CAGGAGACACCTGGAAAGTTC - 3’.
Ampkα1 Fwd: 5’ – GTCAAAGCCGACCCAATGATA - 3’
Ampkα1 Rev: 5’ - CGTACACGCAAATAATAGGGGTT - 3’
Ampkα2 Fwd: 5’ - CAGGCCATAAAGTGGCAGTTA - 3 ‘
Ampkα2 Rev: 5’ - AAAAGTCTGTCGGAGTGCTGA - 3’
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The following human primers were used in this study.
ACTB Fwd: 5′-ATTGCCGACAGGATGCAGAA-3′
ACTB Rev: 5'-ACATCTGCTGGAAGGTGGACAG-3′
GAPDH Fwd: 5′-CGACCACTTTGTCAAGCTCA-3′
GAPDH Rev: 5′-AGGGGAGATTCAGTGTGGTG-3′
HPRT Fwd: 5’-TGACACTGGCAAAACAATGCA-3’,
HPRT Rev: 5’-GGTCCTTTTCACCAGCAAG CT-3’
SKP2 Fwd: 5’ - ATGCCCCAATCTTGTCCATCT -3’
SKP2 Rev: 5’ - CACCGACTGAGTGATAGGTGT - 3’
AMPKA1 Fwd: 5’ -TTTGCGTGTACGAAGGAAGAAT -3’
AMPKA1 Rev: 5’- CTCTGTGGAGTAGCAGTCCCT -3’
AMPKA2 Fwd: 5’- CTGTAAGCATGGACGGGTTGA -3’
AMPKA2 Rev: 5’ - AAATCGGCTATCTTGGCATTCA -3’

ChIP assays and qRT-PCR analyses
Cells were crosslinked with 1% formaldehyde for 10 min at room temperature. After
glycine quenching, the cell pellets were lysed in buffer containing 50mM Tris-HCl
(pH8.1), 10mM EDTA, 1% SDS, supplemented with complete protease inhibitor cocktail
(Roche), and sonicated. Chromatin extracts containing DNA fragments with an average of
250bp were then diluted tem times with dilution buffer containing 1% Triton X-100, 2mM
EDTA, 150mM NaCl, 20mM Tris-HCl (pH 8.1) with complete protease inhibitor cocktail,
pre-cleared with protein A/G sepharose and subjected to immunoprecipitations for
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overnight at 4°C.

Immunocomplexes were captured by incubating 45ul of protein A/G

sepharose for 2 hours at 4°C. Beads were washed with low-salt wash buffer (0.1% SDS, 1%
Triton X-100, 2mM EDTA, 20mM Tris-HCl (pH 8.1), 150mM NaCl), high-salt wash
buffer (0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris-HCl (pH 8.1), 500mM
NaCl), buffer III buffer (0.25M LiCl, 1% NP-40, 1% deoxycholate, 10mM Tris-HCl (pH
8.1), 1mM EDTA), TE buffer (10mM Tris-HCl (pH 8.0), 0.5M EDTA) and eluted in
elution buffer (1% SDS, 0.1M NaHCO3). The supernatant was incubated overnight at
65°C to reverse-crosslink, digested with RNase A for 2 hours at 37°C and proteinase K for
2 hours at 55°C. ChIP and input DNA were then purified and analyzed for qRT-PCR
analysis.
Quantitative PCR (qPCR) was used to measure enrichment of bound DNA, and the value
of enrichment was calculated by relative amount to input and ratio to IgG. All reactions
were performed in triplicates. The following primers were used in ChIP assays.
mSkp2 (FRE) Fwd: 5’ - CCTTAGGACTGGGTCTGTGG - 3’
mSkp2 (FRE) Rev: 5’ - GCACGCTGATTTGATCTTCA - 3’

Statistical analysis
All experiments were performed independently at least three times. For GFP-LC3 puncta
counting, five random confocal images were chosen and the number of cells with GFPpositive dots was counted. An average of 80 cells was examined for each group and pvalues were calculated using one-tailed t-test. Values are expressed as mean ± s.e.m. A p-
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value of less than 0.05 was considered statistically significant.
NS=Non-Significant, *p<0.05, **p<0.01, ***p<0.001.
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CHAPTER III
CARM1 exerts transcriptional coactivator function on
autophagy-related and lysosomal genes though TFEB
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III-1. Summary
Autophagy is an evolutionary conserved process that promotes the degradation of
cytoplasmic proteins and organelles by lysosome. Besides operating as a quality control
mechanism in steady-state conditions, autophagy is triggered in response to stress
including nutrient starvation (Klionsky, 2007; Mizushima, 2007). Autophagy is
commonly seen as a cytoplasmic event but accumulating evidence has unveiled the
importance of epigenetic and transcriptional network that regulates autophagy. It is now
widely accepted that prolonged autophagic response relied on the activation of specific
transcriptional programs (Füllgrabe et al., 2014b). Although major transcription factors in
autophagy have been defined and extensively studied, little is known on the nuclear
dynamics of autophagy and the network between transcription and histone modifications
in autophagy. Here, I provide evidence that nutrient starvation-induced CARM1 functions
as a critical transcriptional coactivator of autophagy-related and lysosomal genes through
Transcription Factor EB (TFEB). Furthermore, ellagic acid treatment that block H3R17
dimethylation almost completely abolished CARM1-induced autophagy occurrence in
vivo suggesting that increase in histone H3R17 dimethylation from increased CARM1
expression directly regulates the outcome of autophagy. Taken together, our findings
provide evidence of CARM1-dependent histone arginine methylation as a critical nuclear
event of epigenetic and transcriptional regulation in autophagy and shed light on a
potential therapeutic targeting of a new signaling axis of AMPK-SKP2-CARM1 in
autophagy-related diseases.
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III-2. Introduction
The class I enzyme PRMT4, commonly called CARM1, methylates histones and several
non-histone proteins and influences many cellular processes including signal transduction,
RNA processing and transcriptional regulation (Wolf, 2009). It is known to enhance
transcriptional activation through interaction with the coactivators CBP, p300 and p160
and methylation of histone H3R17 (H3R17me2) (Lee and Stallcup, 2009). CARM1
methylation sites on histone substrates have been mapped to H3R17 and H3R26 but
biochemical studies revealed that CARM1 preferentially methylation H3R17 over H3R26
(Jacques et al., 2016). CARM1 methylation of histones is thought to promote active
transcription through the recruitment of chromatin-remodeling complexes and
transcriptional elongation complexes but the functional significance of H3R17me2 has
not yet been elucidated.
Many transcription factors regulating autophagy genes have been reported thus far but
TFEB is the only transcription factor that controls the transcription of both autophagyrelated and lysosomal genes. Indeed, TFEB appears to have a much broader activity since
it controls genes involved in multiple crucial steps of the autophagy pathway such as
autophagosome formation, autophagosome-lysosome fusion and lysosome-mediated
degradation of the autophagosomal content. TFEB is localized in the cytoplasm and
rapidly translocates into the nucleus upon starvation or lysosomal stress. This change in
subcellular localization, essentially mediated by phosphorylation, simultaneously
promotes lysosomal biogenesis, autophagy induction as well as expression of critical
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mitochondrial and metabolic regulators (Martina et al., 2012; Roczniak-Ferguson et al.,
2012; Settembre et al., 2013a; Settembre et al., 2011; Settembre et al., 2012). Although
regulation of TFEB by phosphorylation has been extensively studied, the mechanism of
TFEB regulation in the nucleus is far unknown. Epigenetic regulation and transcription
complex of TFEB as well as transcriptional cofactors involved in TFEB target gene
activation have not been defined yet.
Activation of TFEB leads to an increased number of autophagosomes and autophagic
flux, biogenesis of new lysosomes, and clearance of storage material in several lysosomal
storage disorders and neurodegenerative diseases (Settembre et al., 2011; Settembre et al.,
2013b). Since autophagy dysfunction has been linked to several disorders, understanding
the mechanism of TFEB activation and transcriptional induction of its target genes would
enlarge therapeutic strategies to modulate cellular clearance and disease progression.

78

III-3. Results
Identification of CARM1 target genes by RNA-sequencing
To gain insight on the role of CARM1 in chromatin and transcriptional regulation of
autophagy in a genome-wide scale, I performed RNA-sequencing (RNA-seq)
experiments in WT and Carm1 KO MEFs following glucose starvation (Fig. III-1A). By
comparing the transcriptome in WT and Carm1 KO MEFs subject to either nutrient rich
condition or glucose starvation, I identified a total of 4,998 differentially expressed
genes (DEGs) that can be classified into six groups by unsupervised hierarchical cluster
analysis (Fig. III-1B). Among these genes, I was particularly interested in the pools that
are activated upon glucose starvation in WT MEFs but failed to be so in Carm1 KO
MEFs (Cluster 1), as CARM1 is a transcriptional coactivator. As Carm1 KO MEFs are
autophagy defective, I aimed to examine the contribution of CARM1 in transcriptional
regulation of autophagy. The process of autophagy relies on the cooperation of
autophagosomes and lysosomes, and lysosomal biogenesis and function are highly
dependent on transcription (Laplante and Sabatini, 2013; Settembre et al., 2013b).
Using a comprehensive list of 246 known autophagy-related genes and 348 known
lysosomal genes (Table III-1), I found that potential CARM1 target genes (Cluster 1) are
significantly enriched for autophagy-related genes and lysosomal genes (Fig. III-1C).
Among them are critical components of autophagy initiation (Ulk1, Atg13), vesicle
nucleation (PIk3c3/Vps34, Atg14), elongation (Atg12, Map1lc3) and lysosomes (Vps11,
Ctsf).
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I examined whether glucose starvation affects genes regulated by specific transcription
factors such as Transcription Factor EB (TFEB), p53, FOXO, and hypoxia-inducible
factor (HIF), which have been previously reported to modulate transcription upon
energy deprived condition (Pietrocola et al., 2013). I investigated the enrichment of the
motif of these factors at the promoter region of the genes in Cluster 1. The analysis
indicates that TFEB may be a major transcription factor for CARM1 upon glucose
starvation (Fig. III-1D). I further validated CARM1 dependency of the autophagyrelated genes and lysosomal genes in WT and Carm1 KO MEFs with or without glucose
starvation by individual qRT-PCR analysis (Fig. III-1E). These data indicate that upon
glucose starvation, CARM1 regulates the autophagy process through transcriptional
activation of key autophagy-related genes and lysosomal genes in the nucleus.
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Figure III-1. Identification of CARM1 target genes by RNA-seq analysis
(A) Flow chart showing the strategy of RNA-seq analysis. A total of 4,998 differentially
expressed genes (DEGs) are identified using a pairwise comparison between WT and
Carm1 KO MEFs under Normal or Glc starvation. (B) Hierarchical clustering results
applied to 4,998 DEGs identified 6 Clusters including Cluster 1, where Glc starvation upregulates gene expression levels only in WT MEFs, indicating CARM1-dependent target
genes. (C) Autophagy-related genes and lysosomal genes significantly observed in Cluster
1. Hyper-geometric p-values were calculated using the genes from the human autophagy
database
(http://autophagy.lu)
and
the
mouse
autophagy
database
(http://www.tanpaku.org/autophagy) as well as the human lysosome gene database
(http://lysosome.unipg.it/). (D) Genes from cluster 1 were analyzed for transcription
factor (TF) motif enrichment of TFEB, p53, FOXO, and HIF, which are all known TFs
involved in autophagy and lysosomal biogenesis at their promoter region (-500~100).
Hypergeometric p-values were calculated. (E) qRT-PCR analysis showing mRNA levels
of CARM1-dependent autophagy-related genes and lysosomal genes in WT and Carm1
KO MEFs in response to Glc starvation. Data represent mean ± s.e.m. NS = NonSignificant; *p<0.05, ** p<0.01. Statistics by one-tailed t-test.
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Table III-1. List of autophagy-related genes and lysosomal genes.
Lysosomal genes were obtained from lysosomal gene database http://lysosome.unipg.it.
Autophagy genes were combined from the human autophagy database
(http://autophagy.lu)
and
the
mouse
autophagy
database
(http://www.tanpaku.org/autophagy).
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Identification of CARM1 target genes by ChIP-sequencing
I performed chromatin immunoprecipitation (ChIP)-sequencing analysis against antiH3R17me2 antibody in WT MEFs upon glucose starvation. I observed active promoters
were enriched for H3R17me2 as well as activating H3K4me3 signal (Fig. III-2A). On
the other hand, H3R17me2 signals were missing at distally (<2.5 kbp from annotated
transcription start sites) bound CBP (Visel et al., 2009) or Med12 (Kagey et al., 2010) in
MEFs, indicating that H3R17me2 signal is predominantly enriched to active promoters
similar to H3K4me3, but not at enhancer regions (Fig. III-2A). Upon glucose starvation,
H3R17me2 peaks were globally increased as exemplified by Map1lc3b (Fig. III-2B-C),
confirming the increased H3R17me2 levels under nutrient deprived state. Using the
previously defined autophagy-related genes and lysosomal genes, I found that
H3R17me2 increase is observed at promoters of 127 autophagy-related genes (127/246,
51.6%) and 190 lysosomal genes (190/348, 54.6%) (Table III- 2).
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Figure III-2. Identification of CARM1 target genes by ChIP-sequencing
(A) Enrichment of H3R17me2 at promoters (left) and enhancers (right). At promoters,
genes were sorted based on the expression levels, indicating that H3R17me2 as well as
H3K4me3 were enriched at active promoters. We used 8,398 distal (<2.5 kbp from
annotated TSSs) CBP and Med12 binding sites for enhancers, which were sorted based on
H3K27ac levels. H3R17me2 was not detected at enhancers. The data on H3R17me2,
H3K4me1, H3K4me3, and H3K27ac were obtained from MEFs under normal condition.
(B) Increase in H3R17me2 at promoters of genes from cluster 1 after Glc starvation. (C),
Increased H3R17me2 levels in response to 18 hours of Glc starvation at the autophagyrelated gene, Map1lc3b. The direction of transcription is indicated by the arrow and the
beginning of the arrow indicates the TSS. The data on H3K4me1, H3K4me3, and
H3K27ac were obtained from MEFs under normal condition.
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Table III-2. List of autophagy-related genes and lysosomal genes with increase in
H3R17me2 upon glucose starvation
List of genes with “H3R17me2 peak Tag counts GS18h / H3R17me2 peak Tag count
GS 0h > 1.5” are listed
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CARM1 binds with TFEB upon glucose starvation
TFEB, a member of the microphthalmia-associated transcription factor (MITF)
subfamily (Steingrímsson et al., 2004), functions as a master regulator of lysosomal
biogenesis and autophagy (Sardiello et al., 2009; Settembre et al., 2011). TFEB was
identified as the transcription factor of target genes involved in lysosomal biogenesis and
autophagy under nutrient starvation or lysosomal dysfunction. Under basal conditions, it
is mainly located and sequestered in the cytoplasm whereas it rapidly moves into the
nucleus to function as a transcription factor in stress conditions (David, 2011; Settembre
and Ballabio, 2011). In order to ascertain the involvement of TFEB for the transcriptional
regulation of CARM1 target genes, I first checked the binding of TFEB to CARM1. Upon
glucose starvation, CARM1 and TFEB exhibited mutual binding from nuclear fractions
(Fig. III-3A). Immunocytochemistry data revealed that TFEB translocated into the
nucleus and co-localized with CARM1 upon glucose starvation (Fig. III-3B). Bimolecular
fluorescence complementation (BiFC) assays showed that TFEB-CARM1 interaction
happens mainly in the nucleus (Fig. III-3C). I have further analyzed the binding between
CARM1 and TFEB and performed domain analysis to see which domains are important
for their binding. CARM1 binds to transcriptional activation domain of TFEB (Fig. III-3D)
and TFEB on the other hand binds to the methyltransferase domain of CARM1 (Fig. III3E).
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Figure III-3. Interaction between CARM1 and TFEB
(A) Co-immunoprecipitation assay between endogenous CARM1 and TFEB in MEFs
after 18 hrs of Glc starvation. (B) Immunocytochemistry of Flag-TFEB (green); CARM1
(red); DAPI (blue) in MEFs before and after Glc starvation. Scale bar, 10 µm. (C) BiFC
analysis of CARM1-TFEB interaction. MEFs were transfected with the indicated
combination of split Venus constructs and analyzed by confocal microscopy. Scale bar, 20
µm. (D) In vitro GST pull-down assay for binding between GST-CARM1 and TFEB
deletions. TA: Transcription Activation domain; BHLH: Basic helix-loop-helix; LZ:
Leucine Zipper. (E) In vitro GST pull-down assay for binding between GST-TFEB and
CARM1 deletions. MT; Methyltransferase domain.
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CARM1 interacts with TFE3, another member of the MITF family
CARM1 also interacts with TFE3, another member of the MiTF family (Fig.III-4A).
Recent studies have shown that like TFEB, TFE3 could function as a regulator of
lysosomal response and autophagy (Martina et al., 2014). However, knockdown of TFE3
in MEFs had rather mild effect on the transcriptional level of various autophagy-related
and lysosomal genes in response to starvation (Fig. III-4B-C). TFEB ablation, on the other
hand, dramatically altered their expression (Fig. III-4B-C). Assays were conducted on
TFEB as it was the dominant transcription factor in my experimental setting but I suspect
that in a biological system where TFE3 plays a critical role, CARM1 functions as an
important binding partner and regulator of TFE3 transcriptional activity.
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Figure III-4. CARM1 interacts with TFE3, another member of the MiTF family
(A) Co-immunoprecipitation assay between CARM1 and TFEB or TFE3 in MEFs after
18 hrs of Glc starvation. (B) qRT-PCR analysis of TFEB and TFE3 in MEFs after
knockdown with indicated shRNAs. (C) qRT-PCR analysis of known TFEB target genes
in response to Glc starvation after knockdown of TFEB or TFE3.

94

CARM1 exerts a transcriptional coactivator function on autophagy-related genes
and lysosomal genes through TFEB
Introduction of TFEB increased 2X CLEAR (TFEB binding site)-luciferase reporter
activity and overexpression of CARM1 further enhanced its activity (Fig. III-5A),
indicating CARM1 functions as a transcriptional coactivator for TFEB. To examine
whether the CARM1-dependent target genes identified from my RNA-seq and ChIP-seq
analyses are regulated by TFEB, qRT-PCR analysis was performed after knockdown of
TFEB. The expression of CARM1-dependent target genes failed to be increased upon
glucose starvation after knockdown of TFEB (Fig. III-5B), validating an essential role of
TFEB in the transcriptional regulation of CARM1 target genes. I then searched for
putative CLEAR (TFEB binding) motif (Table III-3) and performed ChIP assays on
CARM1-dependent and -independent target promoters. ChIP assays revealed that the
TFEB-dependent, CARM1-dependent genes exhibited recruitment of both TFEB and
CARM1 on the promoters accompanied by an increase in H3R17me2 upon glucose
starvation (Fig. III-5C-D). However, knockdown of TFEB abolished recruitment of
CARM1 on the TFEB-dependent, CARM1-dependent target promoters, subsequently
leading to the failure of H3R17me2 induction (Fig. III-5C-D), indicating that recruitment
of CARM1 is mediated through TFEB. In contrast, the TFEB-dependent, CARM1independent promoters did not show CARM1 recruitment with little or no change of
H3R17me2 signals (Fig. III-5E).
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Figure III-5. CARM1 exerts a transcriptional coactivator function on autophagyrelated genes and lysosomal genes through TFEB
(A) Effect of overexpression of TFEB and CARM1 on 2X CLEAR (TFEB RE)-luciferase
reporter. TFEB Response Element (TFEB RE). ** p<0.01. Statistics by one-tailed t-test.
(B) qRT-PCR analysis showing mRNA levels of TFEB-dependent and CARM1dependent autophagy-related genes and lysosomal genes in MEFs in response to Glc
starvation after knockdown of TFEB by two different shRNAs. (C) ChIP assays were
performed using anti-TFEB and anti-CARM1 antibodies on TFEB-dependent, CARM1dependent promoters after knockdown of TFEB with two different lentivirus shRNAs.
CARM1 recruitment is compromised when TFEB is absent. (D) ChIP assay using antiH3R17me2 antibody on TFEB-dependent, CARM1-dependent promoters. (E) ChIP
assays on Hspa5 promoter, a TFEB-dependent, CARM1-independent target promoter
using anti-TFEB, anti-CARM1, and anti-H3R17me2 antibodies.
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Table III-3. List of genes from RNA-seq Cluster 1 with potential TFEB motifs
Criteria for a TFEB motif were at most a single mismatch with the 8bp consensus TFEB
sequence (TCACGTGA). The motifs were searched within the region from the
transcription start site (tss) to 500bp upsteam to 100bp downstream.
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A subset of autophagy-related genes and lysosomal genes regulated by TFEB
requires CARM1
Given that TFEB knockdown impairs transcription activation and CARM1 recruitment, I
sought to examine the effect of CARM1 knockdown on TFEB target genes. qRT-PCR
analysis after CARM1 knockdown showed that the expression of a subset of TFEBdependent autophagy-related genes and lysosomal genes failed to be increased upon
glucose starvation (Fig. III-6A). ChIP assay confirmed that knockdown of CARM1 was
accompanied by a reduction of H3R17me2 signal on the TFEB-dependent, CARM1dependent target promoters with little or no effect on TFEB recruitment (Fig. III-6B).
However, the TFEB-dependent, CARM1-independent target promoter was not affected by
CARM1 knockdown (Fig. III-6C). These data indicate a critical role of CARM1 as a
coactivator of TFEB. Finally, to ascertain whether TFEB and CARM1 are co-recruited to
the target promoters upon glucose starvation, I performed two-step ChIP assay. Elutes
from the first immunoprecipitation reaction with anti-TFEB antibody were reimmunoprecipitated with anti-CARM1 antibody. By using two-step ChIP assay, I
confirmed the recruitment of CARM1 at TFEB-bound autophagy-related genes and
lysosomal genes (Fig. III-6D). The TFEB-dependent, CARM1-independent target
promoter such as Hspa5 was used as a negative control (Fig. III-6D).
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Figure III-6. A subset of autophagy-related genes and lysosomal genes regulated by
TFEB requires CARM1
(A) qRT-PCR analysis in MEFs after knockdown of CARM1 by two different shRNAs.
** p<0.01. Statistics by one-tailed t-test. (B) Recruitment of TFEB and CARM1 with
increase of H3R17me2 was analyzed by ChIP assays after knockdown of CARM1 with
two different lentivirus shRNAs, showing that TFEB recruitment is not affected by
CARM1 knockdown. (C) ChIP assay using anti-TFEB, anti-CARM1, and antiH3R17me2 antibodies on TFEB-dependent, CARM1-independent promoters after
CARM1 knockdown. (D) Two-step ChIP assays were performed on promoters of
TFEB-dependent, CARM1- dependent target genes or TFEB-dependent, CARM1independent target genes in MEFs after 18 hrs of Glc starvation. The chromatin
fractions were first subject to pull- down with anti-TFEB antibody, eluted from
immunocomplexes and applied for the second pull-down with control IgG or antiCARM1 antibody
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CARM1 is a critical co-activator of TFEB
To ascertain that CARM1 target genes induced by glucose starvation are reflected in
their protein expressions, I performed immunoblot analysis of several key autophagy
regulators including ULK1, ATG12, ATG13, ATG14, and Vps34 and confirmed that genes
that are transcriptionally regulated by CARM1 are induced by glucose starvation in WT
MEFs, but not in CARM1 knockdown or Carm1 KO MEFs (Fig. III-7A).
Previous studies reported overexpression of TFEB increases the formation of
autophagosomes and levels of LC3-II (Settembre et al., 2011). Introduction of TFEB in
WT MEFs dramatically induced the number of autophagosomes detected by
immunofluorescence but not in Carm1 KO MEFs (Fig. III-7B). Immunoblot analysis of
LC3 further showed that increase in LC3-II levels by TFEB overexpression was not
observed in Carm1 KO MEFs (Fig. III-7C). Together, my data demonstrate that CARM1
is a critical cofactor of TFEB and that co-recruitment of TFEB and CARM1 on the target
promoters after nuclear localization of TFEB upon glucose starvation is responsible for
transcriptional activation of a subset of the autophagy-related genes and lysosomal genes
(Fig. III-7D).
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Figure III-7. CARM1 is a critical co-activator of TFEB
(A) Immunoblot analysis after knockdown of CARM1 (left) or in WT and Carm1 KO
MEFs (right). (B) Flag-TFEB and GFP-LC3 were transiently transfected in WT and
Carm1 KO MEFs and examined by confocal microscopy. Flag-TFEB (red); GFP-LC3
(green); DAPI (blue). Scale bar, 10 µm. (C) WT and Carm1 KO MEFs transiently
transfected with Flag-TFEB expressing plasmid were examined by immunoblot for the
indicated antibodies. LC3-II/LC3-I ratio is indicated. (D) Schematics of newly
identified AMPK-SKP2-CARM1 signaling cascade in starvation-induced autophagy.
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AMPK is required for activation of TFEB- and CARM1-dependent target genes
As CARM1 failed to increase upon glucose starvation in Ampk DKO MEFs, I aimed to
analyze for the expression levels of TFEB-dependent, CARM1-dependent target genes in
WT and Ampk DKO MEFs. qRT-PCR analysis revealed that the increased expression
levels of TFEB-dependent, CARM1-dependent target genes in WT MEFs were abrogated
in Ampk DKO MEFs (Fig. III-8A). Supporting the qRT-PCR results, the recruitment of
TFEB was not affected but H3R17me2 was decreased in Ampk DKO MEFs (Fig. III-8B).
In addition, in Ampk DKO MEFs, knockdown of SKP2 significantly increased the mRNA
levels of CARM1-dependent autophagy-related and lysosomal genes (Fig. III-8C). I
previously showed that SKP2 knockdown partially rescue autophagy in Ampk DKO
MEFs (Fig. II-12A). It is therefore highly probable that this rescue is due to
transcriptional activation of autophagy-related and lysosomal genes resulting from
CARM1 recovery.

106

Figure III-8. AMPK is required for activation of TFEB- and CARM1-dependent
target genes
(A) qRT-PCR analysis showing mRNA levels of TFEB-dependent and CARM1dependent autophagy-related genes and lysosomal genes in WT and Ampk DKO MEFs
in response to Glc starvation. (B) ChIP assays using anti-TFEB and anti-H3R17me2
antibodies on TFEB-dependent, CARM1-dependent target genes in WT and Ampk DKO
MEFs. (C) qRT-PCR analysis of CARM1-dependent autophagy-related and lysosomal
genes after knockdown of SKP2 in Ampk DKO MEFs.
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Treatment of ellagic acid inhibits CARM1 target gene expression in cells and
CARM1-induced autophagy in mice
Given that ellagic acid impaired starvation-induced autophagy, I prompted to examine
whether ellagic acid treatment affects the induction of CARM1 target genes. Ellagic acid
treatment inhibited the induction of a subset of autophagy-related genes and lysosomal
genes regulated by CARM1 with little or no effect on CARM1-independent target genes
(Fig. III-9A). Further, I performed ChIP assays on TFEB-dependent, CARM1-dependent
or CARM1-independent promoters after ellagic acid treatment. Ellagic acid treatment
blocked the recruitment of CARM1, but not TFEB, on the CARM1-dependent promoters,
but did not affect CARM1-independent promoters (Fig. III-9B). In parallel, ellagic acid
treatment reduced H3R17me2 level on the CARM1-dependent promoters, but not the
CARM1-independent promoters (Fig. III-9C).
To examine whether CARM1 and subsequent H3R17me2 are critical for autophagy
occurrence in vivo, I analyzed for hepatic autophagy in wild-type C57BL/6J mice. Mice
were injected with vehicle or ellagic acid then, fed ad libidum or fasted overnight. Livers
of fasted WT mice showed dramatic increase in CARM1 expression as well as increase in
LC3 conversion. However, the LC3 conversion was greatly attenuated in fasted liver
pre-injected with ellagic acid (Fig. III-9D). Further, mRNA expression of various
CARM1-dependent autophagy-related genes or lysosomal genes was induced in fasted
mouse livers but not in the livers of fasted mice treated with ellagic acid (Fig. III-9E).
Taken together, inhibition of H3R17me2 increase by ellagic acid greatly compromises
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starvation-induced transcriptional regulation of autophagy and impairs CARM1-mediated
autophagy in vivo. Given that inhibition of H3R17me2 mark by ellagic acid almost
completely blocks CARM1-induced autophagy occurrence in vivo, ellagic acid might
have a potential to be developed as a therapeutic agent in autophagy-related diseases.
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Figure III-9. Treatment of ellagic acid inhibits CARM1 target gene expression in
cells and CARM1-induced autophagy in mice
(A) qRT-PCR analysis was performed in MEFs deprived of Glc in the absence or presence
of H3R17me2-specific inhibitor, ellagic acid. *p<0.05, ** p<0.01, NS= Non-Significant.
Statistics by one-tailed t-test. (B) Recruitment of TFEB and CARM1 was analyzed by
ChIP assays on TFEB-dependent, CARM1-dependent promoters. Hspa5 promoter was
also analyzed as a CARM1-independent promoter. (C) ChIP assay using anti-H3R17me2
antibody on the same promoters as in (B). Treatment of ellagic acid abolished the increase
of H3R17me2 on promoters of TFEB-dependent, CARM1-dependent target genes (D)
Liver tissues from fed or fasted mice treated with vehicle or ellagic acid were subject to
immunoblot analysis. (n=3 per group) (E) Expression of autophagy-related genes and
lysosomal genes in wild-type mouse livers. Mice were fed or fasted treated with vehicle
or ellagic acid (n=3 per group). *p<0.05, ** p<0.01. Statistics by two-tailed t-test.
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III-4. Discussion
Compared to the cytoplasmic event in autophagy, nuclear events have not been
considered of importance for autophagy occurrence thus far. However, my data unveil a
critical link between the induction of autophagy and increase of histone H3R17
dimethylation (H3R17me2) through up-regulation of CARM1 leading to the activation
of autophagy-related genes and lysosomal genes (Fig. III-10). I report CARM1 as a
previously unrecognized coactivator of TFEB, essential in exerting proper
transcriptional activity of TFEB. Indeed, the expression of CARM1 is increased upon
glucose starvation along with TFEB nuclear translocation and CARM1 is co-recruited
on TFEB-dependent target promoters to induce H3R17me2, a transcriptional activation
histone mark. The absence of CARM1 significantly dampens TFEB transcriptional
activity.
Interestingly, H3R17me2, a modification solely mediated by CARM1 is mainly
localized near transcription start site (TSS). Previous studies showed that TFEB is
recruited near TSS or within 500bp from TSS (Palmieri et al., 2011). Further, valid
CLEAR consensus motifs are significantly enriched in positions from -300 to +100bp
from annotated TSSs. Altogether, this supports the idea that TFEB requires CARM1 as a
critical coactivator.
The histone arginine methylation on H3R17 appears to directly regulate the outcome
of autophagy, as ellagic acid treatment to block H3R17me2 almost completely abolished
CARM1-induced autophagy occurrence. Therefore, it is tempting to speculate that there
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exist readers of methyl-arginine marks able to recognize histone H3R17 dimethylation
and link this histone mark to autophagy program. It will be challenging to screen
potential methyl-arginine reader domain-containing proteins to further explore direct
functional link of autophagy induction and histone modifications.
AMPK is the upstream kinase responsible for CARM1 stabilization and subsequent
transcriptional regulation of TFEB target genes. It is noteworthy that this mechanism is
focused on glucose starvation, a signaling that is highly dependent on AMPK. But
CARM1 induction and the transcription of lysosomal and autophagy-related genes
mediated by TFEB occurred more broadly, for autophagy downstream of a variety of
stimuli such as amino acid starvation and rapamycin. This implies that CARM1
induction, subsequent increase in H3R17me2 and the coactivator function of CARM1
on TFEB are well-conserved and important signaling axis in autophagy induction. In
parallel, it would be interesting to study for the molecular mechanism underlying
CARM1 stabilization independent of AMPK.
Taken together, my findings provide evidence of CARM1-dependent histone arginine
methylation as a critical nuclear event for epigenetic regulation in autophagy and shed
light on a potential therapeutic targeting of the new signaling axis AMPK-SKP2CARM1 in autophagy-related diseases.

.
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Figure III-10. Schematic model of CARM1-dependent transcriptional regulation of
autophagy and lysosomal genes under nutrient-deprived condition
Starvation results in TFEB translocation to the nucleus where it functions as a critical
transcription factor of autophagy-related and lysosomal genes. CARM1, stabilized in an
AMPK-dependent manner, is co-recruited along with TFEB and functions as its coactivator.
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III-5. Materials and Methods

Antibodies
The following commercially available antibodies were used: anti-ATG14 (ab173943),
anti-H3R17me2 (ab8284), anti-PI3K Class 3 (ab124905), and anti-TFEB (ab2636)
antibodies were purchased from Abcam. anti-ATG12 (#4180), anti-CARM1 (#3379 for
IB, #12495 for IP and ChIP), anti-LC3 (#2775), and anti-TFE3 (#14779) antibodies
were from Cell Signaling technology. Anti-Flag (F3165), anti-ULK1 (A7481) and antiβ-actin (A1978) antibodies were from Sigma. ellagic acid was from Cayman (#10569).

Cell culture and generation of shRNA knockdown cells
HEK293T, WT, Carm1 KO and Ampk DKO MEFs were cultured at 37°C in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10 % fetal bovine serum (FBS) and
antibiotics in a humidified incubator with 5 % CO2. All cell lines used in the study were
regularly tested for mycoplasma contamination. For glucose starvation, cells were
washed with PBS, then incubated with glucose-free DMEM supplemented with 10 %
dialyzed FBS. Transfection was performed with Turbofect (Fermentas) or
Lipofectamine 3000 (Invitrogen) according to manufacturer’s protocol. To generate
knockdown cells, lentiviral shRNA constructs were first transfected along with viral
packaging plasmids (psPAX2 and pMD2.G) into HEK293T cells. Three days posttransfection, viral supernatant was filtered through 0.45-µm filter and infected into
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targeting cells. Infected cells were then selected with 5 µg/ml puromycin.
The targeting sequences of shRNAs are as follows.
mCARM1-1; 5’-TCAGGGACATGTCTGCTTATT-3’,
mCARM1-2; 5’-GCCTGAGCAAGTGGACATTAT-3’,
mSKP2; 5’-GCAAGACTTCTGAACTGCTAT-3’,
mTFE3-1; 5’-GTGGATTACATCCGCAAATTA-3’,
mTFE3-2; 5’-TGTGGATTACATCCGCAAATT-3’,
mTFEB-1; 5’-GCAGGC TGTCATGCATTATAT-3’,
mTFEB-2; 5’-CCAAGAAGGATCTGGACTTAA-3’,

RNA-sequencing and ChIP-sequencing analyses
The TruSeq method was used to generate RNA-seq libraries. ChIP-seq libraries were
prepared using the NEXTflex ChIP-seq kit (Bioo Scientific), according to the
manufacturer’s instructions. RNA-seq libraries were pair-end sequenced and ChIP-seq
libraries were single-end sequenced on an Illumina Hi-seq 2500 (NICEM, Seoul
National University). All the RNA-seq data were mapped using Tophat package (Kim et
al., 2013a) against the mouse genome (mm9). Differential analysis has been done via
EdgeR package (Robinson et al., 2010). Differentially regulated genes were identified
using a false discovery rate (FDR) cut-off of 1e-5 for Knockout (KO) against
Knockout-Glc Starv. (KO-GS), Wild-type (WT) against Wild-type-Glc Starv. (WT-GS),
WT against KO, and WT-GS against KO-GS. We did hierarchical clustering analysis
using the gene expression values from all conditions and replicates for previously
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selected differential genes. Specifically, we used Ward’s criterion for genes with 1(correlation coefficient) as a distance measure. Clustering heatmap was drawn using zscore that is scaled across samples for each gene. ChIP-Seq data were mapped to the
mouse genome using Bowtie. The tracks were generated using uniquely aligned reads.
At promoters, genes were sorted based on the expression levels, indicating that
H3R17me2 as well as H3K4me3 were enriched at active promoters. We used 8,398
distal (<2.5 kbp from annotated TSSs) CBP and Med12 binding sites for enhancers,
which were sorted based on H3K27ac levels. The data on H3K4me1, H3K4me3, and
H3K27ac were obtained from MEFs under normal condition.

Immunofluorescence
Immunocytochemistry was performed as previously described (Kim et al., 2012). Cells
grown on coverslips at a density of 7 x 104 cells were washed three times with PBS and
then fixed with 2 % paraformaldehyde in PBS for 10 min at RT. Fixed cells were
permeabilized with 0.1 % Triton X-100 in PBS (PBS-T) for 10 min at RT. Blocking was
performed with 3 % bovine serum in PBS-T for 30 min. For staining, cells were
incubated with antibodies for 2 hrs at RT, followed by incubation with fluorescent
labeled secondary antibodies for 1 hr (Invitrogen). Cells were mounted and visualized
under a confocal microscope (Zeiss, LSM700). For autophagy studies, MEF cells were
transfected with GFP-LC3 and sub-cultured onto coverslips. The following day, cells
were incubated with either complete media or glucose starvation media for 18 hrs. For
BiFC experiment, pHA-CARM1-VC155 and pFlag-TFEB-VN173 constructs were used.
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Bacterial expression and GST pull-down assay
GST-tagged constructs were transformed in Rosetta E. coli and purified with
glutathione beads (GE Healthcare). 35S-methionine-labelled TFEB deletions or CARM1
deletions were generated using TNT Quick Coupled Transcription/Translation system
(Promega) according to the manufacturer’s guidance. Purified proteins and in vitro
translated proteins were diluted in binding buffer (125 mM NaCl, 20 mM Tris [pH 7.5],
10 % glycerol, 0.1 % NP-40, 0.5 mM DTT supplemented with protease inhibitors) for
GST pull-down experiment. Samples were then washed four times with dilution buffer
and boiled with SDS sample buffer for immunoblotting analysis.

Construction of reporter plasmids and luciferase assays
2X CLEAR (GTCACGTGACCCCAGGGTCACGTGAC) sequence were cloned into
pGL2-luciferase reporter vector (Promega). MEFs were transiently transfected with
luciferase reporter plasmids and luciferase activity was measured 36 hrs posttransfection and normalized by β-galactosidase expression.

Quantitative RT-PCR
Total RNAs were extracted using Trizol (Invitrogen) and reverse transcription was
performed from 2.5 µg total RNAs using the M-MLV cDNA Synthesis kit
(Enzynomics). The abundance of mRNA was detected by an ABI prism 7500 system or
BioRad CFX384 with SYBR TOPreal qPCR 2x PreMix (Enzynomics). The quantity of
mRNA was calculated using ddCt method and HPRT, GAPDH and β-actin were used as
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controls. mRNA levels from mouse liver tissues were normalized by the 36B4 gene. All
reactions were performed as triplicates. The following mouse primers were used in this
study.
β-actin Forward (Fwd): 5’ - TAGCCATCCAGGCTGTGCTG - 3’
β-actin Reverse (Rev): 5’ - CAGGATCTTCATGAGGTAGTC - 3’
Gapdh Fwd: 5’ - CATGGCCTTCCGTGTTCCTA - 3’
Gapdh Rev: 5’ - CCTGCTTCACCACCTTCTTGA - 3’
Hprt Fwd: 5’ - GCTGGTGAAAAGGACCTCTCG - 3’
Hprt Rev: 5’ - CCACAGGACTAGAACACCTGC - 3’
36B4 Fwd: 5’- CAACCCAGCTCTGGAGAAAC - 3’
36B4 Rev: 5’- CCAACAGCATATCCCGAATC - 3’
Ulk1 Fwd: 5’- GCTCCGGTGACTTACAAAGCTG - 3’
Ulk1 Rev: 5’ - GCTGACTCCAAGCCAAAGCA - 3’
Map1lc3b Fwd: 5’ - CACTGCTCTGTCTTGTGTAGGTTG - 3’
Map1lc3b Rev: 5’ - TCGTTGTGCCTTTATTAGTGCATC - 3’
Atg12 Fwd: 5’ - TCCGTGCCATCACATACACA - 3’
Atg12 Rev: 5’ - TAAGACTGCTGTGGGGCTGA - 3’
Atg13 Fwd: 5’ - CCAGGCTCGACTTGGAGAAAA - 3’
Atg13 Rev: 5’ - AGATTTCCACACACATAGATCGC - 3’
Atg14 Fwd: 5’ - AGCGGTGATTTCGTCTATTTCG - 3’
Atg14 Rev: 5’ - GCTGTTCAATCCTCATCTTGCAT - 3’
Sirt1 Fwd: 5’ - GATACCTTGGAGCAGGTTGC - 3’
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Sirt1 Rev: 5’ - CTCCACGAACAGCTTCACAA - 3’
Sqstm1 Fwd: 5’ - ATGTGGAACATGGAGGGA AGA - 3’
Sqstm1 Rev: 5’ - GGAGTTCACCTGTAGATGGGT - 3’
Vps11 Fwd: 5’ - AAAAGAGAGACGGTGGCAATC - 3’
Vps11 Rev: 5’ - AGCCCAGTAACGGGATAGTTG - 3’
Atp6v1c1 Fwd : 5’ - ACTGAGTTCTGGCTCATATCTGC - 3’
Atp6v1c1 Rev: 5’ - TGGAAGAGACGGCAAGATTATTG - 3’
Hexb Fwd: 5’ - CTGGTGTCGCTAGTGTCGC - 3’
Hexb Rev: 5’ - CAGGGCCATGATGTCTCTTGT - 3’
Neu1 Fwd: 5’ - GGACCGCTGAGCTATTGGG - 3’
Neu1 Rev: 5’ - CGGGATGCGGAAAGTGTCTA - 3’
Mcoln1 Fwd: 5’ - CTGACCCCCAATCCTGGGTAT - 3’
Mcoln1 Rev: 5’ - GGCCCGGAACTTGTCACAT - 3’
Ctns Fwd: 5’ - ATGAGGAGGAATTGGCTGCTT - 3’
Ctns Rev: 5’ - ACGTTGGTTGAACTGCCATTTT - 3’
Hspa5 Fwd: 5’ - ACTTGGGGACCACCTATTCCT - 3’
Hspa5 Rev: 5’ - ATCGCCAATCAGACGCTCC - 3’
Tfeb Fwd: 5’ - AAGGTTCGGGAGTATCTGTCTG - 3’
Tfeb Rev: 5’ - GGGTTGGAGCTGATATGTAGCA - 3’
Tfe3 Fwd: 5’ - TGCGTCAGCAGCTTATGAGG - 3’
Tfe3 Rev: 5’ - AGACACGCCAATCACAGAGAT - 3’
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ChIP, two step-ChIP assays, and qRT-PCR analyses
The ChIP and sequential two step-ChIP assays were conducted as previously described
(Boo et al., 2015). In brief, cells were crosslinked with 1% formaldehyde for 10 min at
room temperature. After glycine quenching, the cell pellets were lysed in buffer
containing 50mM Tris-HCl (pH8.1), 10mM EDTA, 1% SDS, supplemented with
complete protease inhibitor cocktail (Roche), and sonicated. Chromatin extracts
containing DNA fragments with an average of 250bp were then diluted tem times with
dilution buffer containing 1% Triton X-100, 2mM EDTA, 150mM NaCl, 20mM TrisHCl (pH 8.1) with complete protease inhibitor cocktail, pre-cleared with protein A/G
sepharose

and

subjected

to

immunoprecipitations

for

overnight

at

4°C.

Immunocomplexes were captured by incubating 45ul of protein A/G sepharose for 2
hours at 4°C. Beads were washed with low-salt wash buffer (0.1% SDS, 1% Triton X100, 2mM EDTA, 20mM Tris-HCl (pH 8.1), 150mM NaCl), high-salt wash buffer
(0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris-HCl (pH 8.1), 500mM NaCl),
buffer III buffer (0.25M LiCl, 1% NP-40, 1% deoxycholate, 10mM Tris-HCl (pH 8.1),
1mM EDTA), TE buffer (10mM Tris-HCl (pH 8.0), 0.5M EDTA) and eluted in
elution buffer (1% SDS, 0.1M NaHCO3). The supernatant was incubated overnight at
65°C to reverse-crosslink, digested with RNase A for 2 hours at 37°C and proteinase K
for 2 hours at 55°C. ChIP and input DNA were then purified and analyzed for qRT-PCR
analysis or used for constructing sequencing libraries. For the two-step ChIP assays,
components were eluted from the first immunoprecipitation reaction by incubation with
10mM DTT at 37°C for 30 min and diluted 1:50 in ChIP dilution buffer followed by re-
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immunoprecipitation with the second antibodies. Two-step ChIP assay was performed
in essentially the same way as the first immunoprecipitations. Quantitative PCR (qPCR)
was used to measure enrichment of bound DNA, and the value of enrichment was
calculated by relative amount to input and ratio to IgG. All reactions were performed in
triplicates.
The following primers were used in ChIP assays.
Map1lc3b Fwd: 5’ - AGCCAGTGGGATATTGGTCT - 3’
Map1lc3b Rev: 5’ - AGAGCCTGCGGTACCCTAC - 3’
Atg14 Fwd: 5’ - GAGACGCCATGATGATCTGA - 3’
Atg14 Rev: 5’ - GCCAAGGAGTGTGGGAAGTA - 3’
Atp6v1c1 Fwd: 5’ - ACTCAGTGGCAGAAGGGAGA - 3’
Atp6v1c1 Rev: 5’ - AAACACCCAGTGGAGACTGC - 3’
Hexb Fwd: 5’ - GAATTGGGACTGTGGTCGAT - 3’
Hexb Rev: 5’ - CTAGTGTCGCTGGCCCTAGT - 3’
Hspa5 Fwd: 5’ - ATTGGTGGCCGTTAAGAATG - 3’
Hspa5 Rev: 5’ - TGAAGTCGCTACTCGTTGGA - 3’
Neu1 Fwd: 5’ - AGGATGACTTCAGCCTGGTG - 3’
Neu1 Rev: 5’ - AGGATAGTATGGGCCGAACC - 3’
Mcoln1 Fwd: 5’- GGAGAGCTTCTACCGATCCT - 3’
Mcoln1 Rev: 5’ - TGCCCAGATTCTAGGAGGAA - 3’
Ctns Fwd: 5’ - CCTCTGGTAGCGTAGGT - 3’
Ctns Rev: 5’ - GCTTTTGGTGAGGTCTGTCC - 3’

122

Vps11 Fwd: 5’ - GGGCCGATCTTAACCTTTGT - 3’
Vps11 Rev: 5’ - AGCCCAGATGTCTTTTGTGG - 3’

Animal studies
All animal studies and procedures were approved by the Institutional Animal Care and
Use Committee (IACUC) of Seoul National University. Eight- to-ten-week old male
wild-type C57BL/6J mice were injected with vehicle (PEG400) or ellagic acid (10
mg/kg/day) intraperitoneally for 4 consecutive days. Mice were then fed ad libidum or
fasted for 24 hours. Liver tissues were collected after mice were sacrificed. Sample sizes
were at least n=3 to allow statistical analysis.

Statistical analysis
All experiments were performed independently at least three times. Values are
expressed as mean ± s.e.m. For GFP-LC3 puncta counting, five random confocal
images were chosen and the number of cells with GFP-positive dots was counted. An
average of 80 cells was examined for each group and p-values were calculated using
one-tailed t-test.
For animal studies, sample size for experiments were determined empirically based on
previous studies to ensure appropriate statistical power. Mice in the study were
randomly chosen for ellagic acid treatment and fasting. No animals were excluded from
statistical analysis, and the investigators were not blinded in the studies.
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Significance was analyzed using one-tailed t-test except for animal studies where twotailed, unpaired t-test was used.
A p-value of less than 0.05 was considered statistically significant.
NS=Non-Significant, *p<0.05, **p<0.01, ***p<0.001.
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CHAPTER IV
Conclusion
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Compared to extensive studies on cytoplasmic events of autophagy, epigenetic and
transcriptional regulation of autophagy occurring in the nucleus has been relatively
unknown. However, accumulating evidence has unveiled the importance of epigenetic
and transcriptional network that regulates autophagy (Füllgrabe et al., 2014a), opening
new avenues for the development of autophagy-based clinical treatments. There is still a
long way to go as little is known on the fine-tuning of autophagy through epigenetic
modifications and the purpose for the regulation of histone marks during autophagy.
Here, I provide a link between energy sensing, chromatin modifications and
transcriptional regulation of autophagy. My data unveil a critical link between the
induction of autophagy and increase of histone H3R17 dimethylation (H3R17me2)
through up-regulation of CARM1 leading to the activation of autophagy-related genes
and lysosomal genes (Fig. IV-1). I report CARM1 as a previously unrecognized coactivator of TFEB, essential in exerting proper transcriptional activity. Further, I found
that the histone arginine methylation directly regulates the outcome of autophagy, since
ellagic acid treatment that specifically block H3R17me2 almost completely abolished
CARM1-induced autophagy occurrence.
Ellagic acid is a naturally occurring polyphenol, abundant in fruits and vegetables. It
was reported to have a beneficial health effect against cancer and cardiovascular
diseases. But more importantly, ellagic acid has protective effect in a murine model of
Crohn’s disease, a disease deeply associated with autophagy defect (Rosillo et al., 2011;
Xavier and Podolsky, 2007). Moreover, ellagic acid shows anti-malarial properties and
when combined with chloroquine, a commonly used drug against malaria, clearly
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improves disease treatment (Soh et al., 2009). It is noteworthy that chloroquine is also
an autophagy inhibitor. It would be therefore interesting to study the effect of ellagic
acid on autophagy-related diseases and investigate its therapeutic potential.
I found that CARM1 is regulated by SKP2-SCF E3 ubiquitin ligase-dependent
degradation in the nucleus, but not in the cytoplasm, based on the exclusive nuclear
localization of SKP2. Under glucose rich condition, CARM1 is degraded by SKP2-SCF
E3 ubiquitin ligase in the nucleus maintaining basal level of CARM1 expression.
AMPK-dependent down-regulation of SKP2 in the nucleus allows CARM1 to escape
from SCF E3 ubiquitin ligase, resulting in the stabilization of CARM1 upon nutrient
starvation.
Phenotypic analysis of CARM1 suggests the importance of the enzyme in autophagy.
Indeed, CARM1 knock-out (KO) or enzymatic-dead knock-in(KI) mice die shortly after
birth (Kim et al., 2010a; Yadav et al., 2003). This neo-lethality was presumably
associated with the role of CARM1 as a transcriptional coactivator. Interestingly, this
phenotype is similar to ATG5 or ATG7 KO mice, two major autophagy proteins
(Komatsu et al., 2005; Kuma et al., 2004). ATG5 or ATG7 KO mice die with 24 hours
after birth presumably due to nutrient and energy depletion. Independent in vivo studies
have led to search for a possible role of CARM1 in autophagy and I found that CARM1
and its enzymatic activity is critical in proper autophagy occurrence both in vitro and in
vivo.
AMPK is at the upstream of CARM1 stability. The role of AMPK in autophagy has
been mainly focused on autophagy proteins in the cytoplasm at early time of starvation.
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Here, I report a role of nuclear AMPK in autophagy, different to previously defined role.
Indeed, in response to prolonged starvation, AMPK protein levels and activity increase
in the nucleus. In our experimental setting, the transcriptional activation of autophagy
and lysosomal genes occurs starting at 12 hours after glucose starvation. It is
noteworthy that the time frame of nuclear AMPK accumulation is concomitant with the
induction of CARM1 and subsequent transcriptional activation of autophagy genes.
While an acute and rapid response of autophagy occurs primarily in the cytoplasm,
prolonged starvation results in the activation of transcriptional programs and changes in
the epigenetic network in the nucleus. AMPK has been known to activate autophagy
through inactivation of TORC1 and phosphorylation of ULK1, all of which occur in the
cytoplasm at early time of starvation. However, our results indicate that when
transcription of various autophagy and lysosomal genes are up-regulated to sustain
autophagy, AMPK accumulates at a later time of starvation in the nucleus and distinctly
functions in coordinating the transcription of target genes involved in the outcome of
autophagy. Overall, my data support the idea that when glucose starvation persists and
transcription of various autophagy-related genes is needed to sustain autophagy, AMPK
accumulates in the nucleus and actively controls transcription.
In conclusion, my findings provide evidence of CARM1-dependent histone arginine
methylation as a critical nuclear event for epigenetic and transcriptional regulation in
autophagy and shed light on a potential therapeutic targeting of the newly identified
AMPK-SKP2-CARM1 signaling axis in autophagy-related diseases.
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Figure IV-1. Graphical summary of the newly identified AMPK-SKP2-CARM1
signaling cascade
Proposed model depicting AMPK-SKP2-CARM1 signaling axis in the epigenetic
regulation of autophagy. SKP2-SCF-E3 ligase complex degrades CARM1 under
nutrient-rich condition but in nutrient-deprived condition, AMPK-dependent
phosphorylation of FOXO3a downregulates SKP2 and stabilizes CARM1, which in turn
functions as a co-activator of TFEB
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국문 초록 / ABSTRACT IN KOREAN
오토파지 (자식작용)는 종간에 잘 보존된 세포 생존 기작으로 영양분
고갈에 대해 세포의 생존 및 항상성 유지를 위한 필수적인 생리 기전이다.
특히 세포가 영양분 결핍 상황에 노출 되었을 경우 오토파지를 통해 세포
내 불필요한 구성 요소 및 소기관을 분해하여 필요한 에너지원으로 생산
해냄으로써 체내의 다양한 스트레스를 극복하는 기능을 수행한다.
오토파지에 대한 연구는 최근까지도 대부분 세포질에 국한되어 있었다.
이는 오토파지가 세포질에서 일어나는 현상으로 알려져 있고, 스트레스 상황
하에서 신속하게 작동해야 하는 기전이기 때문으로 이전까지의 연구는
대부분 스트레스 신호에 의해 세포질에 존재하던 오토파지 단백질들이
어떻게

변형되고

단백질들

간의

결합이

어떻게

달라지는지에

초점이

맞추어져 있었다. 즉, 최근까지도 오토파지에 대한 후성 유전학 및 전사
조절에 대한 연구는 거의 진행되지 않았다.
본 연구에서는 coactivator-associated arginine methyltransferase
1 (CARM1) 이라는 아르기닌 메틸화 효소가 핵 내에서 오토파지 작용에
핵심적으로

기능하는

단백질임을

증명하였다.

오토파지

또한

핵에서

유전자가 발현됨으로써 일어나는 현상이기 때문에 오토파지 조절에 있어 핵
내에서의 유전자 발현 조절이 중요할 것으로 예상하였고 특히 히스톤
단백질의 후성 유전학적인 변형이 필수적일 것으로 기대하였다. 따라서
다양한

영양분

스크리닝한

결과

결핍

상황에

히스톤

대해서

H3의

변하는

아르기닌

히스톤

17번에

단백질의
메틸화가

변형을
유도됨을

확인하였고 메틸화를 유도하는 CARM1 효소의 단백질 양 또한 증가되는
것을 관찰하였다.
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CARM1 단백질 복합체 정제를 통해 정상 상황에서는 SKP2-SCF E3
유비퀴틴화

효소에

상황에서는

SKP2의

의해
전사

CARM1
감소가

단백질이
유도되어

분해되지만
CARM1

영양분

결핍

단백질의 분해가

저해되고 결과적으로 CARM1의 양이 증가하는 것을 확인하였다. 특히
세포에 당 결핍 상황이 지속될 경우 AMP-activated protein kinase
(AMPK) 인산화 효소가 활성화 되면서 FOXO3라는 전사 인자를 인산화
시키고 인산화 된 FOXO3는 SKP2의 전사 과정을 저해함으로써 CARM1
단백질이 안정화 된다는 것을 규명하였다.
안정화 된 CARM1 단백질은 Transcription factor EB (TFEB) 이라는
전사 인자와 결합하여 히스톤 H3 아르기닌 17번의 메틸화를 유도하면서
다양한 오토파지 및 라이소좀 유전자들의 발현을 조절하는 것을 확인하였다.
이번 연구를 통해 스트레스 상황에서 핵 내의 CARM1 단백질에 의한 히
스톤 아르기닌 메틸화 조절이 일어나고 이것이 오토파지 활성에 핵심적이라
는 사실을 증명하여 오토파지에서의 후성 유전학적 조절 메터니즘을 새롭게
구축하였다. 또한 AMPK-SKP2-CARM1으로 이어지는 중요한 신호 전달
축을 새롭게 규명하여 오토파지의 조절 기작에 대해 새로운 모델을 제시하
였다.
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