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Preface 

This thesis provides evidence on the reversal of apoptotic dying process in 
mammalian cells, and suggests its link to cancer recurrencc and tumor fomiation. 
Chapter 1 introduces the general background of this research. Chapter 2 describes the 
materials and methods applied in this study. Chapter 3 and Chapter 4 dedicate to the 
works on the reversal of apoptosis in human canccr cells, and in mouse primary cells 
and non-canccr cell lines respectively. Chapter 5 is an independent work studying 
contribution of vimentin in mitochondrial morphology and organization. Each 
chapter from 3�Jo 5 provides its own specific introduction, results and discussion. 
Chapter 6 serves as the perspectives to provide insights of future works. References 
follow afterward. 
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Abstract 
Despite of dramatic scientific gains and technological advancement, cancer remains 

an undaunted killer nowadays. According to the World Health Report 2008 by the 

World Health Organization (WHO), cancer will overtake heart disease to be the top 

killer in the world by 2010. Deficiency in cell death is a hallmark of cancer cells, and 

therefore, activation of apoptosis, a cell suicide process, in cancer cells is an 

important strategy for current anticancer treatment such as chemotherapy. However, 

cancer can relapse and new tumors form after cycles of chemotherapy, with 

mechanism unknown. The focus of the present study is to conduct basic research that 

in the long term makes cancer to be curable through studying new routes to attack 

cancer. The first part of this study reveals an unexpected escape tactic which cancer 

cells could use to survive chemotherapy through a novel phenomenon, the reversal 

of apoptotic dying process in cancer cells. Cancer cells undergoing apoptosis'can 

survive and reverse the process of dying, despite passing through critical checkpoints 

in apoptosis that have been assumed as the points of no return, including 

mitochondrial fragmentation, caspase-3 activation and DNA destruction. These cells 

reverse appptosis once chemicals to induce the apoptotic dying process were 

removed，but bailed to recover when the nucleus had started to disintegrate - an event 

that has been known right at the end of the apoptotic cell death. Notably, these cells 
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display the increase in cell mobility und gcnctic alterations, which have been linked 

into metastasis and tumor progression in canccr recurrence. The sccond part of this 

study suggests reversal of apoptosis to promote oncogenesis in normal cells, using 

mouse primary cells and non-cancerous cell lines as study models. While DMA 

destruction is an executing process that commits dying cells to demise in apoptosis, 

cells, that survive by reversing apoptosis harbor lasting DNA damage generated 

during apoptosis. Daughter cells derived from cells that reverse apoptosis display 

genetic alterations including variation of chromosomal numbers and formation of 

radical configurations, and also transformation phenotypes such as formation of foci 

and anchorage independent growth. These suggest that reversing apoptosis drives 

oncogenesis in normal cells in response to cytotoxin in anticanccr treatments. 

Transcriptional regulation is critical to drive the reversal of dying process. Transient 

disturbance of transcription by a clinical drug, Actinomycin D (AMD), suppresses 

reversal of apoptosis, and promotes irreversible cell death. Time-course microarray 

analysis also suggests, the potential contribution of pro-apoptotic factors, such as 

BCL-2, XIAP, MDM2 and Heat Shock Proteins (HSPs), in promoting reversal of 

apoptosis. These findings reveal the potential links between reversal of apoptosis, 

cancer recurrencc and oncogenesis, and therefore, provide promising new therapeutic 
t 

；1 targets to the war of cancer. 
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摘要 

儘•學不斷進步，科技曰新月異，人類至今仍無法抵抗癌症。根據世界衞卞 

組織發表的世界衞生報告2008，癌症會在2010年取替心臟病，成爲全球的頭號 

殺手。癌細胞的其中一個特徵足死亡機制有缺憾。因此，誘發細胞门我调Ll：(細 

胞的白殺過程)是0前抗癌抬擦的卞要策略，如化療就足根據這個股现。不過， 

即使經過多次化療，癌症仍可能復發，形成新的腫瘤，而原因不叨。 

本硏究重點探索對抗癌症的新方，長遠H標希望可以治癒癌病。宵部分的硏 

究揭乐出一個薪新的現象一癌細胞能逆轉丨'1我调亡的死I!-過程得以活，《示 

癌細胞可能利用一種迄今尙未認識的機制來逃避化療藥物的殺傷。硏究發J^W即 

使藥物啓動了癌細胞的fi我胸亡程式，並且在經過/一牲公認爲非馆關鍵而無 

法逆轉的凋亡檢測點後，仍能逆轉死已•過程，繼續存活。记叫檢測點也括線粒 

體碎裂�3-半丨feT减酸蛋白陶(caspasc-3)活性化以及去叙核糖核酸損毀。只耍將 

誘發細胞！^我调亡的化學物除去，這些正在步向死亡的細胞便能恢復過來。癌 

細胞只有在細胞核解體後才無法復原，細胞核解體亦代表細胞自殺過程G到了 

終段。從调Ll•過程中復原的細胞，流動性明顯增加，而且出Si基因變異，這拽 

變化或與腫瘤擴散及進化的成因有關，丨起癌症復發。 

第二部分的硏究證實，細胞调亡的逆轉情況不平.在癌細胞中發卞，在老鼠的股 

代細胞以及正常細胞株屮亦同樣出現，反映細胞调亡的逆轉是個普遍的现象“ 

去氧核糖核酸(DMA)的損毀一直被認爲是細胞F1我调亡的必經階段.，然而本硏究 

發 S i即使D N A受損，細胞仍能從我调亡過程屮復原，並會帶辨受損的 

DNA繼綃進行細胞複製，分裂出來的細胞會出現基因變異，包括染色體數目的 

改變、以及福射體構型的出现，細胞在表型上亦轉化了，例如形成集落及不依 

頼貼壁生長。 
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上述的結果反映了在抗癌抬療屮，藥物的_性旧樣作用於正馆_胞，而細胞调 

亡逆轉過程中造成的後架可引發腫瘤的形成。本硏究亦指出轉錄調控對控制死 

H•逆轉過程起了敢要作用。利ffl—種稱爲放綠菌素（AMD)的臨床藥物短 

擾轉錄過程，發現細胞调L：：的逆轉受抑制，並促進細胞不逆轉的死L1：。货特 

逆轉錄PCR實驗亦揭示了細胞调亡促進因子如BCL-2�XIAP�MDM2和HSPs 

ft促進細胞调I：：逆轉上的濟能。這些發現將对助阻止腿瘤形成及癌症拟發,收 

提供理想的新標把療法以對抗癌症。 
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Chapter 1 
Introduction 

1.1 Overview in Apoptosis 

Apoptosis, a cell suicide process, has been one of the most exciting and applicable 

biological discoveries in the century (Jacobson et al., 1997; Bachrcckc et al., 2002; 

Lam 2()(>4; Taylor et al., 2008). It plays essential role in regulating development and 

homeostasis in multicellular organisms by sculpting, deleting unwanted structure, 

controlling cell numbers, and eliminating abnormal, injured or dangerous cells 

(Jacobson et al., 1997; Bachrecke et al., 2002). The term of programmed cell death 

describes the occurrence of cell deaths in the predictable place and in the predictable 

time as planned and programmed during development (Lockshin & Williams 1964; 

Jacobson et al., 1997). The word of apoptosis is used in Greek to describe the 

"dropping off" or "falling off ' of petals from flowers, or leaves from trees, and this 

word in English was proposed and is now used to describe this type of programmed 

cell death (Kerr et al., 1972). 

Elucidating the regulatory mechanisms governing apoptotic cell death enhances 

our understanding on how cell death shape life during development. Dysfunction of 



apoptosis results fatal consequence such as autoimmunity, canccr and 

neurodegeneration (Bguchi 2001; Friedlander 2003; Chan 2006; Stratton et a)., 2009). 

For example, mutation in pro-apoptotic Bax and p53 promotes tumor formation 

(Mrozek et al., 2003; Vazquez ct al., 2008). Mice with disturbance of gene encoding 

pro-apoptotic caspase-3 die in early development with cxccss of neuron in brain 

(Kuida el al., 1996). Therefore, controlling apoptosis is an important strategy for 

treating these intractable diseases. 

While apoptosis is essential in multicellular organisms, it becomes clear that 

apoptosis also benefits unicellular organism to their survival of their progeny in 

adverse conditions (Gourlay et al., 2006; Carmona-Gutierrez ct al., 2010). For 

example, during nutrient stress，‘‘old’ yeasts undergo apoptosis so that the ‘‘young,， 

yeasts have better chance to survive. This contributes the survival of the population. 

1.2 Conserved ccll death machineries in evolution 

Core apoptotic cell death machineries arc highly conserved from human, fly to worm 

(Jacobson ct al., 1997; Baehrecke 2002; Xu et al” 2009). For examples, the core gene 

family caspascs, Apaf-J, Bcl-2 and lap in human are homologous to Dcp-l and Dhce, 
k .. 

Ark/Dark, Dehcl-I/Dmh-J, and Diap-I in fly, and also Ced-3, Ccd-4, Ced-9 and 



Bir-1 in worm (Baehrecke 2002). Studies also revealed caspase-like proteases (CLF)s> 

and Bax inhibitor-1 (BI-l) class of proteins in plant (Lam 2004), and also at least 

orthology of mammalian caspascs, the metacaspasc Yaclp, in yeast (Madeo el al.， 

2002; Gourlay et al., 2006; Carmona-Gutierrez ct al., 2010). Interestingly, 

heterologous expression of human pro-survival Bcl-2 inhibits cell death in 

Caenorhahditis elegans (Vaux et al., 1992; Hengartner & l lorvitz 1994). Bxpression 

of human pro-apoptotic Bax induces ccll death in yeast, while expression of the 

human Bcl-2 can suppress the Bax-induccd lethality (Eisenberg cl al.，2007). These 

suggest the core mechanisms controlling apoptosis are conserved in evolution. 

1.3 Control role of eel里 execution in apoptosis 

In the past decade, researchers have identified mitochondria as the chicf regulator in 

apoptosis (Wang 2001; Taylor ct al., 2008). Mitochondria act as the center for 

apoptosis, which bridge the intrinsic and extrinsic cell death signals and the 

downstream processes of apoptosis. In response to apoptolic stimuli, the 

pro-apoptotic upstream factors such as BAX, BAD and BIM translocate to 

mitochondria to initiate mitochondrial outer membrane permeabilization (Wang 2001; 

Orrcnius et al., 2003; Taylor et al., 2008; Chipuk el al., 2010). In the typical 

mitochondria-dependent apoptosis, proapoptotic upstream factors such as BAX 



translocate to mitochondria, and trigger the release of mitochondrial-residcd proteins 

including cytochrome c, SMAC (Second mitochondria-derived activator of 

caspases)/ DIABLO (direct inhibitor of apoptosis (lAP)-binding protein with low pi), 

A IF (apoptosis-inducing factor) and EndoG (endonuclease G). These are the 

downstream executing factors that commit cclls to die by various mechanisms 

through caspase-dependent and -independent pathways. 

Cytochrome c is one of the best characterized mitochondria downstream executing 

factors to initiate caspase-dependent apoptosis (Wang 2001; Taylor ct al., 2008). 

After released from mitochondria, it engages APAF1 (apoptotic protease activating 

factor 1) to form apoptosomc as a caspase activation platform, which rccruits and 

activates initiator caspase-9, which then activates executioner caspase-3 and -7 (Li ct 

al., 1997; Wang 2001; Riedl & Shi 2004). 

Caspases are the cysteine proteases that cleave after an aspartate in their substrates 
t 

(Aincmri ct al., 1996; Riedl & Shi 2004). They serve as the ccntral executioners in 

apoptosis by not only cleaving a wide range of substrates including cellular 

functional and structural components (LUthi & Martin 2007)，but also by further 

activating cell executioners such as apoptotic nucleases (Wang 2001; Taylor et al., 



2008). DNA fragmentation factor (DFh)40/ caspasc-activated deoxyribonucleasc 

(CAD) is one of the caspase-3 mediated apoptotic nuclease (Nagata et al., 2003; 

Widlak &, Garrard 2005). In the normal condition, its inhibitor DFF45/ICAD binds 

to DFF40/CAD; however, during apoptosis, caspase-3 clcavcs DFF45/ICAD, and 

therefore, releases DFF40/CAD to fragment DNA (Liu et al., 1997; Liu et al.，1998; 

Enari et al” 1998; Sakahira et al., 1998). Activated caspase-3 also damages DNA 

repair systems for example, by cleaving the DNA repair enzyme Poly(ADP)-ribose 

polymerase-1 (PART) (Lazebnik ct al., 1994; D'Amours et al., 2001). it also activates 

additional caspases to strengthen caspasc cascade for cellular demolition, resulting 

the morphological manifestations of apoptosis, including nuclear condensation, ccll 

shrinkage, and membrane blebbing (Taylor et a】.，2008). 

Besides, the mitochondrial release of SMAC/ DIABLO suppresses lAP (inhibitor 

of apoptosis), which inhibits caspases, and therefore, strengthen the caspase cascade 

(Du et al., 2000; Verhagen ct al., 2000; Chai et al., 2000; Chai et al., 2001; Riedl et 

al., 2001). While caspases can also be activated by mitochondria-independent 

pathway, however, the activated caspases can then activate the mitochondria 

upstream pro-apoptotic signal such as BID, in which its caspase-mediated truncated 

form, tBID, translocates to mitochondria to activate mitochondria dependent pathway 

6 



(Luoet al.，1998; Li etal.，1998). 

Mitochondria also mediate caspase-independent apoptosis. AlK and EndoG are the 

apoptotic nucleases that trigger apoptosis independent to the activation of caspases. 

During apoptosis, AIF and BndoG arc released from mitochondria, and then 

translocate to nucleus to fragment DNA (Susin ct al., 1999; Miramar et al., 2001; Li 

et al., 2001; van Loo et al., 2001). Besides, damage of mitochondria during apoptosis 

results dysfunction in ATP generation (Waterhouse et al.，2001; Ricci et al., 2004). As 

ATP is the primary energy source, disturbance of ATP synthesis prevents survival of 

the cells. 

1.4 Point of no return in apoptosis 

Mitochondrial fragmentation and caspases activation are the morphological 

hallmarks of apoptosis (Wang 2001; Riedl & Shi 2004; Green & Kroemer 2004), and 

therefore, server as the important and commonly used markers to identify apoptotic 

cells from basic research to medical applications (Hotchkiss et al., 2009). 

Mitochondrial fragmentation and activation of caspases arc generally assumed as the 
- • k 

point of no return in apoptosis (Riedl & Shi 2004; Green & Krocmer 2004; Taylor et 

al., 2008; Chipuk ct al., 2010). The fragmentation of mitochondria is the critical 
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apoptotic event that releases cell executioners to cytosol to initiate both 

caspase-dependent and -independent events, and either of these pathways can lead to 

cell .death (Wang 2001; Green & Kroemer 2004; Kroemer & Martin 2005). 

Mitochondrion is also the biocnergetic and metabolic ccnter so that its damage 

results cell death. Activation of caspases triggers caspasc cascade for massive 

ccllular destruction (Riedl & Shi 2004; Luthi & Martin 2007; Taylor et al., 2008). 

After the release of the mitochondrial-resided executing factors, it is believed that 

caspascs activation and apoptosis follow often within minutes (Chipuk et al., 2010). 

1.5 Strategy of research 

Dysfunction in apoptosis is an important cause of cancer (Chan 2006). Research on 

the mechanisms of apoptosis has received much attention because it has a big impact 
、乂， on the developing anti-cancer therapies. Based on the understanding of mcchanisms 

• 擎 

of apoptosis, several potential agents such as soluble fibroblast-associatcd cell 

surface ligand (sFASL) and soluble tumor necrosis factor-relatcd apoptosis-inducing 

ligand (sTRAIL) had been tested for their anti-cancer activities (Bremer et al., 2006; 
• . ” Clark & Robilotto 2007). Moreover, the inhibitor of apoptosis proteins (lAP) and 

Bcl-2 family proteins •may be potential vaccine candidates for immune therapy of 
* ” f * . ~ ‘. -

cancer (Andersen et al., 2005). “ 



However, much about the basic biology of anti-cancer therapies remains to be 

understood. For' example: anti-cancer therapies can promotes apoptosis in cancer 

cells efficiently, but how cancer relapses, with increase in metastasis and drug 

resistance, together with new tumor formation, remain to be defined. While currcnt 

research focus on promoting cancer cells to die, it would be important to know how 

cancer cells survive the therapy, and what promote new tumor formation during 

cancer recurrence. 

Therefore, we first induce cancer cells to undergo apoptosis, and' study their 

response and consequences after removal of apoptotic stimuli (Figure 1). This leads 

to our discovery on the reversibility of cancer cells that reveals an unexpected 

mechanism that cancer cells could use to survive chemotherapy (Tang et al., 2009). 

Further research demonstrates reversal of apoptosis in primary cclls and cells lines, 

and the cells acquire genetic alterations and transformation phcnotypes. These 

suggest a link of reversal of apoptosis to cancer recurrence and cancer formation. We 

anticipate that our findings will increase in our understanding on 'the control of 
- t • 

* . 
apoptosis and will support therapeutic advancement to anti-cancer therapy. 
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Figure 1 A schematic diagram summarizing the study approach of this 
research for studying reversibility of apoptosis and its potential 
consequences. 
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Chapter 2 
Materials and Methods 

2.1 Materials 
All cell lines are obtained from American Type Culture Collection (ATCC, Manassas, 

VA, USA. Primary culturc cells are isolated from BALB/c micc. All other reagents 

and antibodies are obtained from Sigma (Sigma, St Louis, MO, USA) unless stated. 
； * Material Source CAT. No. 

Antibodies: 

Rabbit anti-AlF antibody，polyclonal Santa Cruz Biotech sc-5586 

Rabbit anti-caspase-3 antibody, polyclonal Cell signaling tech. 9662 

Rabbit anti-EndoG antibody, polyclonal Santa Cruz Biotech sc-32935 

Rabbit anti-m ICAD antibody, monoclonal BDBPMG 550736 

Rabbit anti-PARP antibody, monoclonal Cell signaling tech 9532 
• ' . ‘ Mouse anti-vimentin, monoclonal Santa Cruz Biotech sc-32322 

Rabbit anti-calnexin, monoclonal - • 
Sigma _ C4731 

Zenon Tricolor Rabbit IgGl Labeling Kit Invitrogen Z-25370 

Zcnon Tricolor Mouse IgGl Labeling Kit Invitrogen Z-25070 

Anti-Rabbit Secondary Antibody Amersham NA934V 

Anti-Mouse Secondary Antibody ‘ Amersham NA931V 
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Cell culture: 

DMEM F12 Gibco 10565042 

Minimum Essential Medium (MEM) Gibco 41500-034 

RPMI Medium 1640, power Gibco 23400062 

Fetal bovine serum Gibco 10091-148 

Penicillin-Streptomycin, liquid Gibco . 15140-122 

Trypsin Gibco 25300120 

CO2-Independent Medium Gibco 丨8045 

Apoptosis induction: 

Ethanol Scharlau ET0021 

DMSO Sigma D2650 

jasplakinolide Invitrogen J7473 

Staurosporinc Sigma S4400 

Live cell stain: 

Hoechst 33342 Molecular probes HI399 

MitoTracker Red CMXRos Molecular probes M7512 
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Biochemical related 

Agar (cell culture grade) Sigma A1296 

Glycerol Sigma G7893 

Glycine Sigma G8898 

Hcpes Gibco 11344-025 

Sodium chloride Sigma S9625 

Triton X-100 Sigma X-100 

Trizol reagent Invitrogen 15596-026 

Tween 20 Amersham US20605 

Trypan blue solution (0.4%) Sigma T8I54 

Paraformaldehyde Sigma P6148 

Protein Assay Bio-Rad 500-0006 

ECL+ Western Blotting Detection Reagents Amersham RPN2132 

Qiagen RNeasy Kit Qiagen 74104 

LightShift® Chemiluminescent EMSA Kit Pierce 20148 

Dynabeads Sheep anti-mouse IgG Invitrogen M280 
* Captivate magnetic separator Invitrogen c-24703 

V 、 

Qtracker 525 Cell Labeling Kit ’ Invitrogen Q25041MP 
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2.2 Methods 
2.2.1 Cell Culture 

Human ccrvical cancer HeLa cells, skin cancer A375，liver canccr HepG2, breast 

cancer MCF7 cells, and the mouse embryonic fibroblast N1H3T3 cells were from 

American Type Culture Collection (ATCC). Primary liver cells were isolated from 

BALB/c mice by collagenase B according to the instruction from manufacturer 

(Worthington, New Jersey, NY, USA), and culturcd as described (Zurlo & Arterbum 

1996). The cells were cultured in DMEM/F-12 (Dulbccco's Modified Eagle medium: 

Nutrient Mixture F-12) supplemented with 10% FBS (Fetal bovine serum), lOOU/mL 

penicillin and 100 p. g/mL streptomycin (Gibco, Carlsbad, CA, USA), at 37"C under 

an atmosphere of 5% C02/95% air. Human prostate cancer PC3 cells were culturcd 

in same condition with RPMI-1640 medium. Human immortalized brown adipocyte 

PAZ-6 cells were obtained from the author and were cultured as described previously 

(Zilberfarb et al.，1997). Cells were seeded onto tissue culture plates for 2 days with 

70% confluence before being subjected to each experiment. The medium was 

changed every 24 to 36 hours. 

2.2.2 Apoptotic inductions 
I 

Apoptosis in human cancer cells was induced by 0.5 fi M jasplakinolidc (Invitrogen, 
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Carlsbad, CA, USA) for 3 hours, ()• 1 “ M staurosporine (Sigma) for I hour or 4.5% 

ethanol (Scharlau, Barcelona, Spain) in culture medium (v/v). Apoptosis in the 

primary liver cells and NIH3T3 cells was induccd by 5-hour induction of 4.5% 

ethanol (Scharlau) and 20-hour induction of 10% DM SO (Sigma) in culture medium 
/ 

(v/v) respectively. For removal of apoptotic inducers, the apoptotic cells were 

washed for 3 times with culture medium and then cultured as the time indicated in 

individual experiments. 

2.2.3 siRNA (small interfering RNA) transfcction 

Endogenous vimentin and /^-tubulin expression was reduced by introducing Stealth"^ 

RNAi (RNA interference) specific to vimentin and /^-tubulin (Invitrogen) 

respectively into COS-7 cells by Lipofectamine™ RNAiMAX (Invitrogen). The 

RNAi negative control was from the Stealth'^ RNAi negative control kit 

(Invitrogen). Cells were cultured for a further 3 days after transfcction for cach 

experiment. 

2.2.4 Immunocytochemistry and fluorescencc microscopy 

Mitochondria and nuclei were stained in living cclls with 50nM Mi to tracker Red 
* f 

CMXRos and 250 ng/mL Hoechst 33342 (Invitrogen) respectively for 20 minutes in 
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culture medium. Cells with cndocytosis were labeled by green fluorescence emitting 

Quantum Dot from QtrackerdO 525 Cell Labeling Kit (Invitrogcn) as described 

(Jaiswa et al.，2003). The cells were fixed with 3.7% (w/v) paraformaldehyde in PBS 

solution for 20 minutes in room temperature, and incubated with 0.1 % triton x-lOO 

(v/v) (Sigma) for 10 minutes before subjected to immunostaining. Endogenous AIF 

and EndoG were stained with anti-AlF and Anti-EndoG primary antibodies (Santa 

Cruz Biotcch，Santa Cruz，CA, USA) and conjugated with green fluorescent Alexa 

Fluor®488 and red 

fluorescent Alexa'^594 anti-rabbit IgG secondary antibodies with 

Zenon Tricolor Labeling kit (Invitrogen) respectively. Vimcntin (Santa Cruz Biotech) 

and microtubules (Cell Signaling, Danvers, MA, USA) were stained with 

anti-vimentin and anti-(a-tubulin)/anti-(y9-tubulin) primary antibodies and conjugated 

with green fluorescent Alexa Fluor® 488 anti-mouse IgG secondary antibodies 

(Molecular Probes). Cell images were captured with a monochromatic CoolSNAP 

FX camcra (Roper Scientific, Pleasanton, CA, USA) on an inverted fluorescence 

microscopc Cell Observer (Carl Zeiss, Jena, Germany) using a 63x numerical 

aperture (NA) 1.4 plan-Apochromat objective，and analyzed by using AxioVision 4.2 

software (Carl Zeiss). Cell morphology was visualised by differential interference 

contrast (DIG) microscopc device (Carl Zeiss). 
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2.2.5 Real-time living cell microscopy 

Liver cells were cultured in CC^-independent medium (Invitrogen) on a thermo-cell 

culture FCS2 chambcr (Bioptechs, Butler, PA, USA), which was mounted onto the 

adapter in the stage of an inverted fluorescence microscopc Cell Observer (Carl 

Zeiss). Apoptotic inductor in culture medium were introduced to the cell culture 

chamber through the perfusion tubes (Bioptechs) which was connccted to the cell 

chamber. Fresh medium was also introduced to the chamber through the tube to 

remove the ethanol after apoptoic induction. Fluorescence signals of mitochondria 

and nuclei were visualized by fluoresccncc with excitation 561 and 405nm 

respectively. Time-lapse cell images were captured with a monochromatic 

CoolSNAP FX camera (Roper Scientific) using a x 63 numerical aperture (NA) 1.4 

Plan-Apochromat objective (Carl Zeiss) as described in our fluorescence microscopy. 

2.2.6 Confocal microscopy 

Confocal cell images were capturcd with an inverted laser scanning microscope LSM 

5 LIVE (Carl Zeiss), with 1 pm interval between each focal plane. The images were 

analysis by LSM image examiner software (Carl Zeiss). 
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2.2.7 Image quantification for cell viability 

Images of the cell migration were analyzed with AxioVision 4.7 (Carl Zeiss). In cach 

time-lapse imaging at least 3 cells in the each view were selected to trace their 

positions, defined as the midpoint of the nucleus, at different time points as indicated 

in the corresponding figure. By linking the temporal positions of each cell in 
I 

chronological order, a migration footprint was drawn. The distances displaced at 

intervals were measured with the program and the velocities of individual cells were 

then calculated and averaged. The mean velocity of cells reversed from apoptosis 

was compared with that of control cells by two-tail /-test. 

2.2.8 Biochemical and ccll proliferation assays 

One thousand cells were grown in a 96-well plate for 24 hours, and then treated with 

different conditions. At cach designed time point, cells were subjected to the 

corresponding assays according to the manufacturer's instructions. The activity of 

cfTcctor caspases was measured by using the homogeneous caspasc assay kit (Roche, 

Mannheim, Germany). The activity of mitochondria was measured by « 

3-(4,5-dimethylthiazol-2-yl)-2,5 -diphenyltetrazolium bromide (MTT) assay (Sigma). 

The cell survival was detected by the cell proliferation ELISA BrdU assay kit 

(Roche). Results of assays were measured by SpcctraMax 250 microplatc reader 
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(Molecular Devices Corp, Concord, ON, Canada). 

2.2.9 Cell counting 

The cellular morphology was observed by DIC，whereas mitochondria, nuclei and 

Quantum Dot were visualized by fluorescencc microscopy. At least 100 cells were 

examined in at least three independent cell counting. 

For cell proliferation，at each indicated time point, the cells were harvested by 

trypsinisation and thoroughly resuspended. The cells were stained with trypan-blue 

and counted in triplicate under a microscope with hemocytometer. Total cell number 

is calculated by multiplying the determined cell density with the total volume of 

suspension. 

2.2.10 Protein Assay 
s 

Protein assay was performed to determined the concentrated of protein according to 
» • the manufacture's instructions (Bio-Rad, Herculcs, CA, USA). Briefly, one part of 

夢 
I 

protein assay mixed with 4 parts of double-distilled water before use. The BSA 

standards, in concentration 0.1 to 1 /ig/ ji L, were used for preparing standard curve. 

Five micro-liter of protein sample was mixed with 150/^L protein assay working 

solution, and then placed in 96-wclls microtiter plate (Nunc, Roskilde, Denmark)’ 
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and then stranded at room temperature for 5 mins. The Results of assays were 

measured by SpectraMax 250 microplate reader (Molecular Devices Corp) with 

absorbance at 595nm. The concentration of protein sample was determined according 

to the standard curve. 

2.2.11 Western Blot analysis 

Approximately 3 fig protein from total cell lysatc per lane was separated on a 12% 

SDS-PAGH gel and transferred onto a Hybond ECL® membrane (Amersham 

Biosciences, Chalfont St Giles, UK). After blocking，the membrane was incubated 

overnight at 4°C with primary antibody detecting targeting protein as stated at the 

text with dilution 1:1000，followed by another hour of incubation with the 

corresponding horseradish peroxidase-conjugated secondary antibody (Bio-Rad) at 

room temperature with 1:5000 dilution. Primary antibodies used were: anti-caspase-3 

and anti-PARP (Cell Signaling Technology, Danvers, MA, USA) ； anti-ICAD and 

anti-Bak (Bcl-2 antagonist/killer) (BD PharMingen, BD Biosciences, Le 
9 

Pont-de-Clax, France); anti-(a-tubulin), anti-(Cox IV) (cytochrome c oxidase 
� 

complex IV) and anti-(golgin-97) (Invitrogen Molecular Probes, Carlsbad, CA, 

USA); anti-(P-tubulin), anti-(p-actin), anti-LDH (lactate dehydrogenase) and 

anti-calnexin (Sigma); anti-vimentin, anti-(cytochrome c) and anti-PCNA 
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(proliferating-cell nuclear antigen) (Santa Cruz Biotechnology, Santa Cruz, CA, 

USA). The signal from the secondary antibody was dctccted with the EGL Western 

blotting detection system (Amcrsham Biosciences). The signal was detected with the 

HCL Western blotting detection system (Amersham Biosciences, Chalfont St Giles, 

UK). 

2.2.12 Single cell gel electrophoresis (comet) assay 

Comet assay was performed by using the Trcvigen Comet Assay�m kit (Trevigen, 

Gaithersburg, MD, USA) according to manufacturer's" instruction. Alkaline 
� 

electrophoresis of gelled slides was performed using Ready Sub-Cell GT Cells 

(Bio-Rad) on ice with 20 volt and 200 mA for 30 minutes. The current was adjusted 

by the volume of the buffer in the gel tank. The DNA was visualized by SYBR® 
K 

Green stain (Trevigen) followed by fluorescence microscopy. 

J 2.2.13 Cytokinesis-block micronuclcus assay 

Cells were grown on a glass coverslip (Marienfeld,;Lauda-Kunigahofen, Germany)‘ . � 
with 70% confluencc in 6-well cell culture plate (Nunc), and were induced to 

. � • 

apoptosis as described in our above section of Apoptotic Inductions. To study '� 
� 

< ’ • . ' ‘ 
genome damage in�apoptotic cells- that reversed apoptosis and proliferated, the 
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apoptosis-induced cells were washed and cultured for 16 hours in fresh medium 

containing cytokinesis-blocking cytochalasin B (3 )ig/mL; Sigma). Cells without 

apoptotic induction served as control. The cells were then fixed by incubating in 

methanol/acetic acid (5:1, v/v) twice for 15 minutes followed by overnight fixation at 

4°C. After washed three times with phosphate-buffer saline (PBS), the fixed cells 

were stained for nucleus by incubation of 250 ng/mL Hocchst 33342 in PBS for 20 

minutes at room temperature. Slides were then prepared as described for 
• � 

fluorcsccncc microscopy and observed under a 63x objective to image micronucleus. 

The micronuclei in the cytokinesis-blocked cells were scored as described (Fenech 
« 

2007). Only binucleated cells were scored，, so as to include only cells that have 
V 
\ 

divided once after addition of cytochalasin B. The two main nuclei should have clear 

boundaries from each other and micronuclei were counted only when clear boundary 
r from the main nuclei was observed. The diameter of a micronucleus should lie 

\ 

between 1/16 and 1/3 that of the main nuclear diameter. Also, triplicates were 

performed ‘with more than 100 cells for each condition per set. 

2.2.14 Karyotyping 

Metaphase chromosome spreads were prepared accordingly (MacLeod et aL, 2007) 
* 

with" modifications. Briefly, cells were arrested at metaphase by adding colchicine 
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(Sigma) at a final concentration of 1 ug/mL into growing culture for 6 hours. The 

arrested cells were then collected with trypsinization with immediate neutralization 

with cell culture medium and then followed by 5 minutes centrifugation at 400g. 
k 

After discarding the supernatant, the cell pellet was loosened by gentle flicking in 

residual medium. To swell the mitotic cells, the cell suspension was incubatcd in 

hypotonic buffer, potassium chloride (5.59g/L diluted in double distillated water) and 

sodium citrate (9.0g/L diluted in double distillated water) in 1:1 (v/v), for 8 and 15 

minutes, for NIH3T3 and primary liver cells respectively, at 37°C. The cclls were 

then pelleted at 400G for 5 minutes to remove the hypotonic buffer. The cells were 

then fixed by gently adding freshly prepared ice-cold fixative (methanol and acetic 

acid, 3:1 v/v) to the pellet while agitating the centrifuge tube for the whole time, so 

as to prevent cell clumps and encourage mixing. The fixative was changed once and 

then the cells were fixed overnight at 4�C. Next, the cells were concentrated in 

fixative of a volume that the suspension became slightly cloudy for optimal cell 

concentration. To spread the metaphasc of the fixed cells onto slides, cell suspension 

was dropped from height onto a chilly prc-cleaned SuperFrost® Plus microscopic 

slide (Gerhard. Menzel, Braunschweig, Germany) slightly-sloped on a freezer block. 

Then the slides were breathed on to enhance spreading and were mounted with 

D API/Antifade kit (MetaSystems, Altlussheim, Germany) after dried. The metaphase 
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chromosomes of metaphase-arrested cells were identified and captured by automated 

cytogenetic scanner workstation (MetaSystems) for analysis. Only metaphases of 
* 

distinctly separated chromosomes and of chromosomc spreading pattern from one 

nucleus were counted in order to avoid overlapped metaphases. Three replicates of 

more than 100 metaphases each were counted for the present of radial configurations 

in each corresponding metaphasc spread for chromosomal abnormality. 

2.2.15 Transformation assays 

For focus formation assay: Cells were seeded in lOcm^ culture dish (Nunc) to reach 

70% confluence. They were induced to apoptosis and subsequently washed to 

remove the inducer as in above section of Apoptotic Inductions. Then the culture 

medium was changed every 3 days. After 3 weeks of culture, morphologically 

transformed foci whose diameter exceeded 0.5 mm were counted. The assay was 

performed three times. From each replicate, at least five transformed foci were 

isolated by picking with sterile pipette tip and were then culturcd for soft agar assay 

to validate their transformation potential. For soft agar assay: 

Anchorage-independent colony formation of NIH-3T3 cells reviving from reversal of 

apoptosis was determined as described previously (Cifone & Fidler 1980) with some 

modifications. Briefly, the cells were harvested by trypsinization. A total of 3x10^ 
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cells were resuspended in 1.5mL completed cell culture medium containing 0.3% 
> 

agarose. The suspensions were cultured in single wells of 6-well cell culturc plate 

(Nunc) above a layer of solidified 0.5% agarose in the medium. After incubation at 

37°C under an atmosphere of 5% C02/95% air for 5 weeks, plates were stained with 

0.5 mL of 0.005% crystal violet solution (Sigma) for 1 hour before subjected to 

microscopy. 

2.2.16 New RNA Detection 

For newly synthesized RNA detection, the cells were incubated in the presence of 50 

P-M 4-thiouridine (Sigma) for 1 hour, and the total RNAs were extracted by Trizol 

(Invitrogen). The RNAs were then subjected to biotinylation as described (Zciner et 

al.，1996). The biotin-labeled RNAs were agarose clectrophorcsed, transferred to 

nylon membrane (Bio-Rad, Hercules, CA, USA) with Trans-Blot® SD DNA/RNA 

Blotting Kit (Bio-Rad), and then detected by chemiluminescence using LightShift® 

Chemiluminescent EMSAKit (Pierce, Rockford, IL, USA). 

2.2.17 Microarray and gene expression data analysis 

Mouse primary liver cells were treated with 4.5% ethanol for 5 hours (RO), and then 

washed and cultured in fresh medium for 3 hours (R3), 6 hours (R6), 24hours (R24) 
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and 48 hours (R48). The untreated cells serve as control (Ctrl). Total RNA from the 

cells in these conditions was isolated and purified by RNeasy Mini Kit (Qiagen, 

Cologne, Germany). As a first level of quality control, to detect possible batch effect 

or sample outliers, principal component analysis (PCA) was performed with Partek 

Genomics Suit 6.5 (Partek Inc., St. Louis，MO) on all samples' Iog2 normalized 

signal values and biologic replicate samples were observed to duster together. 

Further, an analysis of variation (ANOVA) was run on all data including variables for 

cell sample, batch and error, which analysis also showed an excellent signal (biologic 

variation) to noise (batch and error) ratio. The R>JA was subjected to reverse 

transcription using SABiosciences C-03 RT^ First Strand Kit (SABioscienccs -

QIAGEN, Frederick, MD). These cDNA samples were analysizcd on the Illumina 

MouseWG-6 v2.0 Expression BeadChip. (Illumina, Inc., San Diego, CA), 

Processed Illumina signal value data were imported into the Partek and Spotfire 

DecisionSite 9,1 (TIBCO, Palo Alto, CA) platforms for evaluation for expression 

fold change at the gene level between lime points，and for fold change across time 

when compared to a common starting point. First, all signal values were converted 

into log2 space and quality control tests run to ensure data integrity. Signals for the 
/ 

three biological replicates at each time point were taken together for comparison to 

27 



other time points; the Student's t-test used to determine statistical significance as 

p-values and fold change was based on averaged values. For our time coursc 

analysis ail time points were compared to lime point R-0, the time at which ethanol 

treatment ended. Functional Gene Ontology (The Gene Ontology Consortium, 

www.geneontology.org) and pathway analyses were run with Spotfire's Gene 

Ontology Browser and Ingenuity Pathway Analysis (IPA) (Ingenuity Systems, 

www.ingcnuity.com) software, respectively. 

Statistical and functional analyses of microarray expression data were performed 

at the JHMI Deep Sequencing & Microarray Core, The Johns Hopkins University, 

Baltimore, MD, USA. 

2.2.18 Quantitative real-time reverse transcription polymerase chain reaction 

Total RNA was isolated and purified by RNeasy Mini Kit (Qiagen, Cologne, 

Germany), and 1.5 g of the total RNA was reverse transcribed into cDNA via the 

M-MLV reverse transcriptase (Invitrogen, Carlsbad, CA, USA) with oligo dT as 

primer. RT-PCR was performed on an machine (Bio-Rad) using SYBR® 

GreenER™ qPCR SuperMix (Invitrogen) in 25 fi L reaction with the following 

PGR cycle parameters as follows: 10 minutes at 95°C (pre-dcnaturation and hot start), 
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40 cycles of 35 seconds at 95�C /35 seconds at 58(�C/ 30 seconds at 72。（： 

(denaturation/annealing/amplification). The following primers were used for 

detection of their corresponding mRNA. Bcl-2 forward primer scqucnce: 5’-CCT 

GTG GAT GAC TGA GTA CC-3'; Reverse primer sequence: 5'-GAG ACA GCC 

AGO AGA AAT CA-3' (Sigma). X-IAP forward primer sequence: 5'-CTG AAA 

AAA CAC CAC CGC TAA C-3'; Reverse primer sequence: 5'-CTA AAT CCC 

ATT CGT ATA GCT TCT TG-3’； Mdm2 forward primer sequence: 5'- COG CCT 

AAA AAT GGC TGC AT -3，； Reverse primer sequence: 5，-TTT GCA CAC GTG 

AAA CAT GAC A-3'; glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

forward primer sequence: 5’-TGC CTC CTG CAC CAC CAA CT-3’； Reverse 

primer sequence: 5'- CGC CTG CTT CAC CAC CTT C-3'.All RT-PCR assays were 

completed in triplicate and the threshold cycle of each reaction was converted to 

DNA equivalent by reading against its corresponding standard curve generated by 

amplifying dilutions of cDNA containing the relevant target sequences. The relative 

mRNA expression levels of the target genes were normalized to the mean of GAPDH 

(Glyceraldehyde 3-phosphate dehydrogenase), which served as the internal control. 

2.2.19 Subcellular fractionation 

Subcellular fractionation was performed as previously described (Spector et al. 
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1997). Briefly, cclls were harvested and homogenized in MS buffer (210 mM 

mannitol, 70 mM sucrose，5 mM Tris/HCl (pH 7.5), 1 mM EDJA and 1% 

CompleteTM protease inhibitor cocktail (Roche)] by passing the cell mixture 

through a 22-gauge needle at 4 The homogenate was centrifugcd at 1300 g for 10 

min at 4 °C to pellet the nuclci and the unlysed cells. The soluble cytosolic fraction 

and membrane fractions of the ER (endoplasmic reticulum) and mitochondria were 

purified from the supernatant by stepwise sucrose-density-gradient centrifugation 

(Figure 2). The supernatant was suspended in 1 mL of ice-cold MS buffer and laid on 

the top of a 1.0，1.2 and 1.5 M sucrose buffer gradient before being ccntrifuged at 

10000 rcv./min for 30 min at 4 (SW60Ti rotor, Bcckman). The soluble cytosolic 

fraction was collcctcd from the top MS buffer fraction. The gradient-purified 

ER-containing and mitochondria-enriched fractions were collected at the MS 

buffer/1.0 M and 1.2/1.5 M sucrose buffer interphases respectively, were washed 

with MS buffer and dissolved in 0.5% SDS lysis buffer on ice for 30 minutes. 

2.2.20 Immunoprecipitation of mitochondria by magnetic beads 

Sheep anti-mouse IgG Dynabeads (M-280; Invitrogen) were bound to mouse 

anti-human mitochondria monoclonal antibody recognizing the surface of the intact 

mitochondria (Chemicon, Temccula, CA). Briefly, 10 /zL of Dynabeads were 
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Figure 2 A Subcellular fractionation by sucrose-density-gradicnt centrifugation 

31 



washed with 200 /uL of MS buffer, and incubated with 1 ji L of antibody in 200 [i L 

of MS buffer with 1% BSA for 3 hours at 4 °C on a rotating wheel. The beads were 

washed with MS buffer (at 4 °C) to remove unbound antibody, and incubated in 200 

L of MS buffer with 10 mg of COS-7 total cell lysatc and protease inhibitor 

cocktail for 3 hours at 4 °C on a rotating wheel, and then washed with MS buffer. 

Mitochondrial membrane bound to the beads was subjected to Western blot analysis. 
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Chapter 3 
Reversibility of apoptosis in cancer cells 

3.1 Introduction 

The ultimate goal of cancer research is to leam how to cure cancer completely. 

Despite technological advancement and significant improvements in the treatments 

of cancer, nowadays, canccr remains one of the top killers of human beings. For the 

current standard of care for cancer treatments, surgical resection is usually the first 

step in therapy to remove the major tumor, followed by adjuvant radiation (Stupp et 

al.，2006). When a complete resection is impossible, chemotherapy is applied as one 
t 

of the major treatments to destroy the spread cancer cells by exposing body to agents 

that kill cancer cells more efficiently than the cells in normal tissues (Chabner and 

Roberts 2005). Canccrs initially retreated in response to the repeated course of 

chemotherapy (Stephens ct al., 1977; Norton and Simon 1977; Davis and Tannock 

2000; Wu and Tannock 2003; Kim and Tannock 2005). However, cancer recurrence 

commonly occurs, and results patient death. The common features of cancer cells 

during cancer recurrence include the increase in mobility (metastasis), growth rate 

and drug resistance (Kamura 1996; Hentschel and Lang 2003; Kim and Tannock 

2005). Accumulating studies reported that over 90% patients die in 5 years with 
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canccr recurrence after chemotherapy (Villavicencio ct al., 2009; Rios et al., 2007). 

Until now，there is no effective therapy to suppress canccr recurrence. 

To date, a complete picture of how cancer cells escape chemotherapy has not yet 

emerged. It is generally believed that repopulation of surviving cancer cclls during 

the intervals between treatments is an important cause of the treatment failure (Kim 

and Tannock 2005). The survival of canccr cells during treatments has been mainly 

attributed into the deficiency of apoptotic pathways in cancer cclls (Letai 2008), 

anticancer drug resistance of tumorigenic stem cells (Dean et al., 2005), and 

inefficiency of drug penetration into solid tumors for achieving a therapeutic effect 

(Minchinton and Tannock 2006). Although studies improving chemotherapy has been 

carrying on in this direction for past decades，problems of cancer recurrcnce remains. 

Therefore, other undiscovered mechanism to contribute into cancer cell survival after 

chemotherapy might be involved. 

3.2 Specific aims 

In the present study，we investigated whether cancer cells could survive even after 
I 

initiation of apoptosis, and test this in various cancer cell lines and in different 

apoptotic stimuli. Our findings reveal another possibility that may contribute into the 

35 



cancer cell survival during therapy: reversibility of apoptosis in cancer cells. 

3.3 Results and Discussion 

3.3.1 Survival of HeLa cells from jasplakinolide-indiiced apoptosis 
, ‘ • Our aim was to induce cancer cells undergoing apoptosis, and investigate whether 

the apoptotic dying cancer cells could survive after the removal of apoptotic reagents. 
� We initially exposed human cervical carcinoma HeLa cells to an apoptotic inducer 

J 
jasplakinolide (Odaka et al.，2000), and observed the change in the cellular 

morphology by real-time living cell microscopy. Figures 3.1 and 3.2 show that, in 

untreated healthy cells, mitochondrial network was extensively interconnected and 

appeared filamentous extended throughout cytoplasm, and nuclcus is in round shape, 

as previous studies described (Kerr et al.，1972; Jacobson et al., 1997; Taylor et ai.， 

2008). In 3hour-induction, as expected, the cells displayed morphological landmarks 
‘ > 

of apoptosis-associated mitochondrial fragmentation, perinuclear redistribution of « 
mitochondria, nuclear condensation and cytoplasmic shrinkage (Figures 3,1 and 

� 
- * 

3.2). The initiation of apoptosis was further confirmed by the biochemical landmarks 
• * . 

of apoptosis (Wang 2001)，the activation of apoptotic protease caspases detected by 
‘ / 

colorimetric caspascs assay (Figure 3.3), and also the dysfunction of mitochondria by 
“1 • • , 

MTT assay (Figure 3.4). Then，the apoptotic dying cells were washed and further 
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Figure 3.1 Time-lapse living cell microscopy of HeLa cells under and after 
jasplakinolidc induction. Real time imaging of the same cells before 0.5 /JM 
jasplakinolide induction (Untreated, /), 
washed and further incubated with 
(Washed, ix to xii). Merged images: 
visualized by fluoresccnce, and cell 
hour:minute. Scale bar，10 /L/m. 

induced for 3hours (Induced, ii to v//7), and then 
fresh culture medium for another 14.5hours 
mitochondria (red) and nucleuses (blue) were 
morphology was by DIC. Time presented as 
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Figure 3.2 Confocal microscopy for verification on the morphological alterations 
of HeLa cells during reversal of apoptosis. Confocal imaging of the HcLa cells 
before 0.5 ^M jasplakinolidc induction (Untreated), induccd for 3hours (Induced), and 
the induced cells washed and further incubated with fresh culture medium for another 
24hours (Washed). Merged images: mitochondria (red) and nuclei (blue) were 
visualized by fluorescence. Scale bar, 10 jL/m. 
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Figure 3.3 Caspases activity of the HeLa cells during apoptotic induction and 
reversal of apoptosis. Caspases activity of the cells before the 0.5 fJM jasplakinolide 
induction (Oh), induced for 3hours (3h), and then washed and cultured for 24hours 
(W24h), 48bours (W48h) and 72hours (W72h). A thousand of corresponding cells were 
subjected to caspases assay. The degree of corresponding caspascs activities were 
normalized with the control. Mean + s.d, n=3, 
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Figure 3.4 Reductase activity of the HcLa cells during apoptotic induction and 
reversal of apoptosis. Reductase activity of the untreated HeLa cells before the 0.5 
fjM jasplakinolide induction (Oh)，induccd for 3hours (3h), and then washed and 
culturcd for 24hours (W24h), 72hours (W48h) and 168hours (W168h). Mean 土 s.d. 
n=3, *P<0.02. — 
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culturcd in fresh cell medium (the wash). It has been generally assumed thai cell 

displaying all these apoptotic landmarks are determined to die (Kerr et al., 1972; 

Jacobson ct al., 1997; Green and Krocmer 2004; Taylor et al., 2008). Mitochondrial 

destruction and activation of caspases have been known to indicate irreversible cell 

death (Green and Krocmcr 2004; Riedl and Shi 2004). Here, wc reasoned that, if the 

apoptotic dying cells could survive even after the activation of caspases, the cells 

should be able to restore themselves and proliferate after the wash. 

Interestingly, our results indicate that HeLa cells could actually survive after the 

apoptotic induction. Our living cell microscopic analysis showed that the shrunk 

cells regained their normal cellular morphology in 14.5 hours after the wash (Figure 

3.1). Our confocal microscopic analysis was performed to verify the morphological 

recovery of the cclls at 24 hours after removal of the inducer (Figure 3.2). The ccll 

counting results showed that 96% cell displayed all the morphological landmarks of 

^j^ptosis in 3 hour-induction, while 92% of the cells regained their normal 

morphology after the wash in 24 hours (Figures 3..2 and 3.5). Besides, the caspases 

and mitochondria activity also returned back to the level of the control cells in 72 

hours and 168 hours after the wash, respectively (Figures 3.3 and 3.4). Furthermore， 

survival of the cells after the wash was proven by cell proliferation. The result of cell 
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Figure 3.5 Reversibility of apoptosis in HcLa cells in different apoptotic 
inductions. Percentage of cells showing mitochondrial fragmentation (Mito. Fragment), 
nuclear condensation (Nuc. Condense), and cell shrinkage (Cell Shrink) of the control 
HeLa cells (Untreated), the cell treated with 0.5 fi M jasplakinolide for 3hours (Jasp.), 
6% (v/v) ethanol for 30 min (EtOH) or staurosporinc for Ihour (STS), and the 
corresponding cells washed and cultured with fresh medium for 24hours (Washed). 
Mean + s.d.，n=3, *广<0.02. 
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count showed the increase in the cell number after the removal of the inducer (Figure 

3.6). 

3.3.2 Nuclear fragmentation as point of no return in apoptosis 

The cell survival after reversal of apoptosis was further assessed by the uptake of a 

DNA synthesis marker bromodexyuridine (BrdU) (Figure 3.7a). The percentage of 

proliferation of the cells did not significantly differ between the control and the 3 

hour-induced cells after the wash (Figure 3.7a). Our clala shows that the 

morphological and biochemical landmarks of apoptosis vanished in 24 hours after 

the removal of the apoptotic jasplakinolidc induction, and the induced cells survived 

afterward. Noticeably，our time-course study in cell count showed that the percentage 

of cell displaying nuclear fragmentation increased along the continuous apoptotic 

induction, and that was inversely proportional to the cell proliferation ability after 

removal of the apoptotic reagent at that time point (Figure 3.7a and b). Perhaps 

nuclear fragmentation is the apoptotic landmark event indicating the irreversible 
j 

stage of apoptosis. / 
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Figure 3.6 Proliferation of the jasplakinolide-induccd cells after removal of 
inducer. HcLa cells were induced with 0.5 fi M jasplakinolide for 3hours (3h), then 
washed and further incubated in fresh medium for 24hours (W24h), 48hours (W48h) 
and 72hours (W72h). Mean 土 s.d., n=3. 
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Figure 3.7 Reversibility of apoptosis after different duration of jasplakinolide-
induction, HeLa cells were treated with 0.5 fi M of jasplakinolide for 0 hour (Ohr), 3 
hours (3hr),丨 day, 2 days, 3 days and 4 days. 
a) Percentage of HeLa cell proliferation (detected by BrdU assay) after removal of the 
inducer at the indicated time and cultured for another 5 days in fresh medium. 
b) Percentage of corresponding cells showing nuclear fragmentation (detected by 
fluorescence microscopy followed by cell counting) at the inducted time before the 
removal of the inducer. 
Mean + s.d, n=3. 
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3.3.3 Reversibility of apoptosis in different inducers and in various cancer cell 

lines 

Our discovery on reversibility of jasplakinolidc-induced apoptosis in HeLa cells 

evoked a novel phenomenon that cancer cclls could survive after initiation of 

apoptosis, and therefore promoted us to investigate whether this is a general 

phenomenon in different apoptotic inductions and in various cancer cell lines. Our 

results on other apoptotic stimuli t o HeLa cells showed that, in response to the 

induction of apoptotic inducers cthanol and staurosporinc (Young et al., 2003; 

Bertrand et al., 1994), HeLa cells underwent apoptosis characterized by excessive 

mitochondrial fragmentation, nuclear condensation and cell shrinkage (Figure 3.5). 

After removal of the inducers, the indicated cclls regained their normal morphology 

in 24 hours in the culture of fresh medium. In further experiments, jasplakinolide was 

applied to various cancer cell lines which arc widely used in canccr research 

including human skin canccr A375, liver cancer HepG2, breast cancer IVICF7 and 

prostate cancer PC3 cells, and all of them displayed the morphological features of 

apoptosis (Figure 3.8). Consistently, after removal of jasplakinolide, the 
t 

morphological recovery was observed in 24 hours in all the ccll lines (Figure 3.8). 

These results suggest that the reversibility of apoptosis is a general phenomenon in 
• / cancer cells. / 
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Figure 3.8 Reversibility of jasplakinolide-induced apoptosis in various cancer cell 
lines. Percentage of cells showing mitochondrial fragmentation (Mito. Fragment), 
nuclear- condensation (Nuc. Condense), and cell shrinkage (Cell Shrink) of the control 
A375, HepG2, MCF7 and PC-3 cells (Untreated), the corresponding cells treated with 
0.5 IIM jasplakinolidc for 3hours (Jasp.), and washed and cultured with fresh medium 
for 24hours (Washed). Mean 土 s.d.’ n=3, *P<0.02. -
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3.3.4 Increase in cell mobility after reversal of apoptosis in HeLa cells 

This study focuses the potential correlation between reversal of apoptosis in cancer 

cclls and metastasis during recurrcncc. We study whether the mobility of cancer cells 

increases after reversal of apoptojns, as metastasis, which involves invasion 

characterized by the increase in mobility of cancer cells (Steeq 2006), is a common 

feature during cancer recurrence (Arimura ct al.，2005; Orlando et al., 2009; Nguyen 

et al., 2009). Wc therefore studied the mobility of the cells before and after reversal 

of apoptosis 

Our living cell microscopic analysis showed that the untreated HeLa cells 

remained in their original location during our 40-hour experimental period, and even 

the cells underwent cell division or spontaneous apoptosis (Figure 3.9a). We then 
* . 

studied the mobility of HeLa cells after reversal of jasplakinolide-induccd apoptosis. 
r 、 In response to an apoptotic inducer jasplakinolide,^'HeLa cclls displayed 

morphological hallmarks of apoptosis including fragmentation of mitochondria, 

condensation of nucleus and'shrinkage of cytoplasm, and also biochemical hallmark 

of apoptosis the activation of caspases (Figures 3.1 and 3.9b i to i f ) . After removal of 
:. ‘ ‘ 

« the inducer, the apoptotic dying cells survived and the hallmarks retracted (Figures 
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Figure 3.9 Increase in mobility of HeLa cells after reversal of Jasplakinolide -
induccd apoptosis. 
a) Time-lapse living cell microscopy of the cell without jasplakinolide induction 
(Control). The green path follows the cells that underwent cell division; the yellow 
path follows the cell without division; the white path follows the cell that underwent 
spontaneous apoptosis. 
b) Time-lapse living cell microscopy of the same cell before 0.5 fjM jasplakinolide 
induction (Untreated, /)，induccd for 3 hours (Induced, /•/•)，and then washed and further 
incubated with fresh culture medium for another 37 hours (Washed, Hi to ix). 
Green, white and yellow lines indicate the footprints of the corresponding same cells 
throughout the experiment with time. In figure 3B ix, only the cell with white footprint 
is present in the original view while the other 2 cells have migrated out of the 
monitored view. Merged images: mitochondria (red) and nuclei (blue) were visualized 
by fluorescence, and ccll morphology was by DlC. Time presented as hrrmin. 
Scale bar，10 jL/m. > 
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3.1 and 3.9b /•/•/•). We further analyzed the imaging at later time points data, and found 

that the cells displayed a significant increase in cell mobility (Figure 3.9b Hi to ix). 
»» 

After quantification, our data shows that the mobility of the HcLa cells after reversal 

of apoptosis was 3 times higher than the untreated HeLa cells (Figure 3.10). 

Furthermore, the increase in mobility was also observed in the reversal of 

cthanol-induced apoptosis in HeLa cclls. Our microscopic study showed that, in 

response to ethanol induction, HeLa cclls displayed morphological hallmarks of 
« / apoptosis (Figure 3.11 i\ to iv). Consistently, after removal of the inducer, the ccll 

regained their normal morphology (Figure 3.1 Iv to w7), followed by cell migration 

(Figure 3.1 la viii to xx), in which the cells velocity was 5 times higher than the 

untreated cells (Figure 3.12). This finding agrees with the time-course analysis on the 

reversal of jasplakinolide-inciuccd apoptosis in HeLa cells (Figure 3.9). 

3.4 Conclusion 

In the present study, we have shown that canccr cclls could survive after initiation of 

apoptosis induced by different stimuli, and the reversibility of apoptosis was 

observed in various cancer cell lines. We provided evidence that cancer cells could 

escape from demise even after the cells undergoing critical apoptotic events such as 
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Figure 3.10 Quantification of speed of the corresponding cells indicated in the 
figures 3.9a (Control) and 3.9b (Jasp. Washed). 
a) Foot print of the untreated HeLa cells (Control) corresponding to the figure 3.9a. 
b) Foot print of the HeLa cells reversed the jasplakinolide-induccd apoptosis (Jasp. 
Washed) corresponding to the figure 3.9b. Scale bar, 10 fJm. 
c) Speed of cell movement of the Control and Jasp. Washed cells was measured as 
described in Materials and Methods. Mean 土s.d.，n=3, *P<0.001. 

� 
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Figure 3.11 Increase in mobility of HeLa cclls after reversal of ethano里一induced 
apoptosis. 
Time-lapse living cell microscopy of the same cell before 5% cthanol induction 

(Untreated, /)’ induced for 55mins (Induccd, ii to /V), and then washed and further 
incubated with fresh culture medium for another 13 hours (Washed, v to xjc). Green, 
white and yellow lines indicate the footprints of the corresponding same cells 
throughout the experiment with time. Merged 
(blue) were visualized by fluorescence, and 
presented as hr:min. Scalc bar, 10 ^/m. 

images: mitochondria (red) and nuclei 
cell morphology was by DIC. Time 
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Figure 3.12 Quantification of speed of the corresponding cclls indicated in the 
figures 3.9a (Control) and 3.11 (Ethanol Washed). Speed of cell movement was 
measured as dcscribcd in Materials and Methods. Mean 土s.d., n二3, *P<0.001. 
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mitochondrial fragmentation and dysfunction, nuclear condensation, ccll shrinkage 

and activation of caspases. Importantly, the reversibility of apoptosis was abolished 

when the cclls reached the apoptotic event of nuclcar fragmentation, suggesting that 

this is an important cellular event indicating the point-of-no-rcturn in apoptosis. 

We also found the increase in mobility of cancer cells after reversal of apoptosis. 

This suggests a potential important correlation between reversal of apoptosis in 

cancer cells and metastasis during cancer recurrence. To date, resection is an 

important treatment to remove localized tumor. To promote complete rescction, 

multiple doses of chemotherapy arc applied as a presurgical anti-cancer treatmcnl in 

order to rcducc the size to tumor before surgical treatment. Original tumor can be 

completely removed, however, cancer recurrcnce is often observed^ and new tumors 

are commonly found at great distance from the site of the major tumor. As mobility 

of cancer cells increases after reversal of apoptosis, it could be possible that reversal 

of apoptosis occurs during intervals between cycles of chemotherapy, and the 

reversed cancer cells migrate to distance site away tVom the tumor. I here fore, the 

migrated cells form new tumors while the original tumor was removed. In case that is 
� 

true, interference on reversal of apoptosis in cancer cclls should suppress cancer 

recurrcncc and metastasis after therapies. 
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Our discovery on the reversibility of apoptosis in cancer cclls lead to several 

unanswered key questions: what are the components of the machinery driving the 

reversibility of apoptosis, and how are they linked to the regulation of apoptosis in 

cancer cells as a whole? To what extent (iocs the reversibility of apoptosis contribute 
i 

to the survival, the rcpopulation and the metastasis of cancer cells during the cycles 

of anti-cancer treatment? Inlriguingly, can inhibition on the reversibility of apoptosis 

in cancer cells suppress cancer relapse? Providing answers to these questions will be 

critical in understanding the mechanism for regulation on the reversibility of 

apoptosis, and provide us new potential targets for therapeutic advancement to our 

war of cancer. A more in-depth analysis will be required to clarify these points. 
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Chapter 4 

Cells that survive by reversing apoptosis 
harbor lasting DNA damage 
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Chapter 4 
Cells that survive by reversing apoptosis harbor lasting 

* 

DNA damage 

4.1 Introduction 

Genomic destruction is a hallmark apoptosis (Kerr ct al., 1972; Jacobson ct al., 1997; 

Taylor ct al., 2008). During this ccll suicide process, mitochondria fragment (Figures 

4.1 and 4.2) (Taylor et al., 2008; Green and Krocmer 2004), releasing 

apoptosis-inducing factor (AIF) and endonuclease G (EndoG), which then 

translocate to the nucleus and fragment DNA (Figure 4.3) (Liu et al.，1997; Susin et 

al., 1999). Independently, intrinsic and cxtrinsic pro-apoptotic signals activate 

apoptotic protease caspase-3, which then unlocks DNA fragmentation factor (DFF40) 

by clcaving its inhibitor DFF45 (Figure 4.4) (Liu ct al., 1997). Activated caspase-3 

also damages DNA repair systems for example，by clcaving the DNA repair enzyme 

Poly(ADP)-ribose polymerase-1 (PARI)) (Lazebnik ct al.，1994) (Figure 4.4). 
t 

Activated caspase-3 also activates additional caspases to strengthen caspasc cascade 

for cellular demolition (Taylor ct al., 2008), resulting the morphological 

.manifestations of apoptosis (Kerr ct al., 1972; Jacobson ct al.，1997; Taylor ct al.， 
峰 2008) including nuclear condensation, cell shrinkage, and membrane blobbing 
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Figure 4.1 Reversibility of apoptosis in mouse primary liver cells and mouse 
embryonic fibroblast NIII3T3 cclls. 
a) Fluorescence and DlC microscopy of healthy (untreated) liver and NIH3T3 cells, the 
cells were exposed to apoptotic inducers (Liver cclls: 4.5% ethanol tor 5 hours; 
NIH3T3 cells: 10% DMSO for 20 hours) (treated), and the induced cells were washed 
to remove apoptotic inducers and further cultured for 24 hours (Washed). Merged 
images: Mitotracker stains for mitochondria (red), Hoechst (DAPI) for nucleus (blue). 
Quantum dots (Qdot) taken up by endocytosis (green). Scale bar, 10 “ m. 
b) Percentage of the untreated, the treated and the washed liver cclls and NIH3T3 cells 
that displayed mitochondrial fragmentation (Mito fragment), nuclear condensation 
(Nuc condense), ccll shrinkage (Cell shrink) and uptake of Quantum dots by 
endocytosis (Endocytosis). 
Mean+ s.d.，n=3, *尸<0.01. 
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Figure 4.2 Real-time living cell microscopy of a primary liver cell before, during 
and after exposure to ethanol. 
Time-lapse living cell image of the same liver cell before ethanol induction (Untreated, 
/•)，induccd by 4.5% of ethanol in culture medium for 2.5 hours (treated, ii to xv), and 
then washed and further cultured with fresh medium (Washed, xvi to xxiv). Merged 
images: mitochondria (red) and nuclei (blue) were visualized by fluorescence, and cell 
morphology by DlC microscopy. Time is shown in hour:minute. Scale bar, 10 fi m. 
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EndoG (red) and nucleus (blue) in the untreated, the treated and the washed 
primary liver cells. 
a) Quantification of the corresponding fluorescence signals of AIF, EndoG and nuclcus 
along the dotted line as indicated at their respective images. Scale bar, 10 jjl m. 
b) Percentage of the untreated, the treated and the washed liver cells and NIH3T3 cclls 
that displayed nuclear translocation of AIF (AIF trans) and EndoG (EndoG trans). 
Mean + s.d., n=3, *f<0.01. 
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Figure 4.4 Western blot analysis on the total cell lysatc of the untreated，the 
treated, and the washed liver cells and NIH3T3 cells for the protein level of 
caspase-3 (Casp), PARP and ICAD. c，cleaved form. Note that the cleaved form of 
ICAD in NIH3T3 cells was not recogm'zcd by the ICAD primary antibody 
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(Figure 4.1). 

4.2 Specific aims 

While genomic destruction has been generally assumed to be the critical death 

checkpoint, recent studies reveal that apoptotic cancer cells can reverse apoptosis 

even after they have experienced mitochondrial fragmentation and caspase-3 

activation (Tang et al., 2009; Albeck et al., 2008) which suggested that surviving 

cells might harbor DNA damage caused during Ihc apoptotic process (Sheridan and 

Martin 2008). Therefore we.dccided to investigate the underlying mechanisms and 
» t 

consequcnccs of the reversal of apoptosis (Figure 1). . ‘ 

4.3 Results and discussion 

4.3.1 Reversibility of apoptosis in primary ceil and cell line 

We first tested the reversibility of apoptosis in primary mouse liver cells and the 

cmbryonic fibroblast NIH3T3 cell line, as they arc important models for studies of 

general cellular mechanisms of apoptotic cell death and oncogenesis (McKillop and 

Schrum 2005; Rubin 2()()8). Rthanol and dimethyl sulfoxide (DMSO) serve as 

apoptotic inducers owing to their cytotoxicity and low mutagenicity (Phillips and 

Jenkinson 2001; Santos et al.，2003). Exposing liver cclls to elhanol or Nni3T3 
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cells to DMSO resulted in the expected morphological (Figures 4.1 and 4.2), 

molecular (Figure 4.3" and biochcmical (Figure 4.4) hallmarks of apoptosis. Wc 

defined reversal of apoptosis as the loss of these hallmarks following removal of the 

apoptotic inducers. Interestingly, after washing and then culturing the apoptotic cells 

in fresh medium for 24 hours, ail these signs of apoptosis vanished (Figure 4.1 to 

Figure 4.4). Using real-time living cell fluorescence microscopy, wc verified thai the 

morphologically characterized apoptotic liver cell could regain its normal 

morphology after removal of the apoptotic induccr (Figure 4.2). The survival of the 

cells that had cxpcricnccd reversal of apoptosis was further assessed by their ability 

to lake up Quantum dots (Jaiswal et al.，2003) through cndocytosis (I'igure 4.1). In 

contrast, dying cells exposed to continuous apoptotic induction exhibited full 

permeability of the plasma membrane and shrank in size (Figure 4.5) (Silva et al., 

2008). From these experiments, we conclude thai reversal of apoptosis docs occur in 
t ^ 

t / these two models： 

4.3.2 Activation of apoptotic nucleases and damage of 壓）NA in the dying cells 

before reversal of apoptosis 

Destruction of the genome by apoptotic nucleases such as mitochondrial mediated 
r 

nuclear translocation of AIF and EndoG (Figure 4.3) (Susin ct al” 1999; Li et al., 
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Figure 4.5 Plasma membrane integrity of the primary liver cells and NIH313 
cells in apoptotic inductions and after reversal of apoptosis. 
a) Phase contrast images of the untreated (Untreated), the apoptosis-induccd (treated), 
the washed (Washed), and the continuously incluccd (Continuous) liver cclls and 
NIH3T3 cells on culturc plate and in trypan blue stain after trypsini/alion. Apoptotic 
induction of liver: 4.5% ethanol in culture medium for 5 hours; NIH3T3: I ()"/o DM SO 
in culture medium for 20 hours. Scalc bar, 100 // m. 
b) Percentage of the untreated, the treated, the washed, and the continuously induced 
liver cclls and NIH3T3 cells that displayed trypan blue stain. 
Mean + s.d., n=3, ns: P>0.05; **尸<0‘01 • 
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2001) as well as caspase-3-medialecJ DFF4() (Figure 4.4) (Liu ct al.，1907). DNA 

destruction is a universal feature of apoptosis (Kerr cl al., 1972; Jacobson el al., 1 

Taylor el al.，2008). The activation of these nucleases suggested that DNA damage 

occurred before cells reversed apoptosis. By immunotluorescencc microscopy aiui 

quantitative analysis, wc found that AIF and FndoCi, which normally reside in 

mitochondria, translocated to the nuclcus in dying liver and NIH3T3 cclls before the 

removal of apoptotic stimuli (Figure 4.3). Our Western blot analysis also showed 

clcavagc of the inhibitor of caspasc-activated dcoxyribonucleasc (ICAD) in the 

apoptotic dying cells (Figure 4.4), and that indicates the unlocking of CAD, the 

DFF40 in mouse form (Sakahira et al., 1998; Enari ct al., 1998), for DNA destruction 

in the dying cells before they reversed apoptosis. 

Wc then evaluated tlic actual genome damage in the dying cells before reversing 

apoptosis by single cell gel electrophoresis (conict) assay, which dctcclcd DNA 

damage (Figure 4.6), including DNA single- and doubie-strand breaks in the 

individual cells (Olive, R L. & Banath 2006). After removal of apoptotic imiucers， 

the DNA damage significantly rcduccd (Figure 4.6). This indicates thai cclls with 

DNA damage can survive and reverse the process. 
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Figure 4.6 Damage of I)NA in the dying cclls before reversal of apoptosis 
a) Fluorescence microscopy for the DNA stain of the unlroalcd, the treated and the 
washed liver cclls subjected to coinct assay. Damaged DNA ran out from nuclcar 
envelop after electrophoresis, and displayed comic tail as indicated in one of the 
treated cclls by arrow. Intact DNA immigrated, remained in nuclcar envelop as in ihc 
untreated cells. 
b) Percentage of the untreated, the treated and the washed liver cclls and NIH3T3 cclls 
that displayed comet tail. 
Mean f s.d., n=3, **尸<0.01. 
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4.3.3 Gcnctic alterations of the cells after reversal of apoptosis 

To address how completely the DNA damage could be repaired, we pcrfonned 

cytokinesis-block inicronuclcus assays. Following reversal of apoptosis wc observed 

an increase in the number of binucleated cells to display micronuclei (Figure 4.7), 

which are biomarkcrs of DNA damage, chromosomc breakage and/or whole 

chromosome loss in the dividing cells (Fenech 2007). The formation of micronuclci 

evidcnccs unrepaired DNA damage (Figure 4.8), possibly due to damage of DNA 

repair mcchanisms. This is supported by the caspase-3 mediated cleavage of 

DNA-rcpairing enzyme PARP (Figure 4.4) as interference of PARP results in genome 

instability and dcficiciicy in DNA repair (Rouleau 2010), The c I caved form ofPARI) 

also inhibits the repairing function of remaining uncleaved PARP (D'Ainours et al., 

2001) in the cells. 

The cmcrgence of unrepaired DNA damage in the cells after reversal of apoptosis 

raises the question ol, whether their daughter cclls acquire gcnctic alterations. 

Therefore, wc performed karyotyping on colchicine-trcated, nietaphasc-anested cells 

three days after they reversed apoplosis. Wc found a significant increase in 

chromosomal aberrations including variations in chromosomal number (Figure 4.9) 

and radial configurations，the latter resulted from misjoining oi' broken chromatids 
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• Untreated 
• Washed 

Liver cells NIH3T3 cells 

Figure 4.7 Formation of micronuclei after reversal of apoptosis 
and the washed 
Arrows indicate 

a) Fluorescencc microscopy on nuclcar morphology of the untreated 
binuclcalcd primary liver cells 16 hours after reversal of apoptosis. 
micronuclei in I he washed cells.b) Percentage of the unlrcalcd, the ircalcd and the 
washed liver cclls and NIH3T3 cells that displayed comct tail. Scale bar, 10 // m. 
b) Percentage of the unlrcalcd and I he washed binuclcalcd liver cclls and NIH3T3 cells 
that displayed micronuclei. 
Mean + s.d., n=3, *P<0,05, **P<0.()1. 
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Apoptotic 
dying cell 

^ DNA damage 

• Unrepaired DNA damage 

Wash inducer off 

Acentric 
chromosome fragments 
Micronucleus 

Cell 
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Figure 4.8 Proposed model for the formation of inicronuclei in the once-divided 
cells after reversal of apoptosis as the result of unrepaired DNA damage. 
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Figure 4.9 Genetic alterations after reversal of apoptosis 
a) Inverted DAPI-banding image of metaphase spread of the untreated and the washed 
liver cells 3 days after reversal of apoptosis (Reversed). Number of metaphase 
chromosomes was labeled at the corresponding images. Abnormal chromosomal 
configuration is indicated by an arrow. 
b). Percentage of the untreated and the reversed liver and NIH3T3 cclls displaying 
indicated number of chromosomes in metaphase spread. 
Error bars denote s.d.，n=3, ns: P>0.05, *户<0.05，**P<0.01. 
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(German et al., 1964) (Figure 4.10), comparing with the untreated cclls. This 
V 

indicates the inheritance of alterations in genome of the cclls after reversal of 

apoptosis. 

4.3.4 Transformation of the cells after reversal of apoptosis 

Acquisition of heritable genetic alterations in individual cells promotes phenotypic 

diversity (Stratton et al., 2009; Bloom et al., 1972), and can lead to transformation 

(Bloom 1972; Rubin 2008) Therefore we tested whether NIH3T3 cells undergone 

reversal of apoptosis had higher transformation potential than control cells. These 

cclls displayed classic transformed phenotypes, including focus formation, an 

indication of loss of contact inhibition of growth (Figure 4.11), and proliferation in 

soft agar, indicating anchorage independent growth (Figure 4.12). These phenotypes 

are also hallmarks of cancer cells (Bloom et al., 1972; Rubin 2008; Mori 2008), 

suggesting that reversal of apoptosis may represent a novel mechanism of 

carcinogenesis. 

4.3.5 Critical role of transcription in reversal of apoptosis 

To gain insight into the mechanism by which cells reverse apoptosis and survive, we 

first tested whether new transcription contributes to the reversal of apoptosis. We 
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Figure 4.10 Chromosomal abnormality after reversal of apoptosis 
a) Representing inverted DAPl-banding images of the configuration of melaphase 
chromosomes of the untreated and the reversed liver cclls. Configuration indicated by 
arrows: triradial (red); quadriradial (blue); complex figures (green). Deletion (black). 
b) Percentage of the untreated and the reversed liver and NIH3T3 cclls displaying 
indicated number of chromosomes in metaphase spread. 
Mean 土 s.d.’ n=3, *尸<0.05. 
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Figure 4.11 Foci formation of NIH3T3 cell after reversal of apoptosis 
a) Image of the untreated NIH3T3 cells and the focus from the cclls after reversal of 
apoptosis (Reversed) after 3 weeks of culture. Scale bars: 50 [i m. 
b) Number of foci of the untreated and the reversed NIH3T3 cell 
culture. 
Mean + s.d.，n=3, *P<0.05. 
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Figure 4.12 Anchorage independent growth of NIH3T3 cell after reversal of 
apoptos i s� 
a) Image of crystal violet stained colonies in soft agar of the untreated and the reversed 
N1H3T3 cclls from the foci'at the third week of culture. Insert: enlarged image of a 
colony. Scalc bars: 400 (i m (white); 2 mm (black). 
b) Number of colonics formed in soft agar of the untreated and the reversed NIH3T3 
cells after 5 weeks of culturc. 
Mean 土 s.d., n=3，*户<0.05. 
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detected new RNA synthesis after removal of the apoptotic inducers (Figure 4.13), 

suggesting that new transcription might be required. To test this hypothesis, we 

exposed cells transiently to the reversible transcription inhibitor actinomycin D 
1 _ • 

(AMD) (Sawicki Godman 1972) (Figure 4.14). This promoted persistence of cleaved 

caspase-3 (Figure 4.14), an increase in the full plasma membrane permeability 

(Figure 4.15), and thus irreversible cell death. In contrast, AMD did not cause 

significant apoptosis in control cells that had not been treated with apoptotic inducers 
< 

(Figures 4.14 and 4.15). These results indicate that new transcription is required for 

the reversal of apoptosis, and suggest a therapeutic approach to eliminating damaged 

cells by transient suppression of transcription during reversal of apoptosis. 

4.3.6 Increased in transcription of pro-survival factors during reversal of 

apoptosis 

We used RNA microarray analysis and real-time reverse transcription polymerase 

chain reaction (real-time RT-PCR), to determine the transcriptional profiles of cells 

undergoing reversal of apoptosis. We observed enhanced expression of multiple 

pro-survival signals, including Bcl-2, X-IAP and Mdm2, a pro-survival factor, 

following reversal of apoptosis (Figure 4.16). Previous studies indicate that Mdm2 

inhibits apoptosis by facilitating p53 degradation (Sander ct al.，1974), therefore, 
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v5� + AMD 

Figure 4.13 RNA blot for detecting new RNA synthesis on the untreated and the 
one-hour-after-washed liver cclls with and without transient exposure (1 hour, 1 
jl g/ml) of actinomycin D (AMD). No s4U served as negative control for the probe 
binding to RNA. Detailed procedure is described in supplementary methods. 
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M碰 + + AMD 

pCasp 

cCasp 

Figure 4.14 Western Blot analysis of the dcavage of caspasc-3 (Casp) on the 
total lysate of the untreated, the treated and the washed liver cclls and Nltl3T3 
cells with and without the exposure of AMD immediately after removal of 
apoptotic stimuli. The lysate was collected 23 hours after the exposure of AMD. c, 
cleaved form. 
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Figure 4.15 Percentage of the untreated and the washed liver cells and NIH3T3 
cells with and without the AMD exposure that displayed full plasma membrane 
permeability in trypan blue exclusion assay. 
Mean + s.d., n=3, ns: P>0.05, **P<0.01. 
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• Untreated • Treated • Washed 

Figure 4.16 Real-time RT-PCR analysis of Bcl2, Xiap and IVIdm2 of the 
untreated, the treated and the washed liver cells and NIH3T3 cells. 
Mean 土 s.d., n=3, ns: P>0.05, *P<0.()5, **P<0.0\. 
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suggesting it as a potential mediator in reversal of apoptosis. 

4.4 Conclusion 

Our research reveals how failure of cclls to complete apoptosis once the process 

begins results in persistent genetic alterations and cellular transformation, and a 

practical approach to suppress it (Figure 4.1 7). These findings suggest that reversal 

of apoptosis might cause diseases such as canccr, and a new direction for potential 

subsequence treatment by promoting the dying cclls to irreversible ccll death. In fact, 

repeating exposure of apoptotic chemicals such as cthanol and DM SO has been 

linked to carcinogenesis (Boffctla and Hashibe 2006; Sander et al.，1974; Davaris et 

al.，1992). Noticeably, transformation of the cell after reversal of apoptosis might 

also explain the recent observations thai prevention of actual demise in apoptotically 

stimulated cclls potently promotes overgrowth, which associates to formation of 

cancer (Fan and Bcrgmann 2008; Martin ct al., 2009). Cancer cclls that experienced 

reversal of apoptosis might also accumulatc mutation from cyclcs of chemotherapy 

(Stratton et al” 2009), in which apoptosis is a major strategy to destroy them, and 

therefore, leads to chemotherapy-resistance recurrcnce. Future research into reversal 

of apoptosis such as its specific regulators, modifiers and inhibitors will provide 

valuable insights into the biology of cancer. 
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Figure 4.17 A schematic diagram summarizing the study on reversal of 
apoptosis. Dying cell reverses apoptosis oncc after removal of inducer, acquires 
genetic alterations from apoptosis, and displays transformation phcnotypc. Interference 
of RNA synthesis suppresses reversal of apoptosis, and lead to irreversible cell death, 
and therefore, serves as an promising strategy to inhibit the reversal of dying process. 
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Chapter 5 
Vimentin supports mitochondrial morphology and 

organization 

5.1 Introduction 

Mitochondria arc important organelles that mediate energy metabolism, cell 

signaling and homoeostasis in eukaryotic cells (Chan 2006). These organelles form a 

complex tubular branching network in a healthy cell (Yaffe 1999). Accumulating 

evidence indicates that specific changes in mitochondrial morphologies arc required 

during animal development (Chen et al.，2003; Jagasia et al., 2005), while 

disturbance in the mitochondrial dynamics and organization result in the dysfunction 

of mitochondria which leads to fatal consequences including disorders in respiration, 

neurodcgcneration and tumorigencsis (Chen et al., 2003; Jagasia ct al.，2005; Stowcrs 

et al., 2002; Li ct al.，2004; Chen et al., 2005; Alirol et al.，2006). As mitochondrial 

morphology and organization determine the functions of mitochondria, 

characterizing their regulation is important in understanding the diversity of its 

biological roles. 

As mitochondria arc composed of outer limiting membranes and complex 
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networks of internal membranes, the highly curved morphology of these organelles is 

maintained and stabilized by specific mechanisms, such as the attachment to a rigid 

cellular structure, for example, the cytoskeleton (Voeltz ct al., 2007). The 

cytoskcleton is mainly composed of the interconnected networks of actin, 

microtubules and intermediate filaments, which extend throughout the cytoplasm of 

the entire cell (Hirokawa 1982; Svitkina et al., 1996). Apart from structural support, 

the cytoskeleton functions in cell motility, intracellular trafficking and organelle 

positioning in a cell (Gross et al., 2007). Traditionally, microtubules are recognized 

as the key elements that associate with mitochondria on the basis of their ccllular 
t 

\ 

co-localization reported in previous microscopy studies (Yaffe 1999; Voeltz ct al., 

2007; Hirokawa 1982; Heggencss et al.，1978; Caviston and Holzbaur 2006). 

Disturbance in the integrity of microtubules by microtubule-disturbing drugs triggers 

mitochondrial fragmentation, suggesting that microtubules arc important in 

mitochondrial support (Heggeness et al., 1978; Kedzior et al., 2004). 

5.2 Specific aims 

Growing evidence also indicates the contribution of intermediate filaments in the 

support of mitochondria (Anesti et al., 2006). For example, a fluorescence 

microscopic study has shown that the signal of vimcntin intermediate filaments 
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overlaps with mitochondria and microtubules (Sunimerhayes ct al., 1983). Desmin 

intermediate filaments have also been suggested to contribute to the distribution and 

function of mitochondria, as the knockdown of desmin in mouse cardiac muscle cells 

results in the disturbance of the mitochondrial organization and the respiration rate 

(Milner et al., 2000). In the present study, we investigated the interaction of 

mitochondria with vimentin intermediate filaments, and studied its potential roles in 

supporting the morphology, organization and function of mitochondria. Our findings 

reveal that vimentin interacts and co-localizes with mitochondria to a greater extent 

than other cytoskeleton components such as microtubules and actin filaments, 

suggesting that vimentin is critical to support mitochondria (Tang et al., 2008). 

5.3 Results and discussion 

5.3.1 Protein analysis of vimentin in the mitochondrial fraction of mammalian 

cells 

In order to investigate the mechanism regulating mitochondrial morphology and 

organization, we initially studied the mitochondrial association of microtubules by 

subcellular fractionation. Sucrose-density-gradient ccntrifugation was performed to 

purify mitochondria from the immortalized brown adipocyte PAZ-6 cells for Western 

blot analysis of microtubules. Microtubules are composed of a heterodimer of a- and 
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p-tubulin, and the heterodimers form the filamentous tube-shaped protein polymers 

in an eukaryotic cell (Dutcher 2001). Surprisingly, both of the core microtubule 

components a-tubulin and (3-tubulin were mainly found in the cytosol and only trace 

amounts of a- and P-tubulin were observed in the purified mitochondrial fraction in 

PAZ-6 cells (Figure 5.1). The presence of the mitochondrial outer- membrane protein 

BAK and inner-membrane protein Cox IV in the mitochondrial fraction indicates that 

the purified mitochondria were intact. It is possible that the isolation of mitochondria 

could disturb the integrity of microtubule filaments, and that might disrupt their 

association with microtubules. 

By screening various cytoskeletal members, we found that the actin cytoskelcton 

was not specifically localized in the mitochondrial fraction, as the actin marker 

P-actin was mainly localized in the cytosolic fraction (Figure 5.1). Interestingly, our 

results showed that the intermediate filament vimcntin was distinctively localized in 

the mitochondrial fraction, whereas a moderate amount of vimentin was observed in 

the cytosolic fraction and a barely detectable amount of vimentin protein was found 

in the ER-containing fraction in PAZ-6 cells (Figure 5.1). This specific mitochondrial 

association of vimentin was also observed in various cells lines including the human 

cervical carcinoma HeLa cells, HEK (human embryonic kidney)-293T cells, COS-7 
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Figure 5.1 Mitochondrial localization of vimentin in PAZ-6 cells. 
Western blot analysis of microtubules {a- and /3-tubulin), actin (/3-actin) and 
vimentin in the cytosolic (C), ER-containing (E) and mitochondrial-enriched (M) 
fractions from sucrose-density-gradient centrifugation, and total cell lysate (T) of PAZ-
6 cells. The mitochondrial markers BAK and Cox IV indicate that the majority of 
mitochondria were present in the mitochondrial fraction. LDH, calnexin and golgin-97 
served as the cytosolic, ER and Golgi apparatus markers respectively. 
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cells, the mouse myoblast C2C12 cells, NRK (normal rat kidney) cells and the 
t 

Mustela putoris furo (ferret) normal astrocytes CRL 1656 cells (results not shown), 

suggesting that this is a general phenomenon in the mammalian system. 

5.3.2 Interaction of vimcntin with mitochondria 

Vimentin has been reported to interact with several organelles such as the nucleus, 

Golgi apparatus, endosomes and lysosomes (Hartig et al., 1998; Gao and Sztul 2001; 

Stycrs ct al” 2004), but its interaction with mitochondria remains to be determined 

(Toivola ct al., 2005). A previous microscopic study demonstrated that mitochondria 

overlayed with microtubules and vimentin filaments, but they did not provide direct 

evidence on the mitochondrial interaction with microtubules and vimentin 

(Summerhayes et al., 1983). To identify this novel direct interaction between 
V 

vimentin and mitochondria, we performed immunoprccipitation studies to purify 

intact mitochondria from the total cell lysate of COS-7 cclls. By Western blot 

analysis, we detected the presence of a significant amount of vimentin in the 

immunoprecipitated mitochondrial protein complex, including the mitochondrial 

markers, BAK and Cox IV (Figure 5.2). The above findings indicate that vimentin 

interacts with mitochondria, and this is also in agreement with the results of j> 
subcellular fractionation on the co-localization of vimentin and mitochondria in 
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Figure 5.2 Mitochondrial association of vimentin in COS-7 cells. 
Western blot analysis of coimmunoprccipitated microtubules ( a - and /S-tubulin), 
actin (/3 -actin) and vimentin with intact mitochondria isolated using Dynabeads bound 
with monoclonal antibody targeting the surface of intact mitochondria from the cell 
lysate (Pull Down). The total cell lysate and the Dynabeads conjugated with the 
antibody alone (Beads) served as the positive and negative controls respectively. LDH, 
PCNA, BAK and Cox IV served as the cytosolic, nuclear and mitochondrial outer and 
inner membrane markers respectively. 
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PAZ-6 cells (Figure 5.1). Figure 5.2 shows that both of the microtubule markers, a-

and p-tubulin, were detectable in the mitochondrial pulldown complex, but their 

signals were weak and their sizes were close to the signal contributed by the antibody 

IgG chain at 52 kDa (Figure 5.2). The weak interaction between microtubules and 

mitochondria might be due the isolation of mitochondria; as discussed in the 

previous section, the isolation proccss could disturb the integrity of the microtubule 

filaments. 

5.3.3 Co-localization of vimentin and mitochondria 

Immunofluorescence microscopy was performed to verify the mitochondrial 

association of vimentin, as this is a less invasive approach to study the localization of 

cellular components as compared with subcellular fractionation and 

immunoprecipitation. We observed that the tubular mitochondria aligned and 

co-localized with, a significant portion of the vimentin filaments in PAZ-6 cclls 

(Figure 5.3A). The fluorescence signals were quantified (Figure 5.3B), and the 

results indicated that the vimentin filaments specifically co-localized with 

mitochondria. 

To corroborate the significance of the mitochondrial association of vimentin, we 
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Figure 5.3 Fluorescence microscopy of vimeiitin and mitochondria of a PAZ-6 cell. 
(A) A merged image of vimentin (green) and mitochondria (red). Scalc Bar, 5 // m. 
(B) Fluorescent signal intensity of vimentin (green) and mitochondria (red) were 
quantified along the solid-arrow in (A). 
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compared the relative localization of mitochondria, vimcntin, microtubules and 

F-actin by fluorescence microscopy analysis. The niitoclionclria, vimentin, 

microtubules and F-actin were co-stained in the mouse embryonic fibroblast NIH 

3T3 cclls. In agreement with our earlier observation in the PAZ-6 cells, almost all 

mitochondria aligned with the vimentin filaments in these cclls (Figure 5.4A). On the 

other hand, wc observed that the intensive refined microtubule filaments radiated 

from the perinuclear region through the cytoplasm to the edges of the cclls, and 

certain portions of these filaments overlapped with the tubular mitochondria (Figure 

5.4B). We observed that F-actin ran longitudinally across the cells (Figure 5.4C). 

However, these filaments did not specifically overlap with the tubular mitochondria 

(Figures 5.4A(/v) and (v), 5.4B(/v) and (v), and 5.4C(/V) and (v)), and the signal 

quantification results showed that the correlation of mitochondria with vimentin is 

significantly higher than that with microtubules or F-actin (Figure 5.4D), 

5.3.4 Mitochondrial morphology and organization depend on the integrity of the 

vimentin network 

As vimentin associates with mitochondria, wc investigated the contribution of 

vimentin to the mitochondrial morphology by disturbing the integrity of the vimcntin 

network through knockdown of vimentin. For the control COS-7 cells transfccted 
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Figure 5.4 Mitochondrial co-localization of vimentin in NIH 3T3 cells. 
Fluorescence microscopy of (A) vimentin, (B) microtubules ( a -tubulin) and (C) F-
actin cytoskeleton in NIH 3T3 cells. (/•) Monochromatic images of the cytoske)eton. (//•) 
Monochromatic images of mitochondria (Mito.) from the same corresponding cells as 
in (/). (Hi) Merged images of (/) (green) and (/•/) (red) and the corresponding nucleus 
(blue), (/v) Enlarged images of the dotted boxes in (///). Images presented in (A—C) are 
representative of three independent experiments with similar results, (v) The 
fluorescence signal intensity was quantified along the dotted lines in (/V). (D) 
Mean土S.D. correlation coefficients of the fluorescence signals of mitochondria and 
vimentin (MV), mitochondria and microtubules (MT), and mitochondria and F-actin 
(MA) respectively in three independent signal-quantification measurements in (/V). 
Each correlation coefficient was calculated as described previously (Berenson and 
Levine 1999). *P<0.0003; n=3; Student's t test. Scale bar，10 fim. 
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with the non-specific siRNA, the extended tubular mitochondria still aligned along 

the vimentin filaments (Figure 5.5A). For the vimcntin knockdown of COS-7 cells, 

the mitochondrial network was broken down and underwent mitochondrial 

fragmentation, swelling and disorganization as indicated by the perinuclear 

redistribution of mitochondria (Figure 5.5B). Furthermore, our Western blot analysis 

suggested that the cytochromc c level in the vimentin-knockdown cells was rcduced 

compared with the control cclls (Figure 5.6). As cytochrome c serves as a 

mitochondrial electron carrier which contributes to the mitochondrial polarization 

and this is essential for ATP synthesis (Reed 1997), reduction of cytochrome c levels 

might disturb the mitochondrial polarization and ATP generation, implying that the 

morphology and function of the mitochondria arc dependent on the integrity of the 

vimentin network. 

Traditionally, microtubules have been recognizcd to support mitochondrial 

morphology; this is supported by the observation thai disturbance in the 

mitochondrial integrity by microtubule-clisturbing drugs such as colcemid, 
* 

nocodazole and taxol results in mitochondrial fission (Heggcness et al., 1978; 

Kedzior ct al., 2004). However, these anti-tubulin agents in fact are the anti-cancer 

drugs which induce apoptosis (Sherwood et al.’ 1994; Kook et al., 2000; Jordan et al.. 



(omio丨 召-tub Kl) 

K » Figure 5.5 Mitochondrial morphology of vimcntin-knockdown COS-7 cells 
Fluorcsccncc microscopy of vimcntin stain in COS-7 'cclls transfected with (A) non-
specific siRNA (Control) and (B) siRNA specific to vimcntin (vimentin. knockdown. 
Vim KD), and the microtubules- (/?-tubulin) stained in the COS-7 cells transfected 
with (C) non-specific siRNA' (control) and (D) siRNA specific to /3 -tubulin' ( /?-
tubulin knockdown, /S -tub KD). (/) Monochromatic images of the corresponding 
cytoskeleton as indicated._(//) Monochromatic images of mitochondria from the s^me 
cells as in (/). (/") Merged images of (/), (green) and (//) (red) and the corresponding 
nucleus (blue). Scale bar, 10 fi m. ’ 
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Figure 5.6 Cytochrome c 里cvd in vimentin knock-down cells 
(A) Western blot analysis of vimentin and cytochrome c (Cyto c) in the total cell lysate 
of the control and vimentin knock-down COS-7 cells. Alpha (a)-tubulin，beta (石）-
actin, and lactate dehydrogenase LDH served as a loading control. (B) Mean 土S.D. 
relative signal intensity of the cytochrome c level of the control and the vimentin 
knock-down (Vim KD) cells in the panel (A). Mean 土 s.d.，n=3, *P<0.011. 
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1996). As mitochondrial fission is a universal phenomenon in apoptosis (Youle and 

Karbowski 2005), there is a concern as to whether the mitochondrial fission induced 

by these drugs is the cause or the consequence of apoptosis. Therefore we examined 

the functional role of microtubules in the mitochondrial support by knockdown of the 

coremicrotubule clement, p-tubulin, so as to disturb the microtubule integrity. Figure 
- 一 《 5.5 shows that the knockdown of P-tubulin could result in certain mitochondrial 

disorganizations such as mitochondrial swelling; however,' extensive mitochondrial . » 
fragmentation was not observed (Figure 5.5C and D). Taken together with the 

vimentin knockdown results, we demonstrated that the morphology of mitochondria 

depends more primarily on the integrity of vimentin than the microtubule network. In 
� 

addition, we found that the knockdown of vimentin resulted in a significant reduction 

of a-tubulin levels in the mitochondrial fraction of COS-7 cells, and the remaining 

mitochondrial a-tubulin level was almost undetectable after the vimentin knockdown 
、 9 (Figure 5.7). This suggests that vimenti尸 might contribute to the mitochondrial 

‘ * 
association of microtubules. It has been reported that microtubules could mediate the 

mitochondrial morphology and distribution through the microtubule-bascd • • 
cytoskeletal motors such as kinesin and dynein (Caviston and Holzbaur 2006). As _ ( 
microtubules regulate the^dynamics of vimentin (Liao and Gunderscn 1998; Yoon et 

« • ‘ 
* • 

a)., 1998; Helfand et al.，2002; Charke and Allan 2002), it might be possible that 
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Figure 5.7 Reduction of mitochondrial microtubules in vimentin-knockdown cells. 
Subcellular fractionation of vimentin-knockdown COS-7 cells. (A) Western blot 
analysis of microtubules ( a -tubulin) and vimentin in the cytosolic (Cytosol) and 
mitochondrial-enriched (Mitochondria) fractions, and total cell lysate of COS-7 cells 
transfected with non-specific siRNA (Control) or siRNA specific to vimentin (Vim 
KD). BAK and Cox IV served as the mitochondrial outer- and inner-membrane 
markers respectively. LDH served as a cytosolic marker. (B) MeaniS.D. of the relative 
signal intensity of the mitochondrial a -tubulin signal (mitochondrial a -tubulin 
signal/total a -tubulin signal) in the control and the vimentin knockdown cells from 
three independent measurements. Mean 土 s.d.’ n=3, *P<0.002. 
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microtubules mediate the mitochondrial morphology, organization and function by 

interacting with mitochondrial-associated vimentin. 

5.4 Conclusion 

Vimentin is one of the intermediate filaments that functions in structural support, 

signal transduction and organelle positioning of a cell. In the present study, we report 

the contribution of vimentin in mitochondrial morphology and organization. Using 

subcellular fractionation, immunoprecipitation and fluorescence microscopy analyses, 

we found that vimentin was associated with mitochondria. Knockdown of vimentin 

resulted in mitochondrial fragmentation, swelling and disorganization. Wc further 

demonstrated that the vimentin cytoskeleton co-localized and interacted with 

mitochondria to a greater extent than other cytoskelctal components known to 

support mitochondria. Our results also suggest that vimentin could participate in the 

mitochondrial association of microtubules. As mitochondrial morphologies 

determine mitochondrial function, our findings revealed a potentially important 
V 

relationship between the vimentin-based intermediate filaments and the regulation of 

mitochondrial morphology, organization and function. Further investigation into the 

molecular mechanism of this process is certainly required. 
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Chapter 6 
Perspectives 

Our research demonstrates reversal of apoptosis in mammalian cclls. In this moment, 

the regulatory mechanisms, the roles and the consequences of reversal of apoptosis 

remain unknown. To further study reversal of apoptosis, it is important to develop a 

biosensor that allows us to continue to tract the cells after they reversed apoptosis, 

and identify the regulatory mechanisms that reverse apoptosis. 

6.1 Development of a biosensor to track reversal of apoptosis 

Visualizing the recovery of dying cells can provide evidence for the reversibility of 

apoptosis. The first insight came from a flow-cytometic study in B cell lymphoma. 

Cells that stained positively for Annexin V，an early indicator of apoptosis, might not 

die but continue to proliferate (Hammill et al.，1999)，suggesting that cells can 

survive after initiation of apoptosis. Time coursc studies of the cngulfment and 

clearance of dying cells in Caenorhabditis elegans further show that apoptotic cells, 

according to morphological criteria, in mutants defective in phagocytic activity and 

pro-apoptotic pathways could regain normal morphology. This suggests that blocking 

phagocytosis and apoptosis could promote survival of the dying cells (Hocppner et 
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al.，2001; Reddien et al., 2001). My Ph.D. study demonstrated, by living cell imaging, 

reversal of the dying process following removal of apoptotic inducers (Tang et al., 

2009). However, all these current methods are limited. What is needed is a method 

that allows continuous identification and monitoring of cclls that have undergone 

reversal of apoptosis in living animals. 

To identify and tract cells after reversal of apoptosis, one of the most critical tasks 

is to develop a biosensor, which allows to track the fate of the cells after they 

reversed apoptosis. This sensor is composed of 2 elements, a caspase-activatable Cre 

recombinase, and an existing loxP technique, the Cre-lox site-specific recombination 

system (Sauer 1987; Sauer and Henderson 1988). Cre recombinase is a site-specific 

DNA recombinase which catalyses the recombination of DNA between specific sites 
• * 

in a DNA molecule known as loxP sequences, thereby splicing the DNA between the 

sequences. I propose to construct a Cre protein that is tethered to the plasma 

membrane via a caspasc-cleavable linker peptide and a transmembrane domain. 

"Upon caspase activation, the peptide is cleaved and Cre protein is released and 

translocates to nucleus. This triggers a Cre dependent genetic recombination event, 

which excises the stop cassette separating a promoter and green fluorescent protein 

(GFP) open reading frame, resulting in permanent expression of green fluorescent 
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protein (GFP). This provides an important tool for generation of transgenic mouse 

expressing caspase-inducible Cre protein. This in vivo biosensor will allow us to 

track the cells that expcricncc caspase-activation, a hallmark of apoptosis, and 

therefore, will allow us identify the cells that reverse apoptosis, as well as the 

progeny from cells that reverse apoptosis. 

6.2 Study of the molecular mechanisms regulating reversal of apoptosis 
( 

� � . . . . , 

Elucidating the mechanisms of reversal of apoptosis enhances our understanding on 

the functional role of this process. This also allows us to regulate reversal of 

apoptosis for potential therapeutic purpose. 

To further study the regulation on reversal of apoptosis on a genomic scale, we 

performed time-course RNA microarray to determine the transcriptional profiles of 

the liver cells undergoing reversal of cthanol-induced apoptosis. Wc observed 

enhanced gene expression of multiple pro-survival signals, including anti-apoptotic 

family member of BCL-2, X-1 inked inhibitor of apoptosis protein (XIAP), the murine 

double minute (MDM2), activating transcription factor 3 (ATF3) and heat shock 

proteins (HSPs), following reversal of apoptosis (Figure 6.1). Our preliminarily and 

ongoing research reveals their contributing role in reversing apoptosis is revealed 

114 



Atf3 
Mdm2 
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Figure 6.1 A time course microarray study of gene expression in the reversal of 
ethanol-induced apoptosis in primary mouse liver cells. Log2-fold changc of gene 
expression comparison between ethanol-induced apoptotic cells (RO) to the untreated 
cells (Ctrl)，and the induced cells thai were then washed and further cultured in fresh 
medium for 3 hours (R3)’ 6 hours (R6)，24 hours (R24) and 48 hours (R48). Three 
biological replicates' log2 signal values were averaged (Geometric Mean) for cach time 
point to crcatc this figure and to verify statistical significance. 
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their corresponding specific inhibitor might suppress reversal of apoptosis (Figure 

6.2). These results reveal critical pathways in regulating reversal of apoptosis by 

suppressing the activated apoptotic machineries, and expressing new transcripts to 

repairing the cells (Figure 6.3), 

The gene expression profile during the reversal of apoptosis will be investigated in 

different cell lines from different origin and species in different apoptotic inductions. 

This will provide us insights into the mcchanisms of reversal of apoptosis, and also 

the way to promote or suppress the reverse of apoptosis by targeting the genes which 

mediate this process. The functional role of the identified genes will be characterized 

by RNAi technology to investigate whether the knockdown of the gene could 

enhance or inhibit the reversal of apoptosis. Large scalc RNAi screening (Boutros et 

al., 2004) could be also perform to test our identified candidate genes in our current 

or other different cell models including at RNAi screening center al Harvard 

(http://www.flvmai.org/DRSC-ASQ.html). The selected positive genes will be tested 
to 

in animal models such as in flies and then in mouse. 
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Inhibitor 
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— — — • r 令 Casp 
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cPARP 

Figure 6.2 Suppression of reversal of ethanol-induccd apoptosis in primary mouse 
liver cells. Western blot analysis on the total cell lysate of the healthy (untreated) liver 
cells, the cells were exposed to 4.5% ethanol for 5 hours (treated), the induced cells 
were washed to remove apoptotic inducers and further culturcd for 24 hours (Washed), 
for the protein level of caspase-3 (Casp-3) and PARP. c，cleaved form. Specific 
inhibitors targeting BCL-2 (ABT 263，3 f i M \ XIAP (Embelin, 20 / /M) and MDM2 
(MDM2 inhibitor, 20 fi M) were applied to the medium of the cells immediately after 
removal of the ethanol induction for 24 hours. 
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Figure 6.3 Model,of reversal of apoptosis. Expression of multiple pro-survival proteins 
and new transcripts during reversal of apoptosis promotes cell survival by suppressing the 
activated apoptotic pathways and by repairing the cells. 
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