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 Programmed Cell Deaths (apoptosis, autophagic cell death and 

necrosis) play essential roles in animal development and certain diseases. 

Autophagy is a cellular process that provides nutrients to starved cells by 

digesting cellular constituents.  Defects in autophagy have been implicated in 

cancer and neurodegeneration, but how autophagy causes cell death is not 

understood.  In mammals, there are two apoptotic pathways: the extrinsic one 

through death receptors in the cell membrane and the intrinsic one through  
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mitochondria that release death proteins. The Bcl-2 family of proteins function 

upstream in the intrinsic pathway. They can be subdivided into anti-apoptotic and 

proapoptotic proteins.  

Mcl-1 has two different splice variants, Mcl-1L and Mcl-1S. Mcl-1L is 

an anti-apoptotic Bcl-2 family protein with a short half-life, which functions in 

the apical step of the intrinsic apoptotic pathway and can inhibit the release of 

death proteins from mitochondria. After genotoxic treatment, Mcl-1L is rapidly 

degraded, resulting in mitochondria damage and apoptosis. Prevention of Mcl-1L 

degradation with proteasome inhibitors blocks apoptosis.  

An Mcl-1L ubiquitin ligase was identified using biochemical 

purification method and named Mule, which has five recognizable domains 

including UBA, WWE, HECT and two ARM repeats like domains. Mule also 

contains a region similar to the Bcl-2 homology region 3 (BH3) that allows it to 

specifically interact with Mcl-1L. Depletion of Mule by RNA interference 

stabilizes Mcl-1L, resulting in an attenuation of apoptosis induced by DNA-

damaging agents.  

To further understand Mcl-1 function, I generated inducible Mcl-1 

knockdown stable U2OS cell lines. Depletion of Mcl-1L but not Mcl-1S causes 

the cells to commit autophagic cell death. The autophagic phenotype can be 

blocked by knocking down Beclin 1, which is a known upstream component of 

the autophagic pathway. Mcl-1L knockdown induced cell death is accompanied 



 viii

by and requires the upregulation of p53 and p21. Loss-of-function experiments 

confirmed the involvement of Mcl-1S in inducing autophagy. Taken together, my 

data showed that Mcl-1 genes function in the apical step of both apoptosis and 

autophagic cell death pathways.  
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Chapter 1.  Introduction of different forms of cell death 

 

1. Different forms of cell death  

Our human body is comprised of hundreds of trillions of cells. Every 

minute, hundreds of millions of cells die and the same number of cells are born. 

The regulation of cell survival and cell death is critical for maintaining human 

health. If too many cells die, we may develop neuron-degeneration disease, auto-

immune disease or AIDS. On the other hand, if some cells which should die do 

not, they may develop into cancer (Danial and Korsmeyer, 2004). When a human 

cell is destined to die, it can carry out this fate through apoptosis, necrosis, or 

autophagic cell death (Baehrecke, 2005).  Different forms of cell death are 

characterized by distinct morphological changes and are executed by different 

biochemical pathways.  As Figure 1-1 shows, cells undergoing apoptosis show 

shrinkage, membrane blebbing and break down into membrane-bound small 

vesicles called apoptotic bodies (Kerr et al., 1972). Other markers of apoptosis are 

caspase activation, nuclear condensation, DNA fragmentation and PS turn over. 

Phosphatidylserine (PS) is localized on the inner leaflet of cell membrane in 

healthy cells. Upon apoptosis, it flips out onto the outer leaflet of the cell 

membrane, functioning as a recognition marker to the macrophage for clearance 

of apoptotic bodies (Danial and Korsmeyer, 2004).   
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Apoptosis is executed by a group of intracellular cysteine proteases 

called caspases (Thornberry and Lazebnik, 1998), which cleave many important 

cellular proteins.  Caspase activation is the hallmark of apoptosis. In necrosis or 

autophagic cell death, there is no caspase activation. Necrosis is characterized as 

mitochondrial and cellular swelling followed by cytoplasmic membrane rupture 

and loss of cellular integrity (Baehrecke, 2005).  Autophagic cell death coincides 

with increased autophagosomes but mechanism not defined (Levine and Yuan, 

2005). It may be caused by the uncontrolled activation of autophagy, a process 

that normally provides nutrients by digesting its own cellular contents and 

eliminating the old or damaged organelles (e.g. mitochondria) and long-lived 

proteins in the cells (Klionsky and Emr, 2000).  This form of cell death is marked 

by loss of cell contents and activation of autophagic markers.  We know very little 

about why and how cellular autophagic machinery crosses the threshold and turns 

a pro-survival pathway deadly to cells.  

 

2. Apoptosis pathways 

In mammals, there are two apoptosis pathways: the death receptor 

pathway (extrinsic) and mitochondria initiated pathway (intrinsic) (Danial and 

Korsmeyer, 2004). In the extrinsic pathway, death ligands like TNF-alpha, FasL 

or Apo2/TRAIL bind to their cognate receptors, which recruit death domain (DD) 

containing proteins through homo-oligomerization between DDs. These DD 
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containing proteins (eg FADD) further recruit caspase 8 through their death 

effectors domain (DED) homo-oligomerization, resulting in caspase 8 activation. 

The activated caspase 8 cleaves and activates caspase 3, resulting in apoptotic 

execution (Figure 1-2).  

In the intrinsic pathway (Figure 1-3), mitochondria play an important 

role in initiating apoptosis induced by intracellular damaging signals such as 

DNA damage (Danial and Korsmeyer, 2004). In addition to functioning as a 

power plant for the mammalian cell, the mitochondrion plays a double agent role 

in storing several death inducing proteins in its intermembrane space including 

cytochrome c (Liu et al., 1996), Smac/Diablo (Du et al., 2000), Omi/HtrA2 

(Suzuki et al., 2001), AIF (Susin et al., 1999), and Endo G (Li et al., 2001). After 

mitochondrial damage, these factors are released from mitochondria and either 

directly activate caspases, or cause cell damage in a caspase-independent fashion. 

After cytochrome c is released into the cytosol, it binds to Apaf-1 and causes its 

oligomerization (heptamer). The heptamer of Apaf-1/cytochrome c recruits 

caspase 9, resulting in caspase 9 activation, which further activates caspase 3 and 

executes apoptosis. In the cytosol there are proteins called inhibitors of apoptosis 

proteins (IAP), which can block the activation of caspases by binding to them. 

Once being released into the cytosol, Smac interactes with the IAPs by competing 

with caspases, thus releasing the inhibitory effect of the IAPs on caspase 

activation (Wang, 2001). AIF and endo G are endonucleases, which cause DNA 
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fragmentation.  

 

3. Bcl-2 family of proteins function upstream of mitochondria damage. 

 

Bcl-2 family of proteins regulate the release of death proteins from 

mitochondria in response to apoptotic stimuli (Kluck et al., 1997; Yang et al., 

1997).  They can be subdivided into three groups (Cory et al., 2003), the anti-

apoptotic proteins including Bcl-2, Bcl-xL, Mcl-1, Bcl-w and A1; the pro-

apoptotic BH3 only proteins including Bid, Bim, Puma, and Noxa et al; the multi-

domain containing pro-apoptotic proteins Bax and Bak. It is believed that Bax and 

Bak can form oligomers in the mitochondrial outer membrane, which opens pores 

to release the death proteins (Danial and Korsmeyer, 2004). The Bax/Bak 

oligomerization can be induced by BH3 only proteins such as tBid and Bim and 

blocked by anti-apoptotic Bcl-2 family proteins. The fate of a cell under apoptotic 

stimuli is determined by the fine balance between the pro- and anti-apoptotic 

members of the Bcl-2 family. The interactions between BH3 only proteins and 

anti-apoptosis proteins are promiscuous with certain selectivity (Chen et al., 

2005b). While Bim and Puma can bind to all anti-apoptosis Bcl-2 family proteins, 

Noxa can only interact with Mcl-1. Bad can interact with the other Bcl-2 family 

proteins except Mcl-1. This suggests a hierarchal model for Bcl-2 family proteins 

in regulating the release of death proteins from mitochondria (Figure 1-4C). 
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4. Mcl-1 is essential in regulating cell survival. 

Mcl-1 was cloned as an early response gene in lymphocyte 

differentiation in 1993 (Kozopas et al., 1993). Deletion of Mcl-1 results in peri-

implantation lethality (Rinkenberger et al., 2000). Inducible knockout of Mcl-1 in 

peripheral B and T cells results in rapid loss of them (Opferman et al., 2005). The 

Mcl-1 transgenic mouse showed high penetrance in developing lymphoma (Zhou 

et al., 2001). All this evidence demonstrates the important roles of Mcl-1 in 

regulating cell viability.  

Among the anti-apoptotic members of the Bcl-2 family proteins, Mcl-1 

is unique in that it turns over rapidly (Kozopas et al., 1993; Yang et al., 1996; 

Yang et al., 1995). This property enables Mcl-1 to function at an apical step in a 

signaling cascade consisting of Bcl-2 family proteins and provides an acute 

protective function against apoptosis induced by a variety of stimuli including 

DNA damage, adenoviral infection, growth factor withdrawal and treatment with 

cytotoxic agents (Cuconati et al., 2003; Derouet et al., 2004; Huang et al., 2000; 

Le Gouill et al., 2004; Nijhawan et al., 2003; Zhang et al., 2002; Zhou et al., 

1997).   Consistently, the disappearance of Mcl-1 is associated with the onset of 

apoptosis and is achieved by the combination of protein synthesis blockage and 

continuous degradation (Cuconati et al., 2003; Nijhawan et al., 2003). The 

degradation of Mcl-1 in HeLa cells can be blocked by proteasome inhibitors, 
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suggesting a role for ubiquitin proteasome pathway in apoptosis upstream of Bcl-

2 family of proteins (Derouet et al., 2004; Nijhawan et al., 2003).  

Mcl-1 exists as two different spliced forms, Mcl-1L and Mcl-1S (Bae et 

al., 2000). The Mcl-1 gene open reading frame contains three exons. Usage of all 

three exons generates Mcl-1L, while skipping of exon 2 generates Mcl-1S.  The 

first 230aa is the same between the long and the short form. Beginning from 

aa231, there is a frameshift in Mcl-1S, thus their C-termini are totally different. 

The skipping of exon 2 makes Mcl-1S a BH3 only protein, which can only 

interact with Mcl-1L, but not Bcl-2 or Bcl-XL (Bae et al., 2000). The importance 

of Mcl-1S is not thoroughly studied in the literature. 

 

5. BH3 motif mediates Bcl-2 family protein interactions. 

The multi-domain containing Bcl-2 family proteins (including Bax, Bak, 

Bcl-2, Bcl-XL and Mcl-1) can form a hydrophobic pocket with its BH1, 2 and 3 

regions, which can bind to BH3 from another Bcl-2 family protein (Sattler et al., 

1997). The BH3 motif is composed of around 26aa and can form an amphiphilic 

α-helix. According to the α-helical wheel (Figure 1-4A), the four conserved 

hydrophobic residues face one side, while the conserved Asp residue faces the 

other side. As shown in Figure 1-4B, the hydrophobic interaction, the hydrogen 

bond and the salt bridge determine the ability and specificity of BH3 binding to 

other Bcl-2 family proteins (Liu et al., 2003; Oberstein et al., 2007). 
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6. Autophagy and its regulation 

In 1955, Christian de Duve discovered the lysosome using biochemical 

methods and in 1963 proposed the concept of autophagy (De Duve, 1963). In 

1967, de Duve and Deter found that glucagon can induce autophagy (Deter et al., 

1967). In the next 20 years, research on autophagy was mainly focused on 

morphology (Klionsky, 2007). It was in 1993 that Yoshinori Ohsumi’s lab 

reported the first yeast genetics screen to identify autophagy genes (Tsukada and 

Ohsumi, 1993).  

As shown in Figure 1-6, autophagy is defined as the formation of a 

crescent shaped double membrane structure that wraps around damaged 

organelles and proteins in the cytosol (Klionsky and Emr, 2000). This double 

membrane structure, the autophagosome, then fuses with the lysosome to form the 

autolysosome. The inclusions will be degraded in the lysosome. Many genes 

whose protein products signal the formation of the autophagosome were identified 

by yeast genetics.  These genes are now referred to as ATG genes and they 

function in a way similar to the ubiquitin modification of proteins destined to be 

degraded by the proteasome (Klionsky et al., 2003).  

Two ubiquitination-like pathways function in autophagy, among them 

ATG7 functions like E1, ATG10 and ATG3 as E2, ATG12 and ATG8 as 

ubiquitin-like proteins that form polymer chains to signal autophagosome 

formation.  In the first pathway, ATG12 is activated by ATG7, transferred to 
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ATG10 and then to ATG5 forming the ATG5-ATG12 conjugate (Mizushima et 

al., 1998).  For the second pathway, the C-terminus of ATG8 is cleaved to expose 

the Gly residue (just like the last amino acid of ubiquitin) and activated by ATG7. 

The activated ATG8 is then transferred to ATG3 and then conjugated to a lipid 

molecule in the membrane, phosphatidylethanolamine (PE) (Ichimura et al., 2000). 

The ATG5-ATG12 conjugates have E3 like activity and are required for the 

conjugation of ATG8 to PE (Hanada et al., 2007). In mammals, the homologues 

of ATG8 are LC3 (Kabeya et al., 2000), GABARAP and GATE-16 (Tanida et al., 

2003).  The activation of autophagic pathway can be monitored by LC3 

aggregation using GFP-tagged LC3 (Mizushima et al., 2004).  

TOR (target of rapamycin), a member of the phosphatidylinositol kinase 

(PIK)-related kinase family, regulates autophagy by promoting the 

hyperphosphorylation of ATG13, resulting in decreased interaction between 

ATG13 and ATG1, thus inhibiting autophagy in yeast (Kamada et al., 2000). As 

no ATG13 homolog was verified in mammalians, it is still not clear whether this 

pathway is conserved in mammals. Phosphatidylinositol-3 kinases (PI3K) play 

important roles in regulating autophagy.  There are three types of PI3Ks.  Class I 

kinases can inhibit autophagy by activating the TOR pathway, while class III 

kinases can promote autophagy (reviewed by (Baehrecke, 2005).  Beclin 1, the 

mammalian homologue of yeast ATG6, was shown to up-regulate the activity of 

class III PI3K and activate autophagy in mammals (Liang et al., 1999). 
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The autophagy process can be subdivided into nucleation, induction, 

expansion and fusion steps (Levine and Klionsky, 2004). mTOR signaling, 

beclin1/hVPS34 (type III PI3 kinase) and ATG1/ATG13 (in yeast) are thought to 

play pivotal roles in the nucleation and induction phase, while ATG12/ATG5 

conjugation and ATG8-PE conjugation are thought to play roles in the expansion 

step.  

 

7. The importance of autophagy 

When cells are in a starved condition, they digest their own constituents 

to provide themselves with nutrients. This function of autophagy is extremely 

important for newborn mice to provide nutrients before they can feed (Komatsu et 

al., 2005; Kuma et al., 2004). Newborn baby mice die if autophagy is crippled by 

knocking out the important regulatory genes such as ATG5 (Kuma et al., 2004) or 

ATG7 (Komatsu et al., 2005). Some neurodegenerative diseases are caused by 

toxic protein accumulation, in which autophagy malfunction is suspected to be the 

reason (Levine and Yuan, 2005). Conditional knockout of important autophagy 

regulatory genes ATG7 (Komatsu et al., 2006) or ATG5 (Hara et al., 2006) in 

neurons results in polyubiquitinated proteins accumulation in inclusion bodies and 

neurodegenerative disease in mice. In worms, autophagy is required for dauer 

formation and life-span extension (Melendez et al., 2003). 
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8. The relationship between autophagy and apoptosis. 

The extrinsic pathway of apoptosis can induce autophagy under some 

circumstances (Jia et al., 1997; Mills et al., 2004; Prins et al., 1998; Pyo et al., 

2005; Thorburn et al., 2005).  In addition to induce apoptosis, Ceramide can also 

induce autophagy (Daido et al., 2004; Scarlatti et al., 2004). Till now the study of 

autophagy in cell death field was mainly focused on the relationship between 

autophagy and apoptosis, which is still controversial (Levine and Yuan, 2005). 

For example, Craig Thompson’s group found that autophagy can inhibit apoptosis 

using IL-3 dependent Bax/Bak double knockout MEF cells (Lum et al., 2005). 

They found that after IL-3 withdrawal, the cells will go to atrophic state, which 

can recover after adding back IL-3. But if they block autophagy using 3-

methyladenine and chloroquine, the cells will die through apoptosis. Yoshihide 

Tsujimoto’s group found that if they treat Bax/Bak double knockout MEF cells 

with etoposide, a DNA damaging reagent, it will cause autophagic cell death 

(Shimizu et al., 2004). The autophagy inhibitors like 3-methyladenine can block 

this type of cell death. So using the same cells (Bax/Bak double null), with 

different treatment, they got contradictory results.  

Some regulators of autophagic pathways are known apoptosis regulators. 

These include the apoptosis-promoting tumor suppressor p53 and the anti-

apoptotic protein Bcl-2 (Pattingre et al., 2005).  p53 was shown to promote 

autophagy by either inhibiting mTOR pathway (Feng et al., 2005) or activating 
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the transcription of DRAM, a novel lysosomal protein which up-regulates 

autophagy (Crighton et al., 2006). Bcl-2 and Bcl-XL have been shown to interact 

with Beclin 1 (Liang et al., 2001) and negatively regulate autophagy.   

Apoptosis was well studied for a decade with clear understandings of 

two pathways. The molecular era of autophagy study has just begun and lots of 

problems remain unanswered.  All the autophagy genes were discovered by 

genetic screening and its delineation requires biochemical study. How autophagic 

cell death occurs still remains a mystery. It is believed that mitochondria play 

roles in both apoptosis and autophagy (Levine and Yuan, 2005), but how the 

apoptotic and autophagic signals are integrated and differentiated on mitochondria 

is still not clear.  

 

9. Scope of the current study 

The aim of the dissertation is to study the role of Mcl-1 in regulating 

different forms of cell death including apoptosis and autophagic cell death. 

In Chapter 2, I describe the purification, identification and 

characterization of the first Mcl-1 ubiquitin ligase—Mule. By combining 

experiments and bioinformatics I demonstrated the correct full-length sequence of 

Mule and identify that it as a BH3 only protein. I generated recombinant protein 

to confirm its in vitro E3 activity and the function of its BH3 motif in recognizing 

Mcl-1. Using RNAi technology I confirmed that it was an E3 for Mcl-1 in vivo. 
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In Chapter 3, I disclose the interesting finding that Mcl-1 is involved in 

autophagy. After inducible knockdown of Mcl-1L with three different shRNA 

sequences, autophagic cell death occurs, in which Mcl-1S is involved. I also 

report that p53 and p21 upregulation is accompanied and required for the Mcl-1L 

knockdown induced autophagy. This autophagy phenotype was confirmed by 

knocking down one important autophagy regulatory gene—Beclin 1.  
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Figure 1-1.  

 
 
 

 
www.sgul.ac.uk/depts/immunology/~dash/apoptosis/ 
 

Figure 1-1. Morphological changes of apoptotic cells. When a healthy trophoblast 
(Panel A) committed apoptosis, it shrank (Panel B, C and D) and formed 
apoptotic bodies (Panel D, pointed by the arrow). 

 
 



 

 

14

Figure 1-2. 
 
 
 

 
 
 
Figure 1-2. The extrinsic apoptosis pathway (adapted from (Danial and 
Korsmeyer, 2004). 
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Figure 1-3. 
 

 
 
 
 
 
Figure 1-3. The mitochondrial cell death pathway (intrinsic).  
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Figure 1-4.  
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Figure 1-4. BH3 peptides determine the specificity of Bcl-2 family protein 
interaction (A). The helical wheel aligning of BH3 peptide from Bim, Bak and 
Mule. The residues in red color are conserved hydrophobic ones, while the two 
residues in blue color (D or E) are the conserved hydrophilic ones facing the 
opposite sides. (B). The schematic representation of the interaction between BH3 
peptides and the hydrophobic pocket of multi-domain containing Bcl-2 family 
proteins. (C). Different BH3 only proteins can inhibit different subsets of anti-
apoptosis Bcl-2 family proteins. The output of the interactions between these two 
groups of Bcl-2 family protein determines the oligomerization of Bax/Bak on 
mitochondrial outer membrane, which triggers apoptosis.  
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Figure 1-5. 
 
 
 

 
 
 
Figure 1-5. Mcl-1 functions at the apical step of cytochrome c release. Mcl-1 
blocks Bak oligomerization and Bax translocation to mitochondria. Its protein 
level is controlled by protein synthesis and degradation. After UV treatment, its 
protein synthesis is shut down, while degradation continues and results in Mcl-1 
decrease, and Bax/Bak oligomerization on mitochondrial outer membrane. 
Proteasome inhibitors can block Mcl-1 degradation and cytochrome c release. 
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Figure 1-6. 
 

 
 
 
Figure 1-6. The autophagic pathway. Class III PI3 kinase and TOR function in the 
induction of autophagy. Two ubiquitination like pathway ATG5-ATG12 and 
ATG8-PE conjugation are involved in the expansion of autophagsome. In 
addition to starvation, ionizing radiation and chemotherapy can also induce 
autophagy. 
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Chapter 2. Mcl-1 is ubiquitinated by Mule 

1. Purification and determination of full length Mule. 

Since the protein level of Mcl-1 is critical in determining cell death, it is 

important to study its regulation. Mcl-1 protein level is controlled by both protein 

synthesis and protein degradation. Although Mcl-1 protein synthesis was very 

well studied, nothing was known about how Mcl-1 was degraded. For this short 

lived protein, its main degradation occurs through the ubiquitin-proteasome 

pathway. The overall pathway of ubiquitination is as follows: Ubiquitin is 

activated by being conjugated to an enzyme called E1, which is then passed to a 

second enzyme called E2. With the help of another enzyme, E3, recognizing the 

would-be degraded protein, the ubiquitin is finally transferred to the target and 

forms long chains, which tags the protein for degradation by the proteasome. Here 

it is the E3 is responsible for the substrate specificity. Thus it was important to 

identify the putative E3 for Mcl-1.  

To answer this question, we set up an in vitro ubiquitination assay to 

purify the Mcl-1 ubiquitin ligase/E3 activity (Mule) (Zhong et al., 2005). Using 

Mcl-1 ubiquitination as an assay, we purified the Mule activity in Q100 to 

apparent homogeneity through a six-step procedure (Figure 2-1A, see 

Experimental Procedures for details). The last step of purification, a Mono Q 

column chromatographic step, is shown in Figure 2-1B-C. Mule activity was 

eluted from the Mono Q column at roughly 400 mM NaCl (Fig. 2-1B, fractions 
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10–11). The same protein fractions were subjected to SDS-PAGE followed by 

Colloidal blue staining (Figure 2-1C). A protein band with a molecular mass 

much larger than the highest molecular weight standard used (207 kDa) correlated 

with the Mcl-1 ligase activity. To obtain the sequence identity of this Mcl-1 

ubiquitin ligase activity, the protein was excised from the gel and subjected to 

tryptic digestion followed by mass-spectral analysis.  The mass fingerprinting of 

the digested peptides was initially mapped to a previously reported protein Ureb1, 

a 310 amino acids HECT domain containing protein (Gu et al., 1994).  But it is 

quite apparent that Ureb1 is not the whole Mule because of the size difference. 

There were also some other names like LASU1, which had more amino acids than 

Ureb1. 

The Mule was first reported to be a protein with 3360 aa,  but after 

expression of recombinant Mule using baculovirus expression system in insect 

cells, I found that it was smaller than the endogenous one (Figure 2-2A). This 

suggested to me that the LASU1 (UREB1) sequence in genebank may not be the 

true full length sequence of Mule. Of course there are many other reasons why the 

recombinant Mule was smaller such as degradation or incomplete translation due 

to the protein’s large size.  But at that time, the Mule homolog in fly was much 

larger (consisting of more than 5000aa) and the N-terminus had little identity 

compared to Ureb1 confirmed my suspicions that the Mule sequence deposited in 

the Genebank may not be the true one. There might be some sequencing errors, 



 

 

22

which gave an N-terminus truncated Mule. When I utilized the TIGR human gene 

index (http://www.tigr.org/tigr-scripts/tgi/T_index.cgi?species=human) and 

performed blast against the human gene database using LASU1 (UREB1) 

sequence, I found a single hit named THC1677334 (not current now and was split 

into 4 contigs), which had a much larger open reading frame containing 3716aa. 

The new protein was identical with LASU1 (UREB1) from A397 to A3716 (in 

LASU1, it is from A41 to A3360), but with different N-terminus, which further 

confirmed that there was a longer one (Figure 2-2B). Although THC1677334 was 

not current and split into 4 contigs, I believed that the original one, but not the 

new annotation, was correct. To search for the true full length Mule, I used human 

genomic sequence to predict with Genome Scan online software 

(http://genes.mit.edu/genomescan.html). The genomic sequence I used was from 

53420K to 53620K in X chromosome (the number is accurate on January 11, 

2005). The protein I used in Genome Scan is the new protein obtained from 

THC1677334. The Genome Scan gave us a predicted protein containing 4617aa 

(we would like to call it “predicted-Mule”). As it is predicted using bioinformatics, 

it may not be 100% accurate and further analysis was required. I then blasted 

NCBI genebank using the “predicted-Mule” to see whether I could find some 

sequenced fragments which cannot be assembled due to sequencing error. Luckily, 

I found two fragments: one is from mouse containing 1411aa, which is called 

“unnamed protein product, GI: 26340187”. The other is from human and also 
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named UREB1, GI: 23315620 (which is 216aa long). Both of these two proteins 

were sequenced from cDNA library. To my excitement, the human protein 

(GI:23315620) is almost identical with the N-terminus (from M1 to K211) of the 

mouse unnamed protein product (GI: 26340188), except for 3 amino acid 

substitutions and the last 5 lysines. Both the two DNA sequences have stop 

codons before their first start codon, which means the N-terminus is correct, 

because it is less likely for two different DNA sequences to be wrong ones. When 

comparing the mouse unnamed protein product with “predicted-Mule”, I found 

that the former (from M1 to R1411) is part of the latter (from M228 R1638), 

except for some amino acid substitution but without any insertion or deletion 

(considering one is from mouse and the other is from human). It is even better that 

the C-terminus of mouse unnamed protein product (from A1055 to R1411) 

overlaps with the N-terminus of LASU1 (UREB1) (from A41 to R397, the first 

40aa difference in LASU1 is because of sequencing error). It means that if I 

assembled all the correct sequences according to the genomic sequence, I could 

finally get the true full length Mule and this is precisely how Mule was cloned. 

One year after I got the correct Mule full length, Wellcome Trust Sanger Institute 

(Hinxton, Cambridgeshire, CB10 1SA, UK) updated their sequence data and 

submitted the Mule full length which is identical to what I predicted.  

To confirm the authenticity of the predicted N-terminus, I designed three 

more siRNA oligos which targeted the new N-terminus (Figure 2-2B) and they 
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can knockdown Mule very well (Figure 2-2D). We are unsure whether the new N-

terminus was included in the ORF of Mule, I asked the people from MassSpec 

core facility to help me compare the sequenced peptide with mouse database and 

the mouse unnamed protein product (GI: 26340187) was pulled out. Many 

peptides sequenced from purified Mule can be mapped to that protein, which 

confirmed that the authenticity of my predicted Mule (Figure 2-2C). 

 The finally assembled Mule is 4374 amino acid residues long containing 

multiple recognizable domains (Figure 2-3A).  The COOH-terminal 350 amino 

acid residues are well conserved among the HECT (Homology to the E6-AP 

Carboxyl Terminus) ubiquitin ligase domains (Figure 2-3B).  It also contains a 

ubiquitin-associated (UBA) domain and a WWE domain in the middle of the 

protein (Hofmann K, Bucher P 1996; Aravind 2001).  At the N-terminus of Mule, 

there are two unclassified domains, DUF, for domain of unknown function. From 

the structure analysis, these two domains resemble ARM (Armadillo) like repeats; 

therefore we named them as ARLD1 (Arm Repeat-Like Domain 1) and ARLD2 

(Figure 2-3A.). Mule is highly conserved in mammals. The amino acid sequence 

among human and mouse share more than 90% identity throughout the entire 

protein and all the domains are well conserved.  

 
2. Recombinant activity of Mule 
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After cloning of the putative full-length Mule, I generated and purified 

recombinant N-terminus His12-tagged Mule protein using a baculovirus-based 

expression system. This new recombinant Mule is of the same size as endogenous 

one (Figure 2-4A).  As the expression level was not high enough, Mule cannot 

bind to Nickel beads directly. I had to purify it through Q column, heparin column 

like purifying endogenous one.  After these steps, Mule can bind to Nickel beads. 

The eluted Mule was again loaded onto 1ml HiTrap Q column and the fractions 

18-27 were used for in vitro ubiquitination assays (Figure 2-4B, upper one) or 

subjected  to SDS-PAGE followed by Coommassie blue staining (Figure 2-4B, 

lower one). The Mcl-1 ubiquitination activity was correlated with recombinant 

Mule protein.   

To further confirm the in vitro ubiquitination activity of Mule, we 

needed test its dependence on E1 and E2. We also wanted to know whether it 

could use other ubiquitin like molecule as substrates. In the presence of E1, ubch7 

(E2), and ATP regenerating system, the purified recombinant Mule was able to 

stimulate Mcl-1 ubiquitination with methylated or GST-tagged ubiquitin but not 

with an ubiquitin-like protein SUMO (Figure 2-5, lanes 4-5 and 7-8, respectively).  

Mule ubiquitinates Mcl-1 in a dosage dependent manner, and the ubiquitination 

activity relies on the presence of E1, E2, and E3 (Figure 2-6).   

To further confirm that the HECT domain is required for E3 activity, the 

active site Cys residue deducted from conservation among various HECT domain 
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E3s (Figure 2-3B) was mutated to an Ala by site-specific mutagenesis.  The 

mutant recombinant Mule was purified through the same procedure as wild type 

one. In contrast to wild type Mule, the point mutant lost E3 activity on Mcl-1 

(Figure 2-7. lanes 1-3).  The Cys mutant Mule showed no dominant-negative 

effect over wild type Mule on Mcl-1 ubiquitin ligase activity (Figure 2-7., lanes 4-

9). Now all the data confirmed that Mule was an E3 for Mcl-1 in vitro. 

 

3. Mule is a BH3 only protein 

The BH3 motif is very important in mediating Bcl-2 family proteins 

interactions. It is a helix with hydrophobic residues lining on one side and 

hydrophilic residues lining on the other side. The BH1, BH2 and BH3 of multi-

domain Bcl-2 family proteins (eg Mcl-1, Bcl-2, Bax, Bak and et al) form a 

hydrophobic pocket and the BH3 peptide of another Bcl-2 family protein can be 

bound into the hydrophobic pocket and stabilized by the hydrophobic interactions 

and charge-charge interactions (Figure 1-4). I would like to know whether Mule 

can interact with Mcl-1 through the same mechanism, so we aligned Mule with a 

set of BH3 peptides and found that Mule also has a BH3 motif (Figure 2-3A and 

C), but not the BH1, 2 or 4, which labeled Mule as a BH3 only protein. 

The members of Bcl-2 family of proteins containing only the BH3 motif 

use this motif to interact with other family members.  If Mule also uses its BH3 

motif to interact with Mcl-1, a peptide containing this motif should compete for 
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Mule-Mcl-1 interaction therefore blocking Mcl-1 ubiquitination in the 

reconstituted system.  To test this hypothesis, we synthesized a 26 amino acids 

Mule BH3 peptide and a mutant peptide in which four hydrophobic residues 

required for protein-protein interaction were switched with glutamates (4E).  As 

shown in Figure 2-8, the Mule BH3 peptide can efficiently block Mcl-1 

ubiquitination at 4μM (lane 4), while the Mule BH3-4E mutant has no obvious 

effect even at 20μM (lane 9). 

To confirm that Mule has a bona fide BH3 motif, I synthesized the wild 

type and mutant (in which the important residues for BH3 interactions with the 

hydrophobic pocket were mutated) BH3 peptides of Mule with biotin tag. The 

biotinylated peptides were incubated with Hela s100 and pulled down by 

streptavidin beads. I found that only wild type of Mule BH3 peptide can pull 

down Mcl-1, but not the mutant ones (Figure 2-9A). 

In addition to peptide pull downs, I mutated the important residues in 

Mule and expressed recombinant Mule protein in insect cells. When I incubated 

recombinant FLAG-tagged Mcl-1 with either wild type or mutant recombinant 

Mule crude extract, I found that Mcl-1 can only pull down the wild type Mule but 

not the 1A, 2A or 3A mutant ones (Figure 2-9B). Interestingly, more recombinant 

Bim-BH3 containing Mule can be pulled down compared to wild type one, even 

though their expression levels were the same. This indicated that the interaction 

between Mcl-1 and Bim is stronger than that with Mule. Another BH3 only 
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protein Noxa was reported to bind to Mcl-1 specifically, but not other anti-

apoptosis Bcl-2 family proteins (Chen et al., 2005b). In order to compare their 

interaction strength, I synthesized Bim BH3 and Noxa BH3 peptides and added 

them to the in vitro ubiquitination system. As shown in Figure 2-10, Bim BH3 

peptides can inhibit Mule activity very well at 0.4μM, while Mule wild type or 

Noxa peptides work well at 4μM. This means that Noxa and Mule can bind to 

Mcl-1 equally well, while they were 10 times weaker than that of Bim, which was 

consistent with the data from Chen et al’s report (Chen et al., 2005b). 

 

4. The in vivo function of Mule 

So far the in vitro data confirms that Mule was the E3 for Mcl-1, which 

interacted with Mcl-1 through its BH3 motif. To test its in vivo function, I 

transfected Hela cells with Mule-specific siRNA oligos. After Mule knockdown, 

Mcl-1 basal level increased (Figure 2-11), which confirms the E3 function of 

Mcl-1 in vivo. The next hard question was to show that this level of Mcl-1 

increase could delay apoptosis. As Mule is such a huge protein, it is likely that it 

may have many other different substrates, which makes the question more 

complicated. Mule knockdown in Hela cells shows no dramatic phenotype. That 

is why we turned to U2OS cells and constructed inducible stable knockdown cell 

line. We could see a little difference in apoptosis in this cell line using cisplatin 

treatment. At the same time, p53 and myc were reported to be Mule substrates 



 

 

29

(Chen et al., 2005a), which seemed controversial to our data. This discrepancy is 

conceivable, since Mule is huge and many more unknown substrates may be 

found in the future. I believe that it can ubiquitinate Mcl-1, since it has a bona fide 

BH3 motif, which can bind to Mcl-1 to the same extent as Noxa. 

 

 

Discussion: 

Although Mule is the first E3 ubiquitin ligase that is identified solely 

based on its in vitro biochemical activity, we believe that it is the enzyme that 

regulates Mcl-1 half-life in vivo. First of all, it seems to contribute to the major 

Mcl-1 ubiquitination activity in Hela cell extracts since immunodepletion of this 

protein with a specific monoclonal antibody also depleted most of the activity.  

Second, four different siRNA oligonucleotides target different region of Mule 

mRNA specifically knocked down Mule protein with corresponding increase in 

Mcl-1 protein level (data not shown). And finally, an inducible shRNA construct 

that stably transfected into cells showed increase in Mcl-1 protein level that 

perfectly correlated with the induction of shRNA against Mule. 

Mule belongs to the HECT-domain containing group of E3 ligase. The 

HECT domain was first identified in the enzyme that binds to Papillomavirusevirus 

E6 protein and degrade p53 tumor suppress protein (Huibregtse et al., 1995).  The 

active site Cys within the HECT domain receives ubiquitin from the corresponding 
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E2 and transfers it to the protein substrate (Scheffner et al., 1995).  Mutation of the 

conserved Cys in the HECT domain of Mule abolishes it Mcl-1 ubiquitination 

activity (Figure 2-7). Mule also contains a recognizable UBA and WWE domain. 

Both domains are commonly found in other E3 enzymes. The UBA domain is known 

to bind mono or poly ubiquitin and the WWE domain is a conserved globular 

domain that is predicted to mediate specific protein–protein interactions in ubiquitin 

and ADP-ribose conjugation systems (Aravind, 2001; Hofmann and Bucher, 1996; 

Wilkinson et al., 2001).   

Interestingly, Mule also contains a well-conserved BH3 region through 

which the Bcl-2 family members interact with each other (Figure 2-3C and (Kelekar 

and Thompson, 1998).  The BH3 region of Mule may therefore function as its 

substrate-binding domain to specifically bind to Mcl-1 just like other BH3-only 

proteins do.  Among the Bcl-2 family members, the BH3 region of Mule mostly 

resembles the BH3 region of Bak (Figure 2-3C).  Not surprisingly, Bak has been 

found to be associated with Mcl-1 on mitochondria (Cuconati et al., 2003).  It is 

conceivable that Mule not only binds to the free Mcl-1 in cytosol through its BH3 

domain, but also competes with protein like Bak to break up Mcl-1/Bak complex.  

The recognition of Mcl-1 by Mule seems to be specific as the case of other BH3 –

only containing proteins (Chen et al., 2005b).  We did not observe much increase in 

other anti- or pro-apoptotic Bcl-2 proteins including Bcl-2, Bcl-xl, Bim, Bax, and 

Bak when the Mule was knocked down. 
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The precise roles of UBA, WWE and BH3 domains as well as the two 

Arm repeat-like domains (ARLD1 and ARLD2) at its N-terminus remain to be 

defined by further structure function studies.  In addition to these recognizable 

domains, the other regions in this enormous protein may serve other unknown 

function as well.  

As an E3 ligase of Mcl-1, Mule is the first such an enzyme identified that 

regulates the Bcl-2 family of proteins.  Since Mcl-1 functions as an apical factor in 

various death stimuli and serves as a major survival factor, the activity that 

regulates Mcl-1 level could be critically important in many physiological and 

pathological situations.  The importance of Mcl-1 during development and 

lymphocytes homeostasis has been demonstrated by the gene knock out studies. 

Deletion of Mcl-1 gene from mouse genome leads to peri-implantation embryonic 

lethality (Rinkenberger et al., 2000). Conditional knockout of Mcl-1 in mouse 

thymus and spleen results in profound reduction of both B-cell and T-cell 

(Opferman et al., 2003). Mcl-1 is also obligate for the survival of hematopoietic 

stem cells (Opferman et al., 2005). In mice, Mcl-1 overexpression apparently sets 

the stage for the development of lymphomas, very much like overexpression of 

Bcl-2 does (Reed, 1997). In both transgenic mouse models that affect 

mitochondrial apoptosis, lymphomas occur with high probability, and mimic a 

common disease seen in humans. Lymphoma in Mcl-1 overexpression mice was 

developed with long latency and at high penetrance (more than 85% over 2 years). 
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In most cases, the disease was widely disseminated and of clonal B-cell origin. 

Mcl-1 transgenic mice underscore the importance of the normal, highly regulated 

pattern of Mcl-1 expression in preventing lymphoid tumors (Zhou et al., 2001).  At 

cellular level, Mcl-1 is a target for several survival factors including MCSF, VEGF, 

stem cell factor and interleukin-5, and HIF (Cuconati et al., 2003; Derouet et al., 

2004; Huang et al., 2000; Le Gouill et al., 2004; Nijhawan et al., 2003; Zhang et al., 

2002; Zhou et al., 1997).  It is therefore not surprising that overexpression of Mcl-1 

has been found in a variety of human malignancy, and often correlates with clinical 

outcome (Zhang et al., 2002). Dysfunction of Mule is a potential reason for 

accumulation of Mcl-1. The function of Mule in tumor suppression will be 

consolidated after the establishment of murine knockout model and large scale 

screening of human cancer patients for Mule mutations.  

  As important as Mcl-1 is, there might be other activities in addition to Mule 

that proteolyses Mcl-1.  For example, it has been reported that Mcl-1 is a caspase 

substrate; a property that may contribute to the feed-forward amplification of 

apoptotic signals once caspases are activated (Clohessy et al., 2004; Herrant et al., 

2004; Weng et al., 2005).  In addition, we have observed that in several cell lines 

upon apoptosis induction, Mcl-1 still decreased even in the presence of proteasome 

and caspase inhibitors or when Mule level was undetectable.  So there might be 

another protease that cleaves Mcl-1 and contributes to the onset of apoptosis in 

addition to Mule and caspases.  
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Mcl-1 is not the only substrate of Mule. Mule can also ubiquitinate 

histone (Liu et al., 2005), p53 (Chen et al., 2005a), myc (Adhikary et al., 2005) and 

cdc6 (Hall et al., 2007). P53 can cause cell death, while Mcl-1 can inhibit cell death, 

which presents a controversial role for Mule in regulating cell death. We can only 

see minor difference in apoptosis using inducible knockdown stable cell line and 

cisplatin treatment. As Mule has many substrates, we are also not sure whether this 

effect is really due to upregulation of Mcl-1. To further address this question, we 

need Mcl-1/Mule double knockdown cell line, in which the effect on apoptosis 

should diminish.  

 

Materials and Methods 

Reagents  

The following antibodies were used for Western blots: monoclonal Mcl-1 

(Pharmingen), polyclonal Mcl-1 (Santa Cruz). Immunoprecipitations for Flag-

Mcl-1 were performed with monoclonal anti-Flag M2 antibody (Sigma). Insect 

cell expression system was adapted from Invitrogen. SiRNA against Mule 

(siRNA5635 TGCCGCAATCCAGACATAT , siRNA9931 

CATACCGAGAAGCATGCAA, siRNA1301 GAGTGGTTGACCTTATCAC, 

siRNA1826 GTGCACTCTGTTTGAATGC, siRNA2206 

CAGGCCATGCAGAGCTTTA) were ordered from Dharmacon and University 
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of Texas Southwestern RNA oligo synthesis core facility, and used following the 

manufactor’s protocols. 

 

In vitro Ubitination assay 

In 10μl reaction, 100ng of recombinant Flag-Mlc-1 was incubated with an 

ATP regenerating system (50 mM Tris pH 7.6, 5 mM MgCl2, 2 mM ATP, 10 mM 

creatine phosphate, 3.5 U/ml of creatine kinase), Methyl-Ub 10μg, 10ng human 

E1, 100ng Ubch7, ubiquitin aldehyde 2μM, and S100 10μg or desired fractions, at 

37°C for one hour, After terminating the reactions with SDS sample buffer 

containing mercaptoethanol, reaction products were fractionated by SDS–PAGE 

(10%) and analyzed by western blotting with anti-Flag M2 mAb or anti-Mcl-1 

antibody. 

 

Purification of Mule from HeLa cell S100 

All purification steps were carried out at 4°C. All the chromatographic 

steps were performed on an automatic fast protein liquid chromatography (FPLC) 

station (Pharmacia). Fifty liters of HeLa cell S100 in buffer A (1.2 g total protein) 

was applied on a Q-Sepharose column (60 ml bed volume) equilibrated with 

buffer A. The column was washed with 200ml buffer A containing 300 mM NaCl 

and eluted with a 300 ml linear gradient from 300 mM NaCl to 1000 mM NaCl, 
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both in buffer A. Fractions of 12 ml were collected and assayed for Mule activity. 

Active fractions (50 mg total protein) were eluted at 370–480 mM NaCl in buffer 

A. 60 ml of active protein fractions were pooled and precipitated by adding solid 

ammonium sulfate to 40% saturation and the protein precipitates were collected 

by centrifugation at 35,000 × g for 20 min. The resulting protein pellet was 

dissolved in 2ml buffer A and loaded on a Superdex 200 (16/60) gel filtration 

column equilibrated with buffer A containing 100 mM NaCl. The column was 

eluted with the same buffer. Fractions of 4 ml were collected starting from 90 ml 

of elution and assayed for Mule activity. A total of 8 ml active fractions were 

pooled and loaded on a Heparin (5 ml bed volume) equilibrated with buffer A. 

The column was washed with 20ml buffer A containing 100 mM NaCl and eluted 

with a 50 ml linear gradient from 100 mM NaCl to 800 mM NaCl, both in buffer 

A. Fractions of 2 ml were collected and assayed for Mule activity. Active 

fractions were eluted at 190–400 mM NaCl in buffer A. A total of 8 ml active 

protein fractions were pooled and ammonium sulfate was added to make a final 

concentration of ammonium sulfate at 10%. The mixture was equilibrated by 

rotating for 1 hr followed by centrifugation at 35,000 × g for 40 min. The 

resulting supernatant was loaded onto a 1ml Phenyl Superose column (Pharmacia) 

equilibrated with buffer A containing 10% ammonium sulfate. The column was 

washed with 30 ml buffer A containing 5% ammonium sulfate and eluted with a 

20 ml linear gradient from buffer A containing 5% ammonium sulfate to buffer A. 
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Fractions of 1 ml were collected and assayed for Mule activity. A total of 2 ml 

active fractions eluted at 0.5% ammonium sulfate were collected and loaded on a 

100ul Mini Q column equilibrated with buffer A containing 100 mM NaCl. The 

column was washed with 2 ml buffer A containing 150 mM NaCl and eluted with 

a 2 ml linear gradient from 150 mM NaCl to 500 mM NaCl, both in buffer A. 

Fractions of 100ul were collected and assayed for Mule activity. Active fractions 

(0.2μg total protein) were eluted at 380–420 mM NaCl in buffer A and were 

aliquoted with the addition of 10% glycerol and stored at −80°C. 

 

Cloning of Mule 

Part of Mule sequences are deposited in gene bank. They are named as 

ureb1 (GI:57160759, which is 3407aa), HSPC272 (gi:50401532, which is 3360aa), 

or LASU1 (GI:22090626, which is also 3360aa and also the same as HSPC272). 

There is also a predicted UREB1 (GI:51477156) sequence annotated by NCBI, 

which is 4298aa long, but still with a lot of errors. Before we knew the true full 

length of Mule, we made our construct based on LASU1 (GI: 22090626). After 

blasting TIGR human gene database, we found that most of LASU1 can be 

covered by KIAA1578 (from 0.7kb to 4.4kb in pBlueScript with Not I in 3’) and 

KIAA0312 (from 4.4kb to the end in pBlueScript with Not I in 3’), which was 

obtained from Kazusa DNA Research Institute (Chiba, Japan, 

http://www.kazusa.or.jp/huge/). But the sequence overlapped between KIAA1578 
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and KIAA0312 is not accurate, we have to correct them. There is also about 

700bp missing in the 5’-end of the DNA sequence. 

(A). To get the PCR product of the fragment between Kpn I and the second EcoR 

I (from 2kb to 5kb) from Hela cell cDNA library. The PCR product was 

cloned into pGEM-T Easy vector (Promega Biosciences Inc, CA) using TA 

cloning method. As pGEM-T Easy vector has one Not I site in both sides of 

the insertion site, the fragment between Hind III and EcoR I (from 4.2kb to 

5kb) can be released using Hind III/Not I double digestion and be inserted into 

KIAA1578-pBlueScript between Hind III and Not I. Thus the 3’ of 

KIAA1578 was corrected. The fragment between Xba I and EcoR I was 

released and inserted into p3XFLAG-CMV-10 (Sigma-Aldrich Inc) using 

these two sites. 

(B). To get the 1.4kb PCR product of the 5’ end of LASU1 from Hela cDNA 

library with BamH I in 5’. The first EcoR I site was mutated and destroyed. 

The fragment between BamH I and Xba I was released and inserted into the 

final product in step A using these two sites. Thus the 5kb fragment in 5’ end 

was corrected and can be released using BamH I and EcoR I double digestion. 

(C). The fragment between EcoR I and Not I was released from KIAA0312-

pBlueScript and ligated into pFastBac-1 vector (invitrogen). Then the BamH 

I/EcoR I fragment from step B can be ligated into KIAA0312-pFastBac-1 
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vector and the LASU1 full length was successively cloned into pFastBac-1 

now. 

(D). The missed 3kb in the 5’ end of the new Mule is cloned as two smaller 

fragments (named 3A and 3B) with BamH I to ligate them together. The first 

fragment 3A (from the 5’ head to 1.3kb) has Nhe I/Sal I/12His-tag at 5’ end, 

with endogenous BamH I site at 3’ end. The second fragment 3B (from 1.3kb 

to 4.5kb) is between two endogenous sites BamH I and Xba I, with its 3’end 

overlapping with the 5’ end of LASU1. 3A and 3B were assembled together 

using pIND-Hygro/Lac (invitrogen) vector. 3A was inserted between Nhe I 

and BamH I. 3B was inserted between BamH I and Xba I. Now the assembled 

5’ end (from 5’ head to 4.2kb) was released with Nhe I and Xba I double 

digestion and cloned into pcDNA3.1-myc-his(-) (invitrogen) with these two 

sites.  

(E). The 3’ end of new Mule (from 4.2kb to 13.2kb) was released from the final 

product of step C (LASU1-pFastBac-1) with Xba I and Not I double digestion. 

The 9kb fragment was cloned into the final product of step D between Xba I 

and Not I. Now the Mule full length was successively cloned into pcDNA3.1(-

). The Mule was also released using Sal I and Not I double digestion and 

cloned into pFastBac-1 and pcDNA4/TO (both from invitrogen) 

(F). To get the active site mutant (C4341 to A) of Mule, the last 1kb fragment was 

used to do mutagenesis and Ssp I/Not I sites were used to put the mutant 1kb 
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back into Mule-pcDNA3.1(-). Then mutated Mule was released using Sal I/ 

Not I double digestion and cloned into pFastBac-1. 

 

 

 

To purify recombinant Mule: 

Mule expression baculovirus were prepared according to manufacture’s manual 

(Bac-to-Bac Baculovirus expression system, Invitrogen Co, Carlsbad, CA). Insect 

cells Sf21 were infected with P3 virus. The cells were harvested after 2 days of 

infection. Cell pellet was resuspended in buffer A and homogenized with douncer 

(1L culture resuspended in 50ml of buffer A). The homogenate was centrifuged at 

100,000g (SW28 rotor, 25,000rpm) for 1hr. The S100 (2g total protein) was 

filtered and loaded onto Q column (hand-packed 36ml of Q Sepharose XL beads). 

The column was washed with 5 volumes of 100mM NaCl in buffer A. Then 

500mM NaCl was used to bump the protein out (collecting at 30ml/tube, measure 

protein concentration and pooled the high concentration fractions together). The 

sample above was dialyzed against buffer A and loaded onto 20ml HiTrap Q XL 

column (4X5ml). After loading and washing with 150mM NaCl, Mule was eluted 

with a gradient from 150mM NaCl to 500mM NaCl. The fractions eluted between 

360 and 450mM NaCl were pooled together and dialyzed against buffer A The 

sample was loaded onto 10ml HiTrap Heparin column. The eluted fractions with 
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NaCl between 280mM and 450mM were pooled together and dialyzed against 

Nickel beads binding buffer (20mM Na’PO4, 500mM NaCl, pH7.4). The sample 

was loaded onto 1ml HisTrap column, washed with 10mM immidazol and 

bumped out with 250mM immidazol. The sample was added with 4 volumes of 

buffer A loaded onto 1ml HiTrap Q column. Western blotting and coommasie 

blue staining were used to check Mule in each fraction. 10% glycerol was added 

to the fractions containing Mule and the proteins were frozen in liquid nitrogen 

and stored at -80°C.  

 

BH3 peptide pulled down: 

Mule wild type and mutant BH3 peptides were synthesized from UT 

Southwestern Medical Center peptide synthesis core facility with N-terminus 

biotin tag. 60μg of biotinylated peptides were incubated with 20μl of Streptavidin 

beads in 1ml buffer A at 4°C for 4hrs. The beads were then washed 3 times with 

buffer A to remove the free peptides and incubated with 1mg Hela cell s100 in 

1ml volume at 4°C for o/n. The beads were then washed with FLAG lysis buffer 

(137mM NaCl, 50mM Tris, pH8.0, 1mM EDTA, 10mM NaF, 1% Triton X-100 

and 10% glycerol) for 5 times and boiled in 60μl of 1X SDS-PAGE loading dye 

and subjected to SDS-PAGE. 
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Figure 2-1. 
 
 

 
 
 

Figure 2-1. Purification of Mcl-1 Ubiquitin Ligase E3 (Mule). (A) Diagram of the 
purification scheme for Mule. See Materials and Methods for details. (B) Aliquots 
(30 μl) of the indicated fractions from the Mono Q column were subjected to 6% 
SDS-PAGE followed by Colloidal blue staining using a Colloidal blue staining kit 
from Invitrogen. (C). Aliquots of 4 μl of the indicated Mono Q column fractions 
were incubated with 1.5 μl (15 μg) of Methyl-Ub, 0.25 μl (15 ng) of human E1, 
0.3 μl (150 ng) of Ubch7, 0.8 μl (0.3 μg) of ubiquitin aldehyde, and ATP-
regenerating system at 37°C for 1hr in a final volume of 15 μl adjusted with 
buffer A. After 1 hr at 37°C, the samples were subjected to Western blotting using 
a rabbit anti-Mcl-1 antibody.  
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Figure 2-2.  
 
 

 
 
 
Figure 2-2. Identification of full-length Mule. (A). The recombinant Mule 
expressed in insect cells (3360aa, lane 2 with the red arrow head) is smaller than 
the endogenous one in hela cells (lane 1, with the black arrow). (B). The 
bioinformatics prediction of full length Mule. The details were described in the 
main text. The four blue bars represents the siRNA sequences I used. (C). The 
verification of predicted Mule N-terminus 1014aa with mass spec data. The 
peptides in red are identified from mass spec data. (D). RNAi verification of the 
predicted Mule N-terminus. Hela cells were transfected with either luciferase 
siRNA oligos (as negative control, lanes 1 and 6), or transfected with siRNA5635 
(lane 5, as a positive control, the known functional siRNA oligo which targeted 
the published Mule), siRNA1301 (lane 2), siRNA1826 (lane 3), siRNA2206 (lane 
4) and the cell extracts were subjected to SDS-PAGE and probed with mouse-
anti-Mule antibody.  
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Figure 2-3. 
 

 
 
 
Figure 2-3. Domain Structure of Mule. (A) A schematic representation of Mule is 
shown by the horizontal bar with the numbers corresponding to the amino acid 
residues. The 
predicted Mule is 4374 amino acids long. The Arm repeat-like domains (ARLD) 1 
and 2, the WWE domain, the UBA domain, the BH3 domain, and the HECT 
domain are indicated. (B) The amino acid sequence of the HECT domain of Mule 
was aligned with HECT domains of human E6-AP, budding yeast TOM1, and 
human NEDD4 by the T-coffee program (Notredame et al., 2000). Identical 
amino acids and conserved amino acids are marked by black and gray boxes, 
respectively. The cystine residues in the active site for HECT domains are marked 
in red. (C) The amino acid sequence of the BH3 domain of Mule was aligned with 
the BH3 domains of human Bcl-2 family proteins by the T-coffee program. 
Identical amino acids and conserved amino acids are marked by black and gray 
boxes, respectively. 
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Figure 2-4. 
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Figure 2-4. Generation of full-length recombinant Mule. (A). The recombinant 
full length Mule was expressed in insect cells (lane 3) and subjected to SDS-
PAGE together with Hela total cell lysate (lane 2), the lysate of Hela cells treated 
with siRNA against Mule (lane 1) and non-infected insect cell lysate (lane 4). The 
blot was then probed with mouse-anti-Mule antibody. The arrow points to Mule. 
(B). Mule was expressed in insect cells and purified as described in Materials and 
Methods. The fractions (18-27, in lanes 3-12) from the last Q column were used 
to do Mcl-1 in vitro ubiquitination assay and commassie blue staining. Hela cell 
s100 only (lane 1) was used as a control for cross-reactive bands. Recombinant 
Mcl-1 was added to Hela cell s100 (lane 2) or together with 5% glycerol (lane 13) 
were used as Mcl-1 ubiquitination positive control. The solid arrows point to 
mono-ubiquitinated Mcl-1, while the blank arrow points to the purified 
recombinant full length Mule stained with commassie blue reagent. 
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Figure 2-5. 
 

 
 
 
Figure 2-5. Recombinant Mule can ubiquitinate Mcl-1 in vitro using either 
methylated ubiquitin or GST-tagged ubiquitin. Recombinant Mule was incubated 
with ATP regenerating buffer, E1, E2, recombinant Mcl-1, and ubiquitin in a 10 
μl reaction volume at 37°C for 1 hr. The reactions were performed as duplicates 
in lanes 4 and 5, 7 and 8, and 10 and 11. Methyl-Ub (125 μM) was used in lanes 
2–5, GST-Ub (125 μM) in lanes 6–8, and GST-SUMO (125 μM) in lanes 9–11. 
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Figure 2-6. 
 
 

 
 
 
Figure 2-6. In vitro Mcl-1 ubiquitination depended on the presence of E1, E2 and 
was also Mule dosage dependent. Mcl-1 ubiquitination reactions were performed 
in the presence of methyl-Ub using two different doses of Mule (lane 2, 1×—15 
nM and lane 3, 4×—60 nM) as above. As shown in lanes 4–6, the in vitro 
ubiquitination 
reactions were performed in the absence of Mule (lane 4), E2 (lane 5), or E1 (lane 
6) and 
analyzed as described in the Materials and Methods. 
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Figure 2-7. 
 

 
 
 
 
Figure 2-7. The active site of Mule is required for in vitro ubiquitination of Mcl-1. 
Recombinant Mule-C4341A mutant protein was added to the Mcl-1 
ubiquitination reaction at different doses (0 nM—lanes 4 and 7; 10 nM—lanes 1, 
5, and 8; 20 nM—lane 2; 35 nM—lanes 3, 6, and 9) without wild-type 
recombinant Mule (rMule, lanes 1–3), or with 5 nM rMule (lanes 4–6), or with 10 
nM rMule (lanes 7–9) and analyzed as described in Materials and Methods. 
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Figure 2-8. 
 

 
 
 
Figure 2-8. Mule recognizes Mcl-1 through BH3 interaction. A Mule BH3 peptide 
or a Mule BH3-4E mutant peptide was added to the Mcl-1 ubiquitination reaction 
at different doses (0 nM—lane 1, 0.16 μM—lanes 2 and 6, 0.8 μM—lanes 3 and 7, 
4 μM—lanes 4 and 8, 20 μM—lanes 5 and 9) with wild-type recombinant Mule 
(rMule, 10 nM) and analyzed as described in Materials and Methods.. 
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Figure 2-9. 
 

 
 
 
Figure 2-9. BH3 motif of Mule is necessary and sufficient for binding to Mcl-1. 
(A). Different biotinylated BH3 peptides (wt—lanes 2 and 7, 1A (D1985A)—
lanes 2 and 8, 2A (D1985A/D1986A )—lanes 4 and 9, 3A 
(G1984A/D1985A/D1986A )—lanes 5 and 10 or 4E 
(V1976E/L1980E/M1983E/V1987E) mutant—lanes 6 and 11) were conjugated to 
streptavidin beads and then incubated with 1mg of Hela s100 in 1ml volume at 
4°C for overnight. The beads were then centrifuged and washed several times, 
after which SDS-sample buffer was added and boiled. The pellets and 
supernatants samples were subjected to SDS-PAGE and probed with Mcl-1 
antibody. 5% input was used as control for pull-down efficiency. (B). Full length 
Mule was cloned into pFastBac vector with the following mutation—D1985A 
(1A, lanes 1 and 7), D1985A/D1986A (2A, lanes 2 and 8), 
G1984A/D1985A/D1986A (3A, lanes 3 and 9), or with swapped Bim BH3 
sequence (lanes 5 and 11). Wild type full length and the N-terminus truncated 
form (with 3360aa in C-terminus) of Mule were also cloned into pFastBac vector. 
These wild type Mule or mutated Mules were then expressed in insect cells to 
make s100. Recombinant FLAG-tagged Mcl-1 was coupled to anti-FLAG M2 
beads and incubated with the s100 made above (lanes 1-6).  Mock coupled M2 
beads were used as negative controls (lanes 7-12). 5% inputs were used as control 
for pull-down efficiency. 
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Figure 2-10 
 
 

 
 
 
 
 
Figure 2-10. Comparison of Mule, bim and Noxa BH3 in inhibiting Mcl-1 in vitro 
ubiquitination. . A Mule BH3 peptide, a Mule BH3-4E mutant peptide, a Bim 
BH3 peptide or a Noxa BH3 peptide (the latter two peptides were dissolved in 
DMSO at 1mM) was added to the Mcl-1 ubiquitination reaction at different doses 
(0 nM—lane 1; 0.004 μM—lanes 7 and 11; 0.04 μM—lanes 2, 8, and 12; 0.4 
μM—lanes 3, 9 and 13; 4 μM—lanes 4, 10 and 14; 40 μM—lanes 5 and 6; or 1:75 
diluted DMSO as mock control) with wild-type recombinant Mule (rMule, 10 nM) 
and analyzed as described in Materials and Methods. 
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Figure 2-11. 
 

 
 
 
 
Figure 2-11. Mule knockdown results in Mcl-1 upregulation. On day 0, Hela cells 
were transfected with either luciferase siRNA oligos (lane 1, as negative control) 
or two different siRNA oligos targeted Mule (lanes 2 and 3, siM1 and siM2). On 
day 3, the cells were collected and lysed in 0.5% Triton X-100 in Buffer A. The 
samples were then subjected to SDS-PAGE and probed with Mcl-1, actin and 
Mule antibody. 
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Chapter 3. Mcl-1L knockdown results in p21 upregulation and autophagy. 

 

1. Mcl-1 knockdown results in autophagic cell death 

As Mule has several different substrates, such as p53 (Chen et al., 

2005a), myc (Adhikary et al., 2005), cdc6 (Hall et al., 2007) and histone (Liu et 

al., 2005) in addition to Mcl-1, it is uncertain whether the anti-apoptosis 

phenotype after Mule knockdown is really due to Mcl-1 upregulation. To confirm 

this we need Mcl-1/Mule double knockdown to show the lack of anti-apoptosis 

phenotype. Before making a double knockdown stable cell line, I generated an 

Mcl-1 single knockdown one using our multiple copy shRNA inducible 

knockdown technology (Zhong et al., 2005).  

I generated a U2OS cell line that expresses shRNA against Mcl-1 under 

the control of a tetracycline-inducible promoter.  When tetracycline was added to 

the culture media, cellular Mcl-1 was successfully knocked down after 2 days 

(Figure 3-1).  After 6 days, the cells without tetracycline treatment grew to 

confluency, while most cells treated with tetracycline were dead (Figure 3-2, A 

and B). Furthermore, after 6 days of tetracycline treatment, the cells shrank to a 

filamentous shape (Figure 3-2B).  The change in cell morphology could be 

observed after 4 days of tetracycline treatment.  No caspase-3 activation was 

observed indicating that the cells die through a non-apoptotic mechanism (Figure 

3-1).  Suspecting that the cells die through autophagy, we generated a GFP-LC3 
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stable expression cell line based on cells in which Mcl-1 could be knocked down 

with tetracycline.  In these cells, I observed green fluorescent aggregates in the 

cells after tetracycline treatment (Figure 3-3). This suggested that the cell 

shrinkage and subsequent death was due to the activation of autophagy.  To 

quantify and further confirm autophagy, I used a long-lived protein degradation 

assay to measure the autophagy rate change after Mcl-1 knockdown. It was 

increased about 45% (Figure 3-4).  

I was intrigued by the phenotype of Mcl-1 knockdown induced 

autophagy, because no one had ever reported the relationship between Mcl-1 and 

autophagy. Beclin 1 is the mammalian homolog of yeast ATG6, which is the 

regulatory subunit of a PI3 kinase hVPS34 (Liang et al., 1999). Through reading 

Beth Levine’s 2005 Cell paper (Pattingre et al., 2005) about Bcl-2 inhibiting 

Beclin 1, I realized that perhaps Beclin 1 is a BH3 only protein. Thus I aligned 

Beclin 1 with a set of BH3 peptides in the same way that I did to Mule. To my 

excitement, I found that Beclin 1 does have a BH3 like motif (Figure 3-5A). I 

therefore designed wild type and the mutant peptides to do a peptide pull down 

assay. But unfortunately the wild type peptide cannot pull down Mcl-1, even 

though the positive control (Bim BH3) worked very well (Figure 3-5B). 

Suspecting that the peptide alone may not be enough to bind to Mcl-1 or it may 

not form an alpha helix in solution, I mutated the four conserved hydrophobic 

residues (L112, L116, T119, F123) in the BH3 motif of Beclin 1 to 4E. I also 
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swapped the Beclin 1 BH3 motif with that of Bad and Mule. Because it was 

reported that Bad BH3 cannot bind to Mcl-1, it can be used as a negative control. 

The Mule BH3 can bind to Mcl-1 very well, so it was used as a positive control.  

As shown in Figure 3-6, Beclin 1 swapped with Mule BH3 can pull down Mcl-1 

very well, while there is no difference between wild type, 4E mutant, and Bad 

BH3 Beclin 1, which are much weaker comparing to Mule-BH3 Beclin 1. This 

suggested that the BH3 motif of Beclin 1 may not be a canonical BH3, even 

though it looked like a bona fide BH3.  

Although Beclin 1 may not be the direct target of Mcl-1 knockdown 

caused autophagy, it plays a key role in inducing autophagy, so knock down 

Beclin 1 should have some effect on Mcl-1 knockdown induced autophagy. To 

further confirm the involvement of autophagy in Mcl-1 knockdown, I generated a 

Mcl-1/Beclin 1 double knockdown stable cell line, in which both Mcl-1 and 

Beclin 1 can be knocked down very well (Figure 3-7). In Mcl-1/Beclin-1 double 

knockdown cells, although cell shape is unchanged, the cell number did decrease 

compared with non-treated cells (Figure 3-8A), which may be due to apoptosis. 

The long-lived protein degradation assay showed that the autophagy increase was 

only about 10% after Beclin 1 was knocked down (Figure 3-8B). But this did not 

necessarily mean that Beclin 1 is the direct downstream of Mcl-1 knockdown 

induced autophagy. Beclin 1 protein level did not change after Mcl-1 knockdown 

(Figure 3-7). 
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2. Knockdown of Mcl-1L but not Mcl-1S results in autophagy 

It is known that RNAi may result in off-target effects. Therefore I 

needed to confirm the autophagy effect of Mcl-1 knockdown by testing different 

shRNA sequences. To my surprise, I found that the two new Mcl-1 knockdown 

stable cell lines had no such autophagic phenotype (Figure 3-9A and B). As it was 

also difficult to try to rescue the first RNAi cell line with inducible Mcl-1 

expression, it suggested the possibility of an off-target effect. But after checking 

the literature, I found that Mcl-1 has two different splice variants, one is called 

Mcl-1L and the other is called Mcl-1S (Bae et al., 2000). Mcl-1 has three exons. 

The long form contains all three of them; while in the short form, exon 2 is 

skipped, which results in a frame shift and makes Mcl-1S a BH3 only protein 

(Figure 3-10 A and B). Mcl-1S is conserved very well in mammals from mouse to 

human. Its N-terminus 230aa is the same as Mcl-1L, while the C-terminus 41aa is 

unique and different from Mcl-1L (Figure 3-10C). As the currently available 

antibody cannot detect Mcl-1S, in order to confirm the existence of Mcl-1S in 

U2OS cells, I extracted total RNA and did RT-PCR (Figure 3-11). Mcl-1L PCR 

products were the two major bright bands (in lanes 2 and 3, Figure 3-11). The two 

faint bands which ran faster than Mcl-1L PCR products were cut out and cloned 

into TA vector to sequence, which were confirmed to be Mcl-1S.  

After careful examination of the three shRNA sequences I used (Figure 

3-10B), I found that the first one (oligo a) only targeted Mcl-1L, while the two 
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new ones (oligo b and c) targeted both Mcl-1L and Mcl-1S. This raised the 

possibility that maybe Mcl-1L specific knockdown results in free Mcl-1S 

accumulation and autophagy. To test this hypothesis, I generated two other new 

shRNA stable cell lines (oligo d and e), which had the same autophagic phenotype 

as oligo a (Figure 3-12 and Figure 3-13). 

To confirm that Mcl-1S is responsible for the autophagy phenotype, I 

put sequence c and d (or e) together to generate stable cell lines. If Mcl-1S was 

indeed involved in autophagy, the autophagic phenotype of d or e should be 

abolished by the presence of shRNA c. The results were indeed the same as what I 

predicted (Figure 3-14, 3-19, 3-20 and 3-21). This loss of function evidence 

confirmed the involvement of Mcl-1S in inducing autophagy. Another good 

evidence is gain of function, in which overexpression of Mcl-1S is sufficient to 

induce autophagy. This evidence is not available at this time. 

 

3. Mcl-1L knockdown results in p53 and p21 upregulation. 

Initially intended as a negative control for fast turnover protein, I also 

measured the protein level of p53 after knocking down Mcl-1.  To my surprise, 

both levels of p53 and its target p21, a negative regulator of CDK kinase, were 

elevated (Figure 3-1).  Since the elevation of p53 may also activate autophagy 

through either mTOR pathway or DRAM (Crighton et al., 2006; Feng et al., 

2005), we measured its relevance in our system by generating a cell line that 
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harbor both shRNA against Mcl-1 and p53 under the control of a tetracycline-

inducible promoter.  When both Mcl-1 and p53 were knocked down, the 

autophagic cell death was rescued (Figure 3-15, 3-19 and 3-20).   

My initial observations showed that after tetracycline treatment, the cells 

showed cell cycle arrest in the first two days (Figure 3-16A and B), with S phase 

cells decreased from 20% to 5%, G1 phase cells increased from 49% to 53% and 

G2/M phase cells increased from 26% to 39%. This was conceivable since p21 

was upregulated, which was reported to induce G1/S and G2/M arrest (Niculescu 

et al., 1998). As the cells showed enlarged morphology, the cells should be 

blocked at G1 and G2 phase. After this step the cell began to shrink to 

filamentous morphology. In order to know whether I could separate cell cycle 

arrest and autophagy, I did Mcl-1/p21 double knockdown. To my surprise, this 

double knockdown had the same phenotype as Beclin1/Mcl-1 double knockdown, 

which did not have morphology change, but with cell number decrease (Figure 3-

17). Long-lived protein degradation assay (Figure 3-19) and cell viability assay 

(Figure 3-20) showed that after p21 knockdown, autophagy was inhibited. These 

results suggested that p21 may be involved in autophagy. This may not be a total 

surprise, as it was shown that p27, another CDK inhibitor can induce autophagy 

(Liang et al., 2007). It was also shown that mitotic cells are resistant to autophagy 

(Eskelinen et al., 2002). All these evidence suggested the importance of p21 in 

regulating autophagy. 
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4. Mcl-1L knockdown induced autophagy was not caused by mTOR activity 

downregulation. 

Autophagy can be mainly induced by amino acid starvation or 

rapamycin treatment. As mTOR was clearly involved in amino acid sensing and 

can be inactivated by rapamycin, it was obvious that mTOR inhibition induced 

autophagy.  In our system, the cells were cultured in a nutrient rich condition, the 

only change was Mcl-1 knockdown, so I wanted to test whether mTOR was still 

involved. mTOR can phosphorylate p70s6 kinase at T389. Using an antibody 

specifically recognizing phosphorylated T389 p70s6K, I found that there was no 

change in the mTOR activity after Mcl-1 was knocked down. This suggested a 

novel pathway other than mTOR was involved in inducing autophagy after Mcl-1 

knockdown.  

 

Discussion: 

The data demonstrated that Mcl-1S can induce p53 upregulation through 

an unknown mechanism (Figure 3-22). p53 can induce p21 upregulation, which 

causes cell cycle arrest and induces autophagy. Mcl-1 plays very important roles 

in regulating animal development and maintaining cell survival. Mcl-1L and Mcl-

1S are highly conserved in mammals from mouse to human. The genomic 

structures of human and mouse Mcl-1 gene are the same and their ORF contained 

three exons.  Mcl-1S was discovered to be a BH3 only protein, but without any 
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follow up publications. This may be because it cannot be detected by the currently 

available antibodies, even though they are claimed to be able to recognize Mcl-1S. 

Using the cell extracts in which the shRNA targeted both long and short forms of 

Mcl-1, I found no difference between those bands claimed to be Mcl-1S before or 

after tetracycline treatment. They must be non-specific bands which can be 

recognized by Mcl-1 antibody. When I tried to make an anti-peptide antibody, I 

found that all the good antigenic peptides share at least 40% identity with some 

proteins of the same size as Mcl-1S (around 270aa long). In preparing this 

dissertation, I noticed a recent paper (Sivertson et al., 2007) which appeared 

online in June 2007 that used Mcl-1S antibody in their report. They generated 

their own peptide antibody, which indirectly confirmed that the commercially 

available antibody cannot detect Mcl-1S. 

The effect of Mcl-1S can only be observed after Mcl-1L is decreased to 

a very low level, such that it cannot inhibit Mcl-1S. I also noticed that in this Mcl-

1L/S double knockdown cell line, p53 and p21 upregulation was not completely 

blocked. The autophagy increase rate was still 10%, not as good as p53/Mcl-1 

double knockdown. This may be due to incomplete knockdown of Mcl-1S, since 

in another Mcl-1L/S double knockdown colony (Figure 3-21), p21 and p53 

upregulation was blocked much better and there was no difference between 

tetracycline treatment and non-treatment for the long-lived protein degradation. 

As Mcl-1L was considered to play an important role in regulating apoptosis, this 
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autophagy role of Mcl-1L and Mcl-1S is definitely a new finding and may 

provide a link between apoptosis and autophagic cell death for the intrinsic 

apoptosis pathway. Furthermore, this finding provided us a cellular system to 

analyze autophagic processes and may help us to find novel regulators.     

It is counterintuitive that after knocking down Mcl-1L, Mcl-1S should 

result in p53 elevation, because cell death could be rescued if p53 was knocked 

down as well, it is obvious that the autophagic cell death was mediated by p53.  

At least, the up-regulation of p53 is required to execute this form of cell death.  It 

has been shown that p53 can regulate autophagy by inhibiting mTOR pathway or 

up-regulating DRAM, a transcriptional target of p53 involved in autophagy by an 

unknown mechanism. In this study I did not observe the inhibition of mTOR 

activity, which was conceivable since when I induced Mcl-1L knockdown, the 

cells were always cultured in nutrient rich medium. In addition to starvation, there 

are some other stimuli which can induce autophagy including ionizing radiation 

and chemotherapy. After elimination of Mcl-1L, Mcl-1S may cause autophagy 

through the same mechanism as these two inducers, or it has its own unique 

pathway.  

It was reported that autophagy was blocked in mitotic cells (Eskelinen et 

al., 2002) and was easily induced at G1 or S phase (Tasdemir et al., 2007). As a 

CDK inhibitor, p21 can arrest cell cycle at G1 and G2 phase. Another cell cycle 

inhibitor p27 was reported to induce autophagy by inhibiting the activity of CDK2 
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and CDK4 (Liang et al., 2007). This raised the possibility of the crosstalk between 

cell cycle control and autophagy, but the mechanism of how CDK inhibition leads 

to autophagy is still not known. In the yeast autophagy pathway, the binding 

between ATG13 and ATG1 was reported to be controlled by the phosphorylation 

state of ATG13, which was directly or indirectly related to TOR pathway 

(Kamada et al., 2000). Still no kinase or phosphatase was reported to 

phosphorylate or dephosphorylate ATG13. So ATG13 is a very attractive 

candidate for the cell cycle regulated autophagy genes. Unfortunately no human 

homolog of ATG13 has been reported yet.  

Although it was reported that Beclin 1 has a BH3 motif, my data showed 

that it may not be a bona fide one or at least the binding efficiency is very low. 

The BH3 swapping data showed that its binding efficiency is almost the same as 

that of Bad, much weaker than Mule’s BH3. It was reported that Bad cannot bind 

to Mcl-1 (Chen et al., 2005b). The data in Chapter 2 showed that BH3 of Mule is 

a bona fide one. But it did not necessarily mean that Beclin 1 cannot bind to Mcl-

1, since comparing to the negative control, there is still some interaction between 

these two proteins. On the other hand, if the effect of Mcl-1L knockdown was 

solely because of Beclin 1, knockdown of Beclin 1 should completely mimic the 

same phenotype as non-treatment one. My data showed that after Beclin 1 

knockdown, p53 and p21 were still upregulated and apoptosis occurred. This 
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eliminated the possibility that Beclin 1 was the sole cause for the phenotype 

generated by Mcl-1L knockdown.  

RNA interference is notorious for its off-target effects. Here I showed 

that three totally different shRNA sequences targeting the Mcl-1L specific region 

gave the same phenotype, which eliminated the possibility of off-target effect.  

The other two shRNA sequences targeting both long and short forms of Mcl-1 did 

not result in autophagy, and they can even inhibit Mcl-1L specific shRNA 

induced phenotype. This loss of function of Mcl-1S confirmed the role of Mcl-1S 

in inducing autophagy. 

Another interesting question is the relationship between apoptosis and 

autophagy. Beclin 1 knockdown can inhibit autophagy, while apoptosis occurred. 

This meant autophagy may inhibit apoptosis, which was reported before (Lum et 

al., 2005). The mechanism of how autophagy inhibits apoptosis is still not clearly 

known. One speculation is that after Mcl-1L knockdown, Mcl-1 

S may cause mitochondria damage, which activates p53 and autophagy. The 

autophagy can eliminate damaged mitochondria, which can prevent it from 

releasing apoptosis inducing proteins (eg Cytochrome c and Smac) and the 

occurrence of apoptosis. While the continuous elimination of mitochondria 

together with cytosolic proteins resulted in uncontrolled autophagy resulting in 

autophagic cell death.  
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In the autophagy field, until now genetic screening has played a major 

role in identifying novel genes. For biochemical studies, the only well known are 

the two ubiquitination like conjugation pathways. By setting up an in vitro assay, 

Xuejun Jiang’s group identified ribosome RNA as enhancing ATG12-ATG5 

conjugation (Shao et al., 2007), while Ohsumi’s group identified ATG12-ATG5 

conjugate as having E3 activity in inducing ATG8-PE conjugation (Hanada et al., 

2007). They cannot further identify novel genes involved in autophagic pathway, 

which involves membrane trafficking system and is difficult for biochemical 

study. For our study, we can only use candidate approach methods to delineate the 

pathway from Mcl-1L knockdown to autophagy induction, which limits our scope 

in identifying novel genes involved in the pathway.  
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Materials and methods: 

Reagents: 

Opti-MEM I, lipofectamin 2000 reagent and Blasticidin were from 

Invitrogen. Blasticidin was dissolved in H2O at 10mg/ml. Tet-system approved 

FBS and pPur were from Clontech. Puromycin and G418 were from Calbiochem. 

Puromycin was dissolved in H2O at 10mg/ml and G418 was dissolved in PBS at 

500mg/ml. Tetracycline was from sigma and dissolved in 50% ethanol at 5mg/ml. 

Cloning cylinder was from Bellco glass Inc. Mcl-1 antibody and p53 antibody were 

from Santa Cruz. p21 antibody was from Cell Signaling. Actin antibody was from 

Sigma. Beclin 1 antibody was from EMD biosciences, Cell titer glo assay reagents 

were from Promega.  

 

Generation of RNAi stable cell lines: 

Tet repressor stable cell line was first generated and cultured in DMEM 

containing 5μg/ml blasticidin. The 19bp of functional siRNA sequences were 

adapted into pSuperior vector according to manufacture’s protocol. The cassettes of 

H1 promoter together with the shRNA sequence were cut out and cloned into a 

modified pBSK with BamHI and BglII sites flanking both sides. Four copies of the 

cassettes were generated using the compatibility of BamHI and BglII sites as 

described in (Zhong et al., 2005) and were then cut out and cloned into pPur vector 

using BamHI site. The resulting four copies of shRNA cassette-pPur plasmids were 
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linearized with NdeI and transfected into U2OS-tetR to select stable colonies in tet-

free medium with 2μg/ml puromycin. Usually 24 colonies were enough to screen 

for the stable expression cell lines. The 19bp shRNA sequences were as followed- 

a:CGGGACTGGCTAGTTAAAC, b:GATTATCTCTCGGTACCTT, 

c:CGAAGGAAGTATCGAATTT, d:TTCGGAAACTGGACATCAA, 

e:TCAGCGACGGCGTAACAAA.   

 

Long-lived protein degradation assay: 

On day 0, the cells were seeded in 6-well plates at 40,000cells/well with 

65μM leucine. The cells were treated with or without 1μg/ml tetracycline in the 

presence of 1μCi/ml 3H-labeled leucine in triplicate. On day 3, the cells were 

washed three times with normal DMEM and replaced with 2mM cold leucine in 

DMEM.  On day 4, the cells were washed again with normal DMEM and replaced 

with 2ml 2mM leucine in DMEM. After 20hrs, 0.5ml of the medium were taken 

out from each sample and added with 56μl of 100% TCA. The samples were then 

vortexed and centrifuged at 14000rpmX3min. 0.4ml of the supernatant were taken 

out to measure the content of tritium with scintillation counter and the number 

was labeled as A. The cells were washed with PBS once and 10% TCA was then 

added and incubated at room temperature for 5min. The cells were then washed 

with 10% TCA twice and 2ml of 0.2N NaOH (37C) were added and incubated at 

37C for 10min. 0.4ml of the lysed samples were used to measure tritium content 
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using the scintillation counter and the number were labeled as B. The ratio of 

A/(A+B) was the rate of long-lived protein degradation at 20hr. 

 

Cell titer glo assay: 

On day 0, 100μl of the cells were seeded into 96-well plate at 

1000cells/well with or without 1μg/ml tetracycline in triplicate. On day 3, 100 μl of 

fresh medium were added to each well. On day 6, the plates were taken out to cool 

to room temperature and 25μl of Cell TiterGlo reagents were then added to each 

well. The plates were shaken vigorously at room temperature for 10min and 

incubate for another 10min at rest. The plates were then taken to measure 

luminescence. 

 

RT-PCR: 

Total RNA was extracted from 5 million U2OS cells using Trizol reagent from 

Invitrogen according to manufacture’s instruction. The first strand of cDNA was 

generated from 5μg total RNA using the SuperScript III Reverse Transcriptase kit 

from Invitrogen according to the protocol. The PCR reaction solution was prepared 

in 50μl volume with 1.5μl cDNA as template. The PCR program was as followed: 

95°C for 1min, 63°C for 1min and 72°C for 1min with 40 cycles. The forward 

primers were: TCACTACCCTCGACGCCGCCGCCAGCAGAG and 
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CCGCCAGCAGAGGAGGAGGAGGACGAGTTGTAC. The reverse primer was: 

ACTGGTTTTGGTGGTGGTGGTGGTTGGTTA.  

 

Methylene blue staining of cells: 

On day 0, 20K cells were seed in 6-well plate in the absence or presence 

of 1μg/ml tetracycline. On day 3, the cells were replaced with fresh media. On day 

6, the cells were washed with PBS once and stained with 2% methylene blue 

dissolved in 50% ethanol for 10min. The cells were then washed with pure water 

several times, left it dry in the air and taken picture. 

 

FACS analysis: 

On day 0, half a million cells were seeded in 10-cm dishes in the presence or 

absence of 1μg/ml tetracycline. On day 3, the cells were trypsinized and washed 

in ice cold PBS. The cells were resuspended in 200μl of PBS/0.1%FBS by 

vortexing or small tip pipette. Four milliliters of ice cold 70%ETOH were added 

one drop at a time to the cells and incubate at least 1hr to overnight at 4°C. The 

cells were centrifuged down and resuspended in 1ml of PI solution (40μg/ml PI 

and 100μg/ml RNaseA). The cells were then incubated at 37°C for 1hr and 

filtered through 40-70μm mesh prior to FACS analysis. 
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Figure 3-1. 

 

 

 

Figure 3-1.  Inducible knockdown of Mcl-1. Parental U2OS cells were stably 
tranfected with a vector containing 4 copies of shRNA against Mcl-1 under the 
control of tetracycline-inducible promoter.  Tetracycline (tet) was added to the 
culture media for the indicated time.  Cells were then harvested and lysed with NP-
40.  The cell extracts (40 mg) from each time point were then analyzed by SDS-
PAGE followed by Western blotting probed with antibodies against Mcl-1, actin, 
p53, p21 and caspase-3 as indicated. 
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Figure 3-2. 

 

 

 

Figure 3-2. Inducible knockdown of Mcl-1 caused cell death. Parental U2OS cells 
(control) and the cells harboring shRNA against Mcl-1 under a tetracycline-inducible 
promoter were cultured under indicated serum concentration.  After tetracycline 
treatment for 6 days, the cells were stained with methylene blue (A) or observed 
directly under a microscope (10% serum) (B).                                        
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Figure 3-3. 

 

Figure 3-3. Knocking down Mcl-1 caused aggregation of LC-3, an autophagic 
marker. 
A U2OS cells harboring shRNA against Mcl-1 under the control of tetracycline-
inducible promoter and GFP-LC3 were treated with tetracycline for 4 days and 
the cells were observed under a fluorescent microscope. 
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Figure 3-4. 

 
 

 
 
 

Figure 3-4. Long-lived protein degradation rate was increased after Mcl-1 
knockdown. The cells were treated and data collected as described in Materials 
and Methods. The ratio of a/(a+b) (Long-lived protein degradation rate at 20hrs) 
for the non-tetracycline treated was denoted as d- and that of tetracycline treated 
was denoted as d+. The ratios of (d+-d-)/d- were defined as the percentage of 
autophagy increase after tetracycline treatment. The experiments were repeated 
three times and the error bar was the standard error of the mean. 
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Figure 3-5. 

 
 

Figure 3-5. The putative Beclin 1 BH3 peptide cannot pull down Mcl-1. (A). The 
alignment of the putative BH3 of Beclin 1 with the BH3 peptides of other Bcl-2 
family proteins. The four conserved residues were pointed with black arrows. (B). 
The bim BH3 peptide (lane 1, positive control), Beclin 1 4E (L112E, L116E, 
T119E, F123E) mutant BH3 peptide (lane 2, negative control), Beclin 1 wild type 
BH3 peptide (lane 3), Beclin 1 D121A BH3 peptide (lane 4), Beclin 1 F123A 
mutant BH3 peptide (lane 5) and Beclin 1 I125A mutant BH3 peptide (lane 6) 
were biotinylated and conjugated to streptavidin beads. The beads were incubated 
with 1mg hela s100 in 1ml solution at 4°C for overnight and then pelleted and 
washed several times as described in materials and methods. The supernatants and 
the washed pellets were subjected to SDS-PAGE and probed with 0.1μg/ml Mcl-1 
antibody. 
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Figure 3-6. 
 
 
 

 
 
 

 
Figure 3-6: The putative BH3 peptide of Beclin 1 was not involved in binding to 
Mcl-1. The BH3 of Beclin 1 was swapped with 4E mutant (Panel A, lanes 2 and 6; 
Panel B, lane 2), bad’s BH3 (Panel A, lane 3; Panel B, lane 3) and Mule’s BH3 
(Panel A, lanes 4 and 7; Panel B, lane 4). N-terminus FLAG-tagged Mcl-1 was 
coexpressed with C-terminus HA tagged Beclin 1 in Hela cells. The cells were 
then lysed and used to do immunoprecipitation with anti-FLAG beads (Panel A) 
or anti-HA beads (Panel B). The pellets were washed as described in materials 
and methods and were subjected to SDS-PAGE together with the supernatant. The 
blot were probed with either anti-FLAG or anti-HA antibody. (A). For lanes 1-4, 
FLAG-tagged Mcl-1 was coexpressed with HA-tagged Beclin 1. In lanes 5-7, 
FLAG empty vector was coexpressed with Beclin 1 (as negative controls). (B). 
For Lanes 1-4, HA-tagged Beclin 1 was coexpressed with Mcl-1. For lane 5, HA 
empty vector was coexpressed with Mcl-1 (as negative control). 

 
 

 

 



 

 

75

Figure 3-7. 

 

 

Figure 3-7. Double knockdown of Mcl-1 and Beclin-1 still results in p53 and p21 
upregulation. 
U2OS cells harboring either shRNA against Mcl-1 or shRNA against Mcl-1 and 
Beclin-1 under the control of tetracycline-inducible promoter were treated with 
tetracycline for the indicated time points.  Cells were then harvested and lysed 
with detergent.  Cell extracts were then subjected to Western blotting analysis 
using antibodies against Beclin-1, Mcl-1, actin, p53, and p21. 
 



 

 

76

Figure 3-8. 
 

 
 
Figure 3-8. Beclin 1 knockdown resulted in autophagy inhibition. (A). Mcl-
1/Beclin 1 double knockdown stable cell was treated in the absence (Panel 1) or 
presence (Panel 2) of 1μg/ml of tetracycline for 6 days and were taken DIC 
picture. (B). Autophagy rate increase was not apparent in Mcl-1L/Beclin 1 double 
knockdown cell comparing to Mcl-1 single knockdown cell. 
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Figure 3-9. 
 

 
 

 
Figure 3-9. shRNA targeting both the long and short form of Mcl-1 cannot cause 
p21 upregulation or induce autophagy. (A). On day 0, 0.3 million of the Mcl-1 
knockdown stable cells were seeded onto 15-cm dish in the presence or absence 
of 1μg/ml tetracycline. The cells were then collected on day 3 and day 6. The cell 
pellets were lysed with 0.5% Triton X-100 in buffer A and centrifuged at 20,000g 
for 10min. The supernatants were taken out and normalized to be subjected to 
SDS-PAGE. The blot was probed with anti-Mcl-1, anti-p21 and anti-actin 
antibody. Actin was used as loading control. (B). The cells were treated and the 
data were collected as described in Figure 3-4. Mcl-1L+S is the stable cell line 
which has the shRNA targeted both long and short form. 
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Figure 3-10. 
 

 
 
Figure 3-10. Mcl-1 has two different splicing variants. (A). The genomic 
sequence structure of Mcl-1. Mcl-1 ORF has three exons. (B). Mcl-1L is 
composed of exons 1, 2 and 3. The skip of exon 2 generates Mcl-1S. Mcl-1L has 
248bp unique sequence. There is a frame-shift in the coding sequence of Mcl-1S 
ORF after base 689. The Mcl-1S share the same N-terminal 230aa with Mcl-1L, 
while the C-terminus 41aa is unique, making Mcl-1S a BH3 only protein. (C). 
The protein sequence alignment of human Mcl-1S (hsMcl-1S), predicted 
chimpanzee Mcl-1S and predicted mouse Mcl-1S (mmMcl-1S). Most residues are 
conserved. Mcl-1S specific region was marked with black line, which was 
conserved very well in mammals. 
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Figure 3-11. 
 
 

 
 
 
 
 

Figure 3-11. RT-PCR confirmed the existence of Mcl-1S in U2OS cells. Total 
RNA was extracted from U2OS cell and was used as template to generate cDNA. 
Two sets of different primers (30bases, lanes 2 and 3) which targeted both Mcl-1L 
and Mcl-1S were used to do PCR as described in Materials and Methods. The 
PCR products were then run in agarose gel and taken picture under UV light. The 
two faint bands with black arrows were cut out and sequenced and it was 
confirmed to be Mcl-1S. 



 

 

80

Figure 3-12. 
 

 

 
 
 
 
Figure 3-12. Knockdown of Mcl-1 with siRNAd (as shown in Figure 3-10, 
beginning from ORF number 695) results in autophagy. On day 0, the stable cell 
line was seeded in 6-well plate (at 1-2X104 cells/well) with DMEM (10% 
tetracycline free FBS) in the absence (Panel A and B) or presence (Panel C and D) 
of 1μg/ml tetracycline. Fresh medium was replaced on day 3. On day 6, the cells 
were stained with 1μg/ml Hoechst 33342 for 10min and taken DIC picture (Panel 
A and C) and nucleus staining picture (Panel B and D). 
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Figure 3-13. 

 
 
 
 
Figure 3-13. Knockdown of Mcl-1 with siRNAe (as shown in Figure 3-10, 
beginning from ORF number 761) results in autophagy. On day 0, the stable cell 
line was seeded in 6-well plate (at 1-2X104 cells/well) with DMEM (10% 
tetracycline free FBS) in the absence (Panel A and B) or presence (Panel C and D) 
of 1μg/ml tetracycline. Fresh medium was replaced on day 3. On day 6, the cells 
were stained with 1μg/ml Hoechst 33342 for 10min and taken DIC pictures 
(Panel A and C) and nucleus staining picture (Panel B and D). 
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Figure 3-14. 

 
 
 
 
Figure 3-14. Knocking down of Mcl-1S based on Mcl-1L knockdown can block 
the atrophic phenotype induced by Mcl-1L knockdown. On day 0, the Mcl-1L-
shRNA stable cell line (Panel A and C) and Mcl-1L and Mcl-1S double 
knockdown stable cell line (Mcl-1L+S-shRNA, Panel B and D) were seeded in 6-
well plate (at 1-2X104 cells/well) with DMEM (10% tetracycline free FBS) in the 
absence (Panel A and B) or presence (Panel C and D) of 1μg/ml tetracycline. 
Fresh medium was replaced on day 3. The DIC pictures were taken on day 6. 
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Figure 3-15. 
 

 
 

 
 
Figure 3-15. Double knockdown of Mcl-1 and p53 rescue cell death. 
U2OS cells harboring shRNA against both Mcl-1 and p53 under the control of 
tetracycline promoter were treated with tetracycline for 5 days.  The cells were 
observed directly under a microscope. 
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Figure 3-16. 

 

Figure 3-16. Mcl-1L knockdown results in cell cycle arrest at G1 and G2/M phase. 
On day 0, 4X105 Mcl-1L inducible knockdown stable cells were seeded in 10-cm 
dishes in the absence (Panel A) or presence (Panel B) of 1μg/ml tetracycline. On 
day 3, the cells were trypsinized, washed, fixed and stained with PI according to 
Materials and Methods. The cells were then used for FACS analysis. 
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Figure 3-17. 

 

 

Figure 3-17. p21 knockdown can block Mcl-1L knockdown induced atrophic 
phenotype. On day 0, the Mcl-1L-p21-shRNA stable cell line were seeded in 6-
well plate (at 1-2X104 cells/well) with DMEM (10% tetracycline free FBS) in the 
absence (Panel A) or presence (Panel B) of 1μg/ml tetracycline. Fresh medium 
was replaced on day 3. The DIC pictures were taken on day 6. 
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 Figure 3-18. 

 

 

 

Figure 3-18. mTOR pathway was not involved in Mcl-1L knockdown induced 
autophagy. On day 0, 0.3 million of the Mcl-1L-shRNA, Mcl-1L/p21-shRNA, 
Mcl-1L/p53-shRNA and Mcl-1L/S-shRNA stable cell lines were seeded in 15-cm 
dishes in the presence or absence of 1μg/ml tetracycline. The cells were then 
collected on day 5. The cell pellets were lysed with 0.5% Triton X-100 in buffer 
A and centrifuged at 20,000g for 10min. The supernatants were taken out and 
normalized to be subjected to SDS-PAGE. The blot was probed with phosphor-
T389 p70S6K specific antibody and p70S6K antibody.  
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Figure 3-19. 
 

 
 
 
Figure 3-19. Double knockdown stable cell lines. As described in Figure 3-18, 

the blots were probed with anti-Mcl-1, anti-p53, anti-p21 and anti-actin antibody. 
Actin was used as loading control. 
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Figure 3-20. 
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Figure 3-20. Double knockdown of Mcl-1S, p53 and p21 with Mcl-1L can block 
autophagy and cell death. (A). Autophagy was inhibited after Mcl-1S, p53 and 
p21 knockdown. As described in Figure 3-4, The cells were treated and the data 
were collected as described in Materials and Methods. The ratio of A/(A+B) 
(Long-lived protein degradation rate at 20hrs) for the non-tetracycline treated was 
denoted as d- and that of tetracycline treated was denoted as d+. The ratios of (d+-
d-)/d- were defined as the percentage of autophagy increase after tetracycline 
treatment. The experiments were repeated three times and the error bar was the 
standard error of the mean. (B). Cell viability was increased after Mcl-1S, p53 and 
p21 knockdown. Cell titer glo assay was performed as described in Materials and 
Methods. The value of non-tetracycline treatment groups were normalized to 1. 
The ratio of the value of tetracycline treatment to the corresponding value of non-
tetracycline treatment was recorded as the percentage of viable cells after 
treatment. The error bars were the ratio of the standard deviation of luminescence 
values to their means. The experiments were repeated twice and the trend is the 
same. The data here represent one of them. 
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Figure 3-21 
 

 
 
 
 

Figure 3-21. Loss of function of Mcl-1S block the autophagic cell death induced 
by Mcl-1L knockdown. (A). On day 0, 0.3 million of cells (stable cell line 
U2OSMC761iUTRi-13) were seeded in 15-cm dishes in the presence or absence 
of 1μg/ml tetracycline. The cells were then collected on day 5. The cell pellets 
were lysed with 0.5% Triton X-100 in buffer A and centrifuged at 20,000g for 
10min. The supernatants were taken out and normalized to be subjected to SDS-
PAGE. The blots were probed with anti-Mcl-1, anti-p53, anti-p21 and anti-actin 
antibody. (B, C). The data were collected as described in Figure 3-20. 
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Figure 3-22. 
 
 
 

 
 
 
 
 
Figure 3-22. Current working model of how Mcl-1L knockdown induced 

autophagy. In a healthy cell, Mcl-1S was inhibited by excessive Mcl-1L. After 
removal of Mcl-1L, Mcl-1S can now activate p53. The upregulated p53 can 
activate p21 to induce cell cycle arrest and autophagy through an unknown 
pathway. P53 can also activate DRAM or some other unknown protein to induce 
autophagy. 
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