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Abstract 

Background: A common procedure in current cancer chemotherapy is to induce 

genomic stress in cancer cells, leading to irreparable DNA damage and eventually 

cell death. However, there are several DNA repair mechanisms in cancer cells to 

maintain genomic stability, which require cell cycle checkpoints to stop cell 

proliferation for DNA damage repair, thereby avoiding errors in cellular events like 

DNA replication, transcription and mitosis. Among these cell cycle checkpoints, 

antephase and G2 checkpoints are two gate checkpoints for mitosis. Abrogation of 

G2 checkpoint has been reported to give rise to synergistic cytotoxic effect with 

DNA damaging agents, representing a means of circumventing drug resistance in 

chemotherapy. 

Aim: Cisplatin is the first platinum drug that shows promising anti-tumor effect 

clinically. Oxaliplatin, a third-generation platinum drug that incorporates a 

diaminocyclohexane (DACH) structural entity，can overcome cisplatin resistance. 

R，R-5, a novel platinum compound that integrates the DACH entity with a 

demethylcantharidin (DMC) component that is derived from a traditional Chinese 

medicine (TCM) , can also overcome cisplatin resistance. The principal objectives 
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of this study was to investigate in detail, the effect of these compounds at the 

antephase and G2 checkpoints of the cell cycle, and to establish the relationship ( i f 

any) between different structural entities with checkpoint activation. The ultimate 

aim of the study was to ascertain the potential for the development of novel 

checkpoint abrogators as anti-tumor agents. 

Methods: Microarray analysis was used to detect gene transcription profiles after 

drug treatments. The activation of mitotic checkpoints was inspected by counting 

mitotic cells and utilizing flow cytometry. Using Western blotting, the activation of 

certain key players in the antephase and G2 checkpoint was revealed. MTT assays 

were performed to show the outcome of checkpoint activation. 

Results: In HCT116 cells, 35 genes that facilitate G2/M transition were found to be 

up-regulated after R,R-5 treatment compared with oxaliplatin in the microarray 

analysis, implying the bypass of mitotic checkpoints by R,R-5 rather than oxaliplatin. 

Acute stress (2 hour) of cisplatin activated the antephase checkpoint, resulting in a 

rapid decrease in mitotic index and phosphorylation of histone H I , which avoided 

mitotic catastrophe and promoted cell survival in HeLa cells. Further experiments 

demonstrated that this antephase checkpoint could be abrogated by c-Abl and 
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p38MAPK inhibitors, or siRNAs against c-Abl or M E K K l , suggesting that this 

checkpoint may be controlled by an MMR/c-Abl/MEKK 1 /p3 8MAPK pathway. In 

contrast, oxaliplatin and R,R-5 did not activate this antephase checkpoint. 

Moreover, after 24 hour oxaliplatin treatment in HeLa cells, the mitotic index and 

CDK l activity were decreased, which could be restored by concomitant treatment 

with ATM/ATR inhibitor and DMC. This indicated the activation of G2 checkpoint 

by oxaliplatin and implied that DMC can abrogate oxaliplatin-activated G2 

checkpoint by restoring CDK l activity. Cisplatin could also activate G2 checkpoint, 

whereas R,R-5 apparently bypassed this G2 checkpoint. 

Conclusions: Acute stress to cisplatin can activate the 

MMR/c-Abl/MEKKl/p38MAPK pathway, leading to the activation of antephase 

checkpoint, and stop cells from entering mitosis immediately. DACH-containing 

platinum compound oxaliplatin fails to activate this antephase checkpoint. 

However, both cisplatin and oxaliplatin can activate the G2 checkpoint, which can be 

abrogated by DMC. In contrast, R，R-5 can bypass both the antephase and G2 

checkpoints. In summary, novel TCM-platinum compound R，R-5 can bypass 

mitotic DNA damage checkpoints in cancer cells and thus has the potential for 

further development as an anti-cancer drug. 
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醒 

新型傳統中藥-銘類化合物躍過腫瘤細胞周期有絲分裂基因 

損傷檢查點之硏究 

硏究背景：在腫瘤細胞造成不可修復的基因損傷而致使其死亡，是 

現時化療的一大策略。然而腫瘤細胞内存在著幾種基因損傷修復機 

制來維持基因穩定性，這些機制要求激活基因損傷撿查點來停止細 

胞周期，創造出時間間隔進行基因修復，從而避免在諸如基因複製、 

轉錄以及有絲分裂等重要細胞事件中出現錯誤。在這些細胞周期檢 

查點中，antephase和G2 phase是進入有絲分裂前的兩個守衛檢查 

點。而抑制G2檢查點已經被報道能增強基因損傷化療藥物的活性 

也是化療中對抗腫瘤細胞抗藥性的一種策略 

硏究目的：順鉑是臨床試驗中首個顯示抗腫瘤活性的化療藥物。奥 

沙利鉑是第三代鈾類藥物，其結構中引入了環己二胺對映異構體， 

能對抗順鈾抗藥性。R,於5是融合了環己二胺對映異構體和從傳統中 

藥斑蜜中衍生出來的去甲基斑蜜素的新型鉑類化合物，它同樣能對 

抗順鈾抗藥性。研究這些化合物對antephase和G2檢查點可能揭開 
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結構改造與檢查點激活的關係，甚至導致新型細胞周期檢查點抑制 

劑的發現I 

硏究方法：藥物作用后的細胞基因轉錄譜用生物芯片技術來檢測 

細胞周期檢查點的激活用數有絲分裂細胞和流式細胞儀來分析。再 

用蛋白免疫印跡方法可找出antephase和G2檢查點信號通路中相 

蛋白的激活。MTT試驗可顯示出檢查點激活和細胞死亡之間的關係 

硏究結果：在HCT116細胞中，生物芯片檢測結果顯示相比于奥沙利 

4白，斤 -5上調了 3 5 個能促使有絲分裂的基因，説明了躍過 

了有絲分裂檢查點而非奥沙利銷。在HeLa細胞受順銷短暫作用兩 

時后，出現顯著的有絲分裂細胞數目和組蛋白HI磷酸化減少，標誌 

著antephase檢查點的激活，從而阻止有絲分裂錯誤並增加細胞存 

活。順鉑只能在錯配修復（MMR)陽性的HCT116+ch3細胞而不能在MMR 

陰性的HCT116+ch2細胞中激活antephase檢查點。進一步實驗證明 

a n t e p h a s e檢查點的激活可以被 c - A b l抑制劑和 s i R N A ， M E K K 1 siRNA 

所抑制，但不受ATM/ATR或蛋白磷酸化酶1/2A抑制劑影響，説明這個 

檢查點是經由MMR/c-Abl/MEKKl/p38MAPK信號通路被激活。然而奥沙 

利鈾和R-b沒有激活antephase檢查點。當HeLa細胞經過24小時奥 
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沙利銷作用后，有絲分裂細胞和CDK1活性明顯減少，而這種現象能 

被ATM/ATR抑制劑和去甲基斑整素所抑制，説明去甲基斑整素通過恢 

復CDK1活性拮抗了奥沙利鈾激活的G2檢查點。順鉑也被證實能激活 

G2檢查點，而yP, y?-5則躍過G2檢查點 

結論：短暫的順鉑作用可以激活丽R/c-Abl/MEKKl/p38MAPK信號通 

路，來激活antephase撿查點，從而迅速抑制細胞進入有絲分裂 

含有環己二胺對映異構體的奥沙利鉑沒有激活antephase檢查點, 

然而順銷和奥沙利銷都能激活G2檢查點，但此激活可以被去甲基斑 

蜜素所抑制。相比之下， /?-5沒有激活antephase或G2檢查點, 

綜而述之，新型傳統中藥-鈾化合物R,於5能躍過腫瘤細胞有絲分裂 

基因損傷檢查點，從而有潛力被開發成新型抗腫瘤藥物 
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Chapter One 

Chapter One 

Introduction 

Cancer is one of the major lethal diseases in U.S.A., which killed 559,888 

people (23.1% of mortality) in 2006 (American Cancer Society, Inc., 2009). The 

three most common cancers are lung/bronchus, prostate, and colon/rectum in male; 

and lung/bronchus, breast, and colon/rectum in female, respectively. The lifetime 

probability of developing cancer is 1 in 2 (men), and 1 in 3 (women) (American 

Cancer Society, Inc., 2009). Some breakthrough in cancer research has been 

achieved as scientists continued to unlock the mechanisms contributing to the 

development of cancer. The top 3 curable cancers (>5-year survival after treatment 

from 1996 to 2004) in American Caucasians are: breast cancer (91% survival), colon 

cancer (66% survival), and esophagus cancer (18% survival) (National Cancer 

Institute, 2008). Despite these progresses, cancer metastasis and drug resistance are 

still major problems facing the cancer patients. A variety of anti-cancer drugs are 

commonly employed for cancer chemotherapy. However, they may not be effective 

in certain cancer types and their effectiveness can further be compromised by the 

emergence of drug resistance. The development of novel anti-tumor agents with 

distinct mode of action is strongly warranted for this unmet medical need. 
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1.1 Traditional Platinum-Based Anti-tumor Drugs 

Cisplatin, carboplatin and oxaliplatin (Figure 1.1) are three clinically acclaimed 

platinum-based anti-tumor drugs. Cisplatin was approved by The Food and Drug 

Administration (FDA) in U.S.A. in 1978 (Wiltshaw et al, 1979; Chabner and 

Roberts Jr., 2005), and is still commonly used for the treatment of solid tumors, such 

as testicular, ovarian, bladder, cervical, head and neck, esophageal, and small cell 

lung cancers (Giaccone, 2000). The acknowledged anti-tumor mechanism of 

cisplatin is that it can bind to DNA with covalent bonding and consequently induce 

DNA damage (Lippard and Hoeschele, 1979). However, cisplatin can lead to serious 

side effects such as nausea and vomiting, nephrotoxicity, ototoxicity, neuropathy and 

myelosuppression (Krakoff, 1979). Moreover, intrinsic and acquired resistance to 

cisplatin has also posed a threat to its successful clinical use in the treatment of 

cancer. Carboplatin, a second-generation platinum drug with similar mechanism as 

cisplatin, is more soluble in water and less nephrotoxic (Calvert et al, 1982). 

However, it is cross-resistant to cisplatin. Oxaliplatin, a third-generation platinum 

compound, was able to overcome the problem of resistance and was the first 

platinum-based anti-tumor drug approved by the FDA in the mid-90s for the 

treatment o f advanced colorectal cancer (Jakupec et al.，2003). Unfortunately, it was 

reported to generate neurotoxicity (Extra et al, 1990; Spunt et al, 2007). As a result， 
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deveioping novel anti-tumor drugs with high potency and low adverse effects 

remains a challenging goal for cancer research. 
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Figure 1.1: Chemical structures of cisplatin, carboplatin, oxaliplatin and UCN-01, 

A common strategy in current cancer chemotherapy is to induce DNA damage 

in cancer cells, thereby leading to cell death. However, this wi l l activate the DNA 

damage checkpoints of the cell cycle, including the extensively studied Gl , S，G2, 

checkpoints (Dasika et al, 1999)，mitotic spindle checkpoint (Gorbsky, 2001), the 

newly discovered antephase checkpoint (Mikhailov et al., 2005) and the post-mitotic 

checkpoint (Tritarelli et al, 2004) (Figure 1.2). Activation of these DNA damage 

checkpoints facilitates DNA damage repair before cell cycle progression, thereby 

avoiding errors in cellular events such as DNA replication, transcription and mitosis. 

As a result, the efficacy of chemotherapy can be greatly compromised due to the 

activation of these DNA damage checkpoints. In fact, it has been reported that 

abrogation of the G2 checkpoint can sensitize cancer cells to irradiation (Russell et 

3 
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al, 1995; Terzoudi et al, 2005). It is therefore hypothesized that G2 checkpoint 

abrogators may represent a new strategy for cancer therapy to sensitize cancer cells 

to DNA damaging agents and to circumvent drug resistance (Kawabe, 2004). To 

date, a number of G2 checkpoint abrogators have been discovered. For example, 

UCN-01 (Figure 1.1), a CHK l inhibitor, has entered phase I trial in combination 

with fluorouracil and leucovorin for the treatment of patients with metastatic or 

unresectable solid tumors (ClinicalTrials.gov identifier: NCT00042861), and with 

carboplatin for patients with advanced solid tumors (ClinicalTrials.gov identifier: 

NCT00036777). 

Post-mitotic checkpoint 

— G 1 phase checkpoint 

S phase checkpoint 

G2 phase checkpoint 

Antephase checkpoint 

Mitotic spindle checkpoint 

Figure 1.2: DNA damage checkpoints in a cell cycle. 
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1.2 Design of Novel Traditional Chinese Medicine (TCM)-Platinum 

Compounds 

Platinum anti-tumor agents typically consist of a platinum moiety, two fairly 

labile leaving ligands, and two non-leaving ammine ligands that are inert to 

substitution under biological conditions. The leaving ligand is hydrolyzed in 

aqueous solution and biological medium (Figure 1.4). Cisplatin and carboplatin 

share the same diammino non-leaving group; hence they exhibit similar anti-cancer 

mechanisms of action. Oxaliplatin has a novel bidentate diaminocyclohexane 

(DACH) carrier ligand, replacing the two amino groups in cisplatin. Importantly, 

oxaliplatin forms DNA adducts that are poorly recognized by the mismatch repair 

(MMR) protein MutS (Zdraves et al, 2002), enabling the circumvention of drug 

resistance to cisplatin (Espinosa et al.，2005; Wong and Giandomenico, 1999). 

While the M M R system is required for cell death induced by cisplatin, cancer cells 

deficient in M M R are still susceptible to oxaliplatin with the incorporation of the 

DACH functionality in its structure (Fink et al., 1997). Therefore, the DACH ligand 

has become the backbone structure for the design of novel platinum-based anticancer 

drugs for the circumvention of cisplatin resistance. The next opportunity for novel 

design of Pt anti-cancer drugs is to find an appropriate leaving group to introduce 

additional biological activities into the compounds. 
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Expanding on the conceptual framework of the use of bioactive ligands, and 

based on an "East meets West" philosophy, our research team has designed a novel 

series of platinum compounds with anti-cancer activity. We focused on traditional 

Chinese medicine due to its acknowledged effectiveness and low toxicity based on 

its clinical practice on human bodies for thousands of years. Cantharidin (Figure 1.3), 

a small molecule isolated from traditional Chinese medicine blister beetles (Figure 

1.4), is widely used in the treatment of various kinds of cancers (Rauh et al” 2007). 

It could be a favorable leaving group ligand due to the composition of two potential 

carboxylic acid groups. The major mechanism for anti-tumor activity of cantharidin 

is believed to be the inhibition of protein phosphatase 1 and 2A (PPl and PP2A) 

(Rauh et al., 2007). The incorporation of cantharidin in Pt drugs may be beneficial 

because okadaic acid (a PP2A inhibitor) (Figure 1.3) has been reported to disrupt 

DNA damage checkpoint induced by thymidine incorporation into DNA (Ghosh et 

al.，1996) and inhibit DNA damage repair (Ariza et al, 1996). However, cantharidin 

is highly toxic and it is a powerful vesicant (Brimfield, 1995). Therefore， 

demethylcantharidin (DMC，also known as norcantharidin, Figure 1.3), a derivative 

of cantharidin demonstrating PPl and PP2A inhibitory activity but with less side 

effects, was finally chosen as the leaving group for a novel series of Pt-based anti-

tumor agents (Ho et al., 2001). It is hypothesized that by combining DMC with a 



Chapter One 

platinum moiety, the novel Pt compound could exhibit dual mechanisms of actions: 

(1) the Pt moiety introduces DNA damage and, (2) the released DMC ligand after 

hydrolysis inhibits DNA damage checkpoint and DNA damage repair. Five novel 

TCM-Pt complexes were synthesized (Ho et al, 2001; Figure 1.3), by combining 

various platinum moieties with DMC, as the leaving group (US Patent #6，110,907 

C K 

Aug 2000; PRC Patent #2197102796X June 2001). 
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beetles. 

1.3 Previous Studies on Novel TCM-Platinum Compounds (1-5) 

1.3.1 Anti-Tumor Activities in vitro and in vivo 

Previous studies by our research group have demonstrated that the novel TCM-

Platinum compounds (compounds 1 to 5) have strong cytotoxic effects against 

various cancer cell lines: LI210 (mouse leukemia), COL0320DM (human colon 

cancer), SK-Hep-1 (human liver cancer), Hep-G2 (human liver cancer), MDA-MB-

231 (human breast cancer), NCI:H460 (human non-small cell lung cancer), SK-OV-3 

(human ovarian cancer), NTERA-S cl D1 (human testicular cancer), and two primary 

cultures of human gastric cancer. Among all tested compounds (compounds 1 to 5， 

DMC, cisplatin, carboplatin and oxaliplatin), compound 5 showed the strongest anti-

tumor activity (To et al., 2004). Compounds 1 to 5 also exhibit PP2A inhibitory 

activity, presumably ascribed to the presence of the DMC leaving ligand (To et al, 

2001 ； Ho et al，2004). The fact that DMC could inhibit Pt-DNA adduct removal and 

synergize cisplatin cytotoxicity (To et al., 2004) may explain the higher cytotoxicity 

of these PP2A-containing novel compounds than traditional Pt compounds. More 

importantly, all of these novel compounds were found to be lack of cisplatin cross 

resistance in vitro and in vivo (To et al., 2004; To et al., 2005), once again pointing 
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towards the usefulness of incorporation of DMC in circumventing cisplatin 

resistance. The novel TCM-Pt compounds also demonstrated favorable anti-tumor 

activity in animal studies. In a SK-Hep-1 sc-inoculated xenograft model, the most 

potent compound 5 at a dose of 50 mg/kg could decrease tumor volume by 14.6% 

(mean value) compared with the control, without causing lethal effects in mice, 

which was significantly more effective than cisplatin, oxaliplatin or compounds 1 to 

4 (Ho etal.,20Q\). 

1.3.2 Pharmacokinetics 

It is well known that Pt-based anti-tumor drugs have to be hydrolyzed into an 

active aqueous form before interacting with DNA. For cisplatin, the chloride leaving 

groups wi l l be released and replaced by two hydroxide groups upon hydrolysis 

(Figure 1.5). A l l novel DMC-Pt compounds share similar behavior in aqueous 

solutions. When compounds 1 to 5 were incubated in normal saline at 37 for up 

to 24 hrs, slow hydrolysis occurred, which released the DMC and the corresponding 

Pt moiety, as determined by gas chromatography (To et al, 2001). The released Pt 

moiety can then interact with DNA directly and DMC could function as a PP2A 

inhibitor. 
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Figure 1.5; Hydrolysis reactions of a) cisplatin and b) compound 5. 

The pharmacokinetics and tissue distribution of the novel compounds in 

Sprague-Dawley rats have also been studied. Compared with cisplatin, the novel 

TCM-Pt compounds exhibited a longer elimination half-life, larger dose-normalized 

under the curve (AUC/D), larger volume of distribution at steady-state (Vd), 

slower clearance of free platinum and higher percentage of cumulative urinary 

excretion (CUE) (Wang et al, 2007)，which can be attributed to their lower chemical 

reactivity (To et al., 2006). In various organs, the highest Pt concentrations were 

found in the kidney, followed by the liver and the heart; no Pt was detected in the 

brain (Wang et al, 2007). Since the novel compounds are mainly accumulated in the 

kidney, it is possible that they may cause nephrotoxicity. By using a MTT assay in 

quiescent LLC-PKl kidney cells, the nephrotoxicity was found to rank as follows: 

cisplatin > compound 5 > carboplatin (To et al., 2006). However, compound 5 did 

not cause animal mortality at doses up to 50 mg/kg, the dose at which significantly 

10 
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cytotoxic effect was observed in the xenograft mice model. In contrast, there was 

lethal incidence observed in mice treated with cisplatin at 8 mg/kg or above, where 

antitumor activity was not prominent. 

1.3.3 Biological Evaluations of Compound R^R-S 

The DACH-containing Pt drug oxaliplatin can process different stereo-isomers: 

R’R- (Figure 1.6), S，S-, or cis- isomers, depending on the conformations of the 

diaminocyclohexane (DACH) ring. i?,7?-oxaliplatin is used in the clinic because it is 

more effective in treating cisplatin-sensitive and resistant cell lines than other 

isomers of oxaliplatin (Pendyala et al., 1995; Di Francesco et al., 2002). Since 

compound 5 also contains a DACH structure, the corresponding conformational 

isoforms of compound 5 may show different biological behaviors. As a result, R’R_, 

S,S-, trans-{±)- and c/5-isomers of compound 5 were synthesized and evaluated in 

vitro for cytotoxicity (Figure 1.6) (Yu et al, 2006). 

11 
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Figure 1.6: Chemical structures of R,R-, S’S-’ 广ra似-(±)- and cw-compound 5 and 

oxalipiatin. 7'ra«5'-(±)-compound 5 is a mixture of R,R- and 5',5'-compound 5. 

Similar to the conformational isomers of oxalipiatin, compound R,R-5 

exhibited the strongest anti-tumor activity among cisplatin, carboplatin, oxalipiatin, 

and R，R_, S，S、trans-{±)-, c/5-compoimd 5, in colon cancer cell lines HCT116, HT29 

and Colo320DM, as well as in pairs of cisplatin sensitive and resistant Huh-7 and 

SK-Hep-1 cell lines (Yu et al.，2006). By using a comet assay, the ability of the 

novel TCM-Pt compounds (50 jaM for 3 hrs) to induce DNA strand breaks in 

HCT116 cells, reflected as the length of comet tails, were found to follow this order: 

compound R,R-5 > compound 1 > oxalipiatin > DMC > carboplatin > carboplatin > 

control ~ cisplatin (Pang et al.’ 2007). Furthermore, the formation of DNA adduct of 

12 
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these compounds (at 50 jaM in HCT116 cells) were ranked as below: carboplatin > 

compound 1 > R,R-5 > oxaliplatin > cisplatin (Pang et al., 2007). These results 

imply that compared with other compounds, R,R-5 can induce the most severe DNA 

damage in cancer cells per amount of DNA-Pt adducts formed. Collectively, this 

may explain the higher cytotoxicity of R,R-5 than all other Pt compounds tested. 

Flow cytometry analysis of the novel compounds was also carried out. At a 

concentration of S^lCso in HCT116 cells, R,R-5 could lead to GO/Gl and G2/M cell 

cycle arrests after 72 hrs treatment, which is similar to the cell cycle profile of 

oxaliplatin-treated HCTl 16 cells (Yu et al., 2006). 

Taken together, R,R-5 showed the strongest anti-tumor activity in vitro, 

probably by inducing more severe DNA damage in cells, and was lack of cisplatin 

resistance. Consequently, we chose R,R-5 for more extensive study in this thesis 

because it seems to be the most promising candidate suitable for further development 

into an useful anti-tumor agent. In this thesis, the biological behavior of R,R-5 wi l l 

be explored, with an aim to unravel the mechanisms of anti-tumor activity of this 

novel compound. 

We hypothesize that R,R-5 has a dual mechanism of action: (1) PP2A 

inhibitory effect from the leaving ligand DMC (the gradual release of DMC from 

compound 5 is extrapolated to R，R-5 causing PP2A inhibition) (To et al, 2002), and 

13 
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(2) DNA damaging effect from the DACH-Pt moiety. Prior to studying the 

mechanisms of anti-tumor action of R，R-5, it is necessary to review previous studies 

on PP2A inhibitors (Chapter 1.4) and the relevant cellular signal pathways that DNA 

damaging agents may activate (Chapter 1.5). This wi l l be beneficial to propose a 

possible anti-tumor mechanism of R’R-5. 

1.4 Protein Phosphatase 2A Inhibitors as Anti-Tumor Agents 

1.4.1 Biological Properties of PP2A 

Protein phosphatase 2A (PP2A) is a widely expressed member of the protein 

serine/threonine phosphatase family, which is involved in numerous cellular events, 

such as DNA replication (Chou et aL, 2002), cell cycle progression (Kawabe et al., 

2004; Messner et al., 2001), apoptosis (Goldbaum et al.，2002; Boudreau et al, 

2002)，MAP kinase signaling (Boudreau et al., 2002; L iu et al., 2004), calcium 

channel regulation (Herman et al.’ 2002), Wnt signaling (Seeling et al, 1999) and 

cytoskeleton formation (Mistry et al, 1998; Sontag et al, 1996). Some of these 

cellular signaling pathways are critical for cellular survival, therefore it is expected 

that inhibitors of PP2A could prevent cell proliferation and exhibit anti-tumor activity. 

Okadaic acid, microcystin LR, nodularin，tautomysin, calyculin A (Figure 1.7) 

and cantharidin (Figure 1.3) are all potent naturally occurring PP2A inhibitors. 

14 
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Okadaic acid is isolated from a group of polyether toxins produced by marine 

microalgae (Takai et al, 1987; Bialojan et al, 1988; Cohen et al, 1990). It is a 

useful research tool for the study of PP2A function in cellular signal transduction, 

which may help advance our understanding about the anti-tumor mechanisms of 

PP2A inhibitors. 
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Figure 1.7: Chemical structures of PP2A inhibitors. 

Calyculin A 

1.4.2. Structure and Function of PP2A 

The structure of PP2A contains a catalytic subunit, a scaffold subunit and a 

wide variety of regulatory subunits. The functional diversity of PP2A in various 

cellular pathways is believed to be determined by the three different regulatory 
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subunits (R2, R3 and R5) (Figure 1.8). 

Microtubule dynamics 

MAP kinase 
R2 

I Cell cycle 

j "DNA replication 

j Wnt signaling 
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I Cell cycle 
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署 Apoptosis 
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Figure 1.8: The structure and function of PP2A. The structure of PP2A contains a 

catalytic subunit, a scaffold subunit and a wide variety of regulatory subunits. The 

three regulatory subunits R2, R3 and R5 control the biological functions of PP2A in 

different cellular pathways. 

The R2 regulatory subunit is involved in the maintenance of 

hypophosphorylation of microtubule-associated protein tau, leading to the binding of 

tan to microtubule and an increase in microtubule stability (Sontag et al., 1996). It 

can also suppress the Ras-Raf-MAPK (mitogen activated protein kinase) pathway. 
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Mutation in the R2 subunit has been shown to enhance the Raf protein kinase activity 

in C. elegans (Abraham et al., 2000). Moreover, the R2 subunit participates in the 

activation of mitotic kinetocore/spindle checkpoint (M phase cell cycle checkpoint) 

in S. cerevisiae by regulating the phosphorylation status of Cyclin B/CDC28, a key 

component of the mitotic promoting factor crucial for the G2—M cell cycle 

transition (Healy et al, 1991; Minshull etal, 1996; Wang etal., 1997). 

The R3 subunit of PP2A is involved in the initiation of DNA replication. In a 

yeast two-hybrid system, R3p (PR59) protein was found to interact with pi07 

(Voorhoeve et al, 1999)，a protein that binds to E2F and inhibit E2F-induced 

transcription critical for G l—S entry. Overexpression of R3p lead to the 

hypophosphorylation of p i07 and increased binding to E2F (Voorhoeve et al, 1999), 

Moreover, results from a yeast two-hybrid screening suggested that RSy (PR48) bind 

to CDC6. The phosphorylation of CDC6 triggers its dissociation from the chromatin 

and is required for the initiation of DNA replication. Further evidence demonstrates 

that overexpression of R3y could arrest cells at G1 phase (Yan et al, 2000). These 

results suggest that PP2A may inhibit G l—S entry, either by inhibiting E2F-

mediated transcription via p i07 hypophosphorylation, or by inhibiting CDC6 

phosphorylation to avoid the initiation of DNA replication. In contrast, PP2A 

inhibitors (such as okadaic acid and DMC) may promote Gl—S entry (Figure 1.9; 
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wi l l be further discussed in Chapter 1.4.4), thereby explaining their possible role in 

carcinogenesis. R’R_5 is not likely to be carcinogenic as other PP2A inhibitors 

(including DMC) because it can arrest cells in the quiescent GO/Gl phase (Yu et al, 

2006; also in Chapter 4.5.1, Figure 4.5). 

Okadaic acid, DMC (not /?,/?-5?) 

Promote S Promote S entry Promote S entry 

PP2A(R3 员 subunit) PP2A(R3 Y subunit) PP2A(R5 subunit) 

p107 ) ~ . - p l O T ^ D C e - l ^ — • C D C e Cyclin G2 PP2A-CyclinG2 

E2F 
Chromatin 
dissociation 

G1—S entry 

Figure 1.9: Proposed mechanisms for the effect of PP2A inhibitors on the Gl—>S 

cell cycle transition. PP2A may inhibit G l—S transition by: (1) inhibiting E2F 

mediated transcription that is required for G l — S transition via dephosphorylation of 

p i07; or (2) promoting CDC6 phosphorylation to avoid initiation of DNA replication; 

or (3) inhibiting Cyclin G2 function by binding to it directly. Therefore, PP2A 

inhibitors (such as okadaic acid and DMC) are able to inhibit these processes and 

promote G l — S entry, giving rise to their carcinogenic effect. R，R-5 is not expected 

to promote G l — S progression because the DACH moiety can activate G l cell cycle 
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checkpoint and counteract this S phase-promoting effect induced by the leaving 

ligand DMC. * suggests that there is no direct evidence demonstrating that the 

downstream pathways can promote G l—S transition. 

The R5 regulatory subunit of PP2A controls cell transformation, apoptosis and 

cell cycle progression. The interactions of R5 subunit with adenomatous polyposis 

coli (APC) protein have been demonstrated in a yeast two-hybrid system (Seeling et 

aL, 1999), illustrating an important role for PP2A in the cell transformation through 

the regulation of the Wnt signaling pathway. Furthermore, R5 subunit can bind to 

cyclin G2, which forms a complex that can be isolated from cultured cells (Figure 

1.9). This R5-cyclin G2 complex can inhibit cell cycle progression and arrest cells in 

the G1 phase (Bennin et aL, 2002). The depletion of the R5 subunit by RNA 

interference in Drosophila cells resulted in apoptosis (Silverstein et a/” 2002)，hence 

suggesting that PP2A may participate in apoptosis signaling. 

1.4.3. Role of PP2A Inhibitors in DNA Damage Repair 

Most anti-cancer drugs such as doxorubicin, cisplatin and 5-fluorouracil ki l l 

proliferating cancer cells by causing DNA damage. Failure to repair DNA damage 

would lead to cancer cell death. The involvement of PP2A in DNA damage repair is 
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still not fully understood, though increasing evidence demonstrates that treatment 

with PP2A inhibitors can reduce DNA damage repair in cancer cells. Microcystin-

LR, a PP2A inhibitor, has been reported to inhibit gamma-radiation-induced DNA 

damage repair, probably due to its involvement in the regulation of DNA-dependent 

protein kinase (DNA-PK) in the non-homologous end joining (NHEJ) repair pathway 

(Lankoff et al., 2006). Moreover, microcystin-LR also inhibits nucleotide excision 

repair (NER) in CHO-Kl cells after UV radiation (Lankoff et al.’ 2006). Besides 

microcystin-LR, other PP2A inhibitors like okadaic acid and tautomycin, were also 

found to inhibit UV-induced NER (Ariz et al., 1996). DMC, a derivative of 

cantharidin that exhibits PP2A inhibitory activity, has been reported to reduce the 

removal of DNA-Pt adducts in L1210 cells after cisplatin treatment (To et al., 2005). 

Inhibition of PP2A by RNAi or okadaic acid resulted in a longer persistence of g-

H2AX after camptothecin, hydroxyurea and H2O2-induced DNA double strand 

breaks, suggesting that inhibition of PP2A (by RNAi or okadaic acid) can attenuate 

the process of DNA damage repair (Chowdhury et al., 2005). In short, all these 

studies demonstrated that PP2A inhibitors are able to inhibit DNA damage repair and 

therefore are expected to sensitize cancer cells to DNA damaging agents. 
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1.4.4. Role of PP2A Inhibitors in Cell Cycle Regulation 

PP2A inhibitors were found to have profound effect on cell cycle regulation. In 

G l—S transition, as discussed in Chapter 1.4.2, the PP2A inhibitors okadaic acid and 

calyculin A were reported to prevent dephosphorylation of the retinoblastoma family 

proteins (RB) and p i07 (Figure 1.9; Figure 1.10), resulting in the dissociation of 

these two proteins from E2F. E2F is subsequently activated to drive the transcription 

of genes necessary for DNA synthesis (Cicchillitti et al., 2003). Overexpression of 

SV small t antigen (a commonly used protein to inhibit PP2A R2 subunit) abrogates 

the inhibition of DNA synthesis induced by H202 (Cicchillitti et al, 2003), 

suggesting that PP2A inhibition has a positive role in the regulation of DNA 

synthesis. Previous study also reported that okadaic acid could prevent the inhibition 

of AP-1, an important G l—S transcription factor, induced by all-trans retinoic acid 

in CA-0V3 cells (Ramrrez et al, 2005). Likewise，okadaic acid was found to 

restore AP-1-mediated cyclin D1 transcription that was inhibited by leptomycin B in 

NIH3T3 cells (Tsuchiya et al, 2006). Further mechanistic study found that okadiac 

acid inhibits dephosphorylation of the p i subunit of AP-1 in the mouse L cells 

(Ghosh et al, 2003). Taken together, all these studies demonstrate that PP2A 

inhibitors could promote G l—S transition and therefore carcinogenesis. However, 

in another study, okadaic acid was found to prevent the loading of CDC45 onto the 
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pre-replication complex, resulting in the inhibition of DNA synthesis (Chou et al, 

2002; Petersen et al, 2006). This observation implies that PP2A inhibitors facilitate 

gene transcription for G1->S progression but inhibit DNA synthesis at the onset of S 

phase. For example (Figure 1.10), the binding of TGF- (3 (transforming growth 

factor P) to the TGF- (3 receptor activates PP2A and stimulates the PP2A-p70s6k 

association, leading to G1 arrest (Petritsch et al, 2000)，whereas inhibition of PP2A 

(in T51B cells by okadaic acid) also leads to G1 arrests (Messner et al, 2001), 

suggesting that both activation and inhibition of PP2A wi l l lead to G1 arrest. In fact, 

this okadaic acid-induced G1 arrest is believed to be the net effect of PP2A inhibition: 

promote gene transcription for G1 — S progression but inhibit DNA 

synthesis. 

〔 P ) Prompt^ entry 

妨 丄 R b - 0 

pl07—(J) pl07 AP-1 — ( J ) 

S entry 

TGF-fir-PP2A 

E2F p70s6k 

Gl—S entry 

Figure 1.10: Effect of okadaic acid and TGF-P on G l ^ S cell cycle entry. Okadaic 

acid can inhibit the binding and inhibition of Rb and p i07 to E2F, subsequently 
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releasing E2F, to transcribe genes required for S phase entry. It can also activate AP-

1, also a transcription factor to prepare for S phase entry. However, okadaic acid can 

accumulate p21 and prevent the loading of CDC45 onto the pre-replication platform, 

attenuating S phase entry. TGF-p can lead to the association of TGF-p receptor with 

PP2A, resulting in the deactivation of inhibiting S phase progression. 

In a normal cell cycle, when DNA damage is detected during and after DNA 

replication, the ATM/ATR-dependent DNA damage checkpoints (S and G2 

checkpoints) wi l l be activated. Cells wi l l be arrested at the S and/or G2 phase 

without progression into mitosis, thereby allowing time for DNA damage repair. 

Abrogation of the G2 check point is believed to prevent DNA damage repair and 

facilitate apoptosis. Many anti-tumor drugs are non-cell cycle specific and they 

cannot differentiate between cancer cells (proliferating cells) and other normal cells 

(non-proliferating cells), which wi l l generate adverse side effects due to the disturbed 

physiological functions of healthy cells. Since G2 check point abrogators can 

selectively inhibit G2 DNA damage check point and DNA repair in proliferating cells 

(laboring at G2 phase) without affecting stationary cells (most normal cells are 

stationary cells in GO phase), they may cause less side effects in cancer therapy. 

Some cell cycle-associated proteins, including ATM/ATR, CHK1/CHK2 and Weel, 
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are critical components of the G2 checkpoint. Their inhibitors, caffeine (Mante et 

al, 1990; Sarkaria et al., 1996; Cortez, 2003), UCN-01 (Jackson et aL, 2000; Yu et 

al, 2002; Graves et al.’ 2000; Sato et al., 2002), and PD0166285 (Wang et al., 2001), 

respectively, have been used to abrogate this G2 cell cycle checkpoint. 

PP2A inhibitors were known to abrogate G2 DNA damage check point and 

facilitate cells entering mitosis. Okadaic acid was reported to disrupt thymidine-

activated G2 checkpoint (Ghosh et al, 1996); fostriecin can also abrogate DNA 

damage check point and facilitate cells entering mitosis (Kawabe et al, 2004; 

Roberge et al, 1994). In other reports, the evidence is more circumstantial. PP2A 

inhibitors were usually found to promote mitotic entry. Okadaic acid was proved to 

arrest cells in a premature mitosis status (characterized by cytoskeletal 

rearrangements, nuclear envelope breakdown, DNA condensation but failure in 

separation) (Ghosh et al, 1998; Ghosh et a l , 1992), either by activating the mitosis 

promoting factor CDKl/Cycl in B1 (Yamashita et al” 1990), or Nek2 (NIMA (never 

in mitosis gene a)-related kinase 2) (Ghosh et al, 1998). Fostriecin, another PP2A 

inhibitor, was also reported to arrest cells at mitosis, which is not dependent on 

CDK l or histone H I hyperphosphorylation. The effect is associated with enhanced 

histone H2A and H3 phosphorylation (Guo et al, 1995). Histone H3 is a known 

substrate of aurora A. Since PPl and PP2A have been reported to inhibit the 
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activation of aurora A (Eyers et al, 2003), drug treatment with PP2A inhibitors may 

therefore facilitate aurora A hyperactivation and histone H3 phosphorylation and 

subsequently mitosis. Collectively, these studies suggest the PP2A inhibitors can 

promote mitosis through CDKl/Cycl in B l , N IMA, and/or aurora A (Figure 1.11). 

Interestingly, besides promoting cell cycle progression to mitosis by regulating 

cell cycle checkpoint associated proteins, PP2A inhibitors were also found to 

regulate chromatid separation and microtubule dynamics (Figure 1.11). Recent 

studies demonstrate that Sgol recruits PP2A to kinetochore to antagonize the POLO-

induced phosphorylation of cohesin, and therefore inhibiting the cell cycle transition 

from prophase to metaphase. Okadaic acid has been shown to increase the 

phosphorylation of cohesin and facilitate progression to mitosis (Nasmyth, 2002; 

Rivera and Losada, 2006; Kitajima et al., 2006). Also, okadaic acid was reported to 

activate separase and promote chromosome separation. Under physiological 

conditions, the metaphase—anaphase transition requires anaphase promoting 

complex (APC)-dependent destruction of securin and consequently the release and 

activation of separase，thereby allowing the separation of chromosomes. However, 

in okadaic acid-treated cells, securin was found to be hyperphosphorylated and was 

rapidly degraded, and the separation of sister chromosomes was therefore triggered 

by the released separase (Gil-Bemabe et al., 2006). The mitotic arrest induced by 

25 



Chapter One 

PP2A inhibitors may also involve a change in microtubule stability. Okadaic acid is 

reported to maintain the phosphorylated state of stathmin, resulting in the inhibition 

of stathmin and increased stability of microtubule, and subsequently CDKl 

phosphorylation and the progression into mitosis (Mistry et al, 1998). Furthermore, 

the inhibition of PP2A R2 subunit by SV small t antigen overexpression has been 

shown to disrupt the PP2A-tau interaction, leading to the hyperphosphorylation of 

tau and its dissociation with microtubule. This would cripple the formation and 

stability of microtubule (Sontag et ah, 1996). Collectively, PP2A inhibitors could 

promote mitotic entry by regulating the process of chromosome separation and 

microtubule formation. 

Promote M 梦 

Cohesin n I M A ? 

Okadaic acid 

"entry / Promok M e>stPror 
Promote l^entry \ AntMJA exit 

CDKl/Cyclin B1 Aurora A? Securin Stathmin Tau 
i _ i 

Mitosis 

Figure 1.11: Effect of okadaic acid on mitosis. Okadaic acid can activate cohesin, 

possibly N I M A and aurora A, to promote mitotic entry. Also, it can inhibit securin 

and promote chromatid separation. It can inhibit stathmin, resulting in increased 
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microtubule stability and promote mitotic entry. However, okadaic acid can decrease 

microtubule stability by activating tau, which may inhibit mitotic events (though no 

direct evidence has been reported). 

1.4.5. Role of PP2A Inhibitors in Apoptosis 

PP2A is involved in the dephosphorylation of many proteins in cells, including 

those related to apoptosis, thus PP2A inhibitors are also found to have profound 

influence on apoptosis (Figure 1.12). In general, treatment of cells with PP2A 

inhibitors triggers apoptosis. Inhibition of PP2A by okadaic acid has been shown to 

activate both mitochondria-dependent and death receptor Fas-mediated apoptotic 

pathways, resulting in the loss of mitochondria membrane potential, cleavage-

induced activation of caspase-3，-8，and -9，and DNA fragmentation in T leukemia 

cells (Boudreau et al., 2007). Moreover, the pro-apoptotic function of p53 may also 

contribute to the cell death caused by PP2A inhibitors because p53 was found to be 

activated in okadaic acid treated T51B cells (Messner et al., 2004). Furthermore, 

inactivation of the tumor promoter Bcl-2 may also be involved in the apoptosis 

induced by okadaic acid. In fact, okadaic acid has been reported to overcome the 

resistance to apoptosis that was caused by PP2A-mediated dephosphorylation of Bcl-

2 (Simizu et al, 2004). However, activation of the p38MAPK pathway by okadaic 
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acid has been reported to oppose its apoptotic effect (Boudreau et al, 1996). PP2A 

was known to dephosphorylate Bax and enhance its pro-apoptotic function, which 

could be readily inhibited by okadaic acid (Xin et al, 2006). PP2A inhibitors have 

also been found to prevent stress-induced apoptosis. Fostriecin and calyculin A were 

reported to antagonize cell death induced by the tumor necrosis factor a (TNFa), 

owing to the inhibition of Bax through activation of the MEK-ERK pathway (Grethe 

and Po"m-Ares, 2006). Similarly, PP2A inhibition by okadaic acid was found to 

attenuate HiOz-induced apoptosis and reduce heat shock-induced DNA 

fragmentation, due to the activation of MEK-ERK pathway (Liu et al., 2004, 

Goldbaum et al., 2002). These observations imply that the mechanisms of apoptosis 

induced by PP2A inhibitors and other stresses (such as TNF and H2O2) are different 

but interrelated, in which Bax and mediators in the MEK-ERK pathway play an 

important role (Figure 1.12). 

Okadaic acid 

Anti apĵ pfbsis 

P38 MAPK p53 

Apoptosis 

Figure 1.12: Effect of okadaic acid on apoptosis. Okadaic acid can activate p53 and 
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inhibit Bcl-2 to induce apoptosis. However, it can activate p38 MAPK and 

antagonize ERK (when ERK is activated by other stresses) to inhibit apoptosis. It 

can also dephosphorylate Bax and attenuate Bax-mediated apoptosis. 

1.4.6. Potential Use of PP2A Inhibitors in Cancer Chemotherapy 

The involvement of PP2A in cellular signal transduction is complicated. As a 

result, PP2A inhibitors can exhibit numerous biological effects, including those on 

cell cycle and apoptosis regulations as discussed above. Inhibition of PP2A was 

known to: (1) up-regulate genes promoting Gl—S entry; (2) inhibit DNA synthesis 

at the very beginning when the pre-replication complex is formed; (3) abrogate G2 

DNA damage check point and inhibit DNA damage repair; (4) induce apoptosis via 

both mitochondria and Fas pathways; (5) inhibit apoptosis induced by stresses like 

TNF and H2O2. The most extensively studied PP2A inhibitor, okadaic acid, is 

actually considered as a food poison and tumor promoter. Another PP2A inhibitor, 

fostriecin, has been used in cancer chemotherapy for a number of years with few 

reported side effects. Taken together, PP2A inhibitors exert their anti-tumor activity 

through multiple mechanisms and are a novel class of promising anti-tumor agents. 

The development of novel PP2A inhibitors with high selectivity towards the different 

regulatory subunits may provide another suitable candidate anti-tumor agent in 
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chemotherapy. 

1.4.7 Proposed Characteristics oiR,R-S as a PP2A Inhibitor 

Since R,R-5 is expected to release DMC upon hydrolysis in aqueous solution, 

we hypothesized that R,R-5 could have biological activities akin to those of PP2A 

inhibitors. Similar to the disruption of thymidine-activated G2 checkpoint by 

okadaic acid (Ghosh et al, 1996)，we proposed that R,R-5 may abrogate cell cycle 

DNA damage checkpoint, which wi l l be discussed in Chapter Four. Importantly, this 

hypothesized effect (G2 checkpoint abrogation by R,R-5) may explain the higher 

ability to induce DNA damage and cytotoxicity of R,R-5, than cisplatin, carboplatin 

and oxaliplatin. 

1.5 Signal Transduction of DNA Damaging Agents: From Damage 

Repair to Mitogen-Activated Protein Kinase 

Our previous study suggested that the DACH-Pt moiety of R,R-5 endows the 

novel compound with the ability to induce DNA damage (Pang et al, 2007). To 

propose the biological functions of R,R-5 as a DNA damaging agent, an appropriate 

signal transduction pathway, the mitogen-activated protein kinase (MAPK) pathway, 

was chosen for detailed investigation. This is due to emerging evidence suggesting 
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that cellular signals for cell cycle regulation and apoptosis are transmitted, at least 

partially, via the mitogen-activated protein kinase (MAPK) when cells are subjected 

to DNA damage. Fore example, the mismatch repair (MMR)/c-Abl/p38MAPK 

signaling is an important pathway mediating cell cycle arrest and apoptosis in 

response to DNA alkylating agent TMZ (temozolomide) (Hirose et al, 2003). 

Therefore, c-Abl represents a mediator linking DNA repair and MAPK activation, 

which determines the cellular response to DNA damaging agents. 

In current cancer therapy, the prevailing strategy of causing cancer cell death is 

to induce DNA damage by genotoxic drugs or radiation. DNA damage can take the 

form of single/double DNA strand breaks, DNA adducts, thymidine dimers, base-pair 

mismatch, etc. Cancer cells utilize different DNA damage repair mechanisms to 

maintain genomic stability. Five DNA damage repair mechanisms have been 

suggested, including nucleotide excision repair (NER), mismatch repair (MMR), 

homologus recombination (HR), non-homologus end joining (NHEJ), and base 

excision repair (BER). Failure to repair DNA damage is known to cause cell death. 

However, the signal transduction pathways linking DNA damage repair to the down-

stream cell cycle and apoptotic regulation remain largely unknown. 

MAPK contain three subfamilies: extracellular signal-regulated protein kinase 

(ERK), p38MAPK, and c-Jun N-terminal kinase/stress-activated protein kinase 
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(JNK/SAPK). p38MAPK and JNK/SAPK were shown to participate in apoptosis 

induced by some genotoxic stresses. However, the mechanisms leading to 

p38MAPK and JNK/SAPK activation by DNA damage are not fully-understood. 

Mounting evidence suggested that DNA damage repair pathways are the upstream 

activators of the MAPK pathways in response to DNA damages (Hirose et al., 2003). 

In other words, there must be some signaling "linkers" that transmit the DNA 

damage signal to MAPK to execute the down-stream effect on cell cycle and 

apoptosis regulation. Despite their important biological functions, understanding of 

these "linkers" is still obscure. Therefore, our review on this topic wi l l focus on the 

DNA damage repair-"linkers"-MAPK signaling pathway, which allows us to propose 

the cellular pathways that R’R-5 may participate in. 

1.5.1. c-Abl forms the Link between Mismatch Repair and MAPK 

The proto-oncogene c-Abl is well-known for its contribution to the etiology of 

chronic myelogenous leukemia (CML), where the formation of the transforming Bcr-

Abl fusion protein leads to continuous activation of c-Abl kinase activity (Goff et al, 

1980). c-Abl is also required for cisplatin-induced apoptotic signaling (Mansouri et 

al, 2003) (Figure 1.13). It has been reported that c-Abl is activated by M L H l (also 

by MSH2) from the mismatch repair (MMR) pathway in response to cisplatin 
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treatment (Nehme et al, 1999), The activated c-Abl interacts directly with M E K K l , 

an up-stream activator of JNK/SAPK, and leads to immediate activation of INK 

(Kharbanda et al, 2000). Interestingly, this JNK/SAPK activation, and p38MAPK 

signaling, are required for cisplatin-induced cell death (Mansouri et a l , 2003). 

Therefore, c-Abl is indispensable for M M R to transmit death signal to MAPK. c-Abl 

knocked-down mouse embryo fibroblasts fail to activate p38MAPK and trigger cell 

death upon cisplatin exposure (Pandey et al, 1996). Transfection of c-Abl was also 

found to induce apoptosis through MKK6, a p38MAPK upstream activator (Wei et 

al, 2005). These findings demonstrate that c-Abl links MMR to MAPK, and triggers 

apoptosis after cisplatin treatment. Moreover, c-Abl was reported to stabilize p73 

through a c-Abl/p38MAPK pathway (Gong et al, 1999)，while JNK/SAPK was also 

reported independently to stabilize p73 (Toh et al, 2004). Activation of p73 leads to 

the up-regulation of Puma and Bax, resulting in mitochondria-dependent apoptosis 

(Thottassery et al, 2006). 

33 



Chapter One 

Cisplatin 

MLB [1/MSH2 

-Abl 

p38 MAPK — p73 ^ 

MEKKl 

JNK/SAPK 

Apoptosis 

Figure 1.13: Mismatch repair transmit death signal to MAPK via c-Abl. Cisplatin 

can activate c-Abl via mismatch repair proteins M L H l and MSH2, which 

subsequently activate p38MAPK and/or JNK/SAPK to trigger apoptosis. 

1.5.2 BRCAl May Link Homologus Recombination to MAPK 

Another important DNA repair mechanism that may activate MAPK is 

homologus recombination (HR). A possible "linker" that passes down cellular 

signals from HR to MAPK is the breast cancer susceptibility gene 1 (BRCAl). 

BRCAl is indispensable for the DNA binding of HR components (Powell et al, 

2003) and is able to bind to MAPK kinase kinase 3 (MAPKKK3, MEKK3) after 

paclitaxel treatment (Gilmore et al, 2004). Moreover, BRCAl has been shown to 
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increase the cytotoxic effect of paclitaxel (Quinn et al., 2003; Gilmore et al., 2004), 

suggesting that the association of BRCAl and MEKK3 may induce MAPK-

dependent cell death. Also, MEKK4, one of the MAPKKKs, is activated in a Ras-

dependent manner when cells are over-expressed with BRCAl (Thangaraju et al.’ 

2000). In fact, over-expression of BRCAl leads to apoptosis via MEKK4 activation 

(Thangaraju et al, 2000). Despite that BRCAl can reinforce the toxicity of 

doxorubicin (Foulkes, 2006), inhibitory effect of BRCAl on IR-induced apoptosis 

(Abbott et al., 1999; Quinn et al., 2003; DelloRusso et al.’ 2007), and on cisplatin-

induced cell death (Quinn et al.’ 2003), are also reported, suggesting the proposed 

HR/BRCA1 /MAPK pathway can either inhibit or promote cell death under different 

settings, which can be reflected by the differential regulation on DNA damage-

induced cell death of BRCAl (reviewed by Kennedy et al, 2004). 

Since BRCAl interacts with kinases to mediate its downstream biological 

activities, the binding partners of BRCAl are also actively studied. A proline-rich 

sequence (PXXP sequence, Src-homolog 2, SH2) is found in BRCAl, which is 

believed to mediate its binding to Src-homolog 3- (SH3-) containing proteins. For 

instance, BRCAl is reported to bind to the non-receptor tyrosine kinase c-Abl, which 

contains the SH3 domain (Foray et al, 2002). As mentioned in Chapter 1.5.1，c-Abl 

can bind to M E K K l upon MMR initiation after cisplatin explosure, leading to JNK 
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activation (Kharbanda et al.，2000), but the signaling pathway for c-Abl to activate 

p38MAPK is unknown. We hypothesize that a potential mediator for this c-

Abl/p38MAPK pathway is M E K K l because it is both a p38MAPK and JNK 

activator (this is confirmed in Chapter Three). Since c-Abl can constitutively bind to 

BRCAl (Foray et al., 2002), it is also possible that c-Abl may be associated with the 

proposed HR/BRCAl/MAPK pathway to activate p38MAPK (or JNK). 

1.5.3. Lyn Links the Inhibition ofNHEJ to MAPK 

DNA-dependent protein kinase (DNA-PK) is a crucial component in non-

homologus end joining (NHEJ) for recruiting the DNA repair machinery, which 

consists of a Ku70 and Ku86 heterodimer, and a DNA-PK catalytic subunit (DNA-

PKcs). Unlike MMR, NHEJ increases cell survival after ionizing radiation (IR) 

treatment rather than causing MAPK-dependent apoptosis. It has been shown that 

Ku70-/- mice (NHEJ non-functional) are more sensitive to IR than wildtype Ku70 

baring (NHEJ functional) mice (Narasimhaiah et al.，2005). Cisplatin has been 

demonstrated to enhance IR-induced cell death by inhibiting NHEJ (Boeckman et al， 

2005). These observations imply that repair of DNA damage by NHEJ promotes cell 

survival rather than apoptosis. Interestingly, DNA-PKcs is responsible for the 

delayed (6 hr drug treatment before JNK could be soundly activated) JNK/SAPK 
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activation after treatment with alkylating agents such as MMS (Methyl 

methanesulfonate) or MNNG (N-methyl-N'-nitro-N-nitrosoguanidine) (Fritz et al., 

2006), suggesting a "linker" must have connected NHEJ with MAPK. The tyrosine 

kinase Lyn has been shown to associate with DNA-PKcs constitutively, with or 

without exposure to IR (Kumar et al., 1998). Since Lyn activates the 

MEKK1 /MKK4/JNK pathway in response to Ara-C，cisplatin and IR (Yoshida et al., 

2000), Lyn may be a mediator transmitting the (apoptosis) signal from NHEJ to 

MAPK. However, current evidence suggests that NHEJ (and indirectly the proposed 

NHEJ/Lyn/MAPK pathway) apparently triggers a survival signal (not an apoptotic 

signal). Our thinking (Figure 1.14) is that NHEJ can repair DNA damage and 

promote cell survival. However, unrepairable DNA damage (such as strong ionizing 

radiation) w i l l "turn o f f NHEJ and "turn on" NHEJ-Lyn-MAPK association for 

apoptosis. As a result, the outcome of genotoxic stress depends on the balance 

between the activation of NHEJ (survival) and its inactivation (apoptosis). A 

possible mechanism to inactivate NHEJ, is the ATM/c-Abl signaling (Figure 1.14). 

c-Abl is activated after IR in an ATM-dependent but MMR-independent maimer 

(Brown et al.’ 2003; Shafman et al., 1997). c-Abl can also phosphorylate DNA-

PKcs after IR, resulting in the dissociation of DNA-PKcs from DNA (Kharbanda et 

al., 1997). These observations suggest that ATM/c-Abl is activated by IR to inhibit 
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DNA-PK, leading to its dissociation from DNA damage sites (Figure 1.14). The 

dissociated DNA-PKcs could then trigger Lyn-MEKKl association and activate 

MAPK to induce apoptosis. In fact, it was found that JNK/SAPK activation by IR 

requires the presence of ATM (Lee et al., 1998, 2001). 

The hypothesis that ATM/c-Abl inactivates NHEJ and initiate death signal via 

MAPK may explain the balance between cell survival and death in different 

experimental settings. Gao reported that DNA-PKcs null fibroblast exhibit increased 

IR sensitivity but not DNA-PKcs null ES cells (Gao et al, 1998); Zhang reported 

that silencing of DNA-PKcs in WTK human lymphoblastoid cells with siRNA 

increases IR-induced cell kil l ing (Zhang et al.，2007); Jin reported that DNA-PKcs 

can promote the cytotoxicity of Topoisomerase I I inhibitor Etoposide (Jin et al, 

1998). Taken together, Lyn may function as the death signal transducer to initiate the 

MAPK pathway after NHEJ is inhibited by ATM/c-Abl. 
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DMA damage 

NHEJ 

Cell survival 

Figure 1.14: Proposed mechanism for inhibition of NHEJ and initiation of death 

signal transduction by MAPK. DNA-PK complex recognizes and binds to the end of 

double DNA strand breaks induced by IR, recruiting other DNA repair machineries 

like DNA ligase IV and XRCC4. On the other hand, DNA damage activates ATM, 

which consequently activates non-receptor tyrosine kinase c-Abl. Activated c-Abl 

binds to and phosphorylates DNA-PKcs, resulting in the dissociation of the DNA-PK 

complex from DNA. This process wi l l probably activate Lyn, a constitutive 

component of DNA-PK, leading to its binding to M E K K l , which activates the 

MAPK pathway and initiates the downstream apoptotic signal transduction. 
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1.5.4. GADD45 May L i nk NER to M A P K 

Growth arrest and DNA-damage-inducible 45 (GADD45) is required for UV-

induced NER to remove thymine dimers (Maeda et al, 2005). On the other hand, 

GADD45 has been indicated to bind to the N-terminal segment of MEKK4 with its 

C-terminal segment, leading to the auto-phosphorylation of MEKK4 at Thrl493 

(Miyake et al., 2007). This finding implies that GADD45-dependent NER may link 

to MAPK through GADD45/MEKK4 interaction (Figure 1.15). In fact, co-

transfection of GADD45 and MEKK4 has been shown to activate JNK/SAPK and 

p38MAPK, and induce apoptosis (Takekawa et al,, 1998). Hyperosmotic stress was 

also shown to induce cell death via this GADD45/MEKK4 pathway (Mak et al., 

1998). Over-expression of GADD45 stops cell proliferation through direct binding 

and inhibition of CDK l (Jin et al, 2000), but activation ofp38MAPK by GADD45 

may possibly contribute to this process (Takekawa et al, 1998). However, it was 

reported that the presence of GADD45 could inhibit UV-induced cell death (Smith et 

al, 2000), which is contrary to the mounting evidences of the major pro-apoptotic 

effect of GADD45 discussed above. In conclusion, the NER/GADD45/MAPK 

pathway participates in DNA damage-induced apoptosis and/or cell cycle regulation. 

Interestingly, JNK/SAPK and p38MAPK activation by the proposed 

NER/GADD45/MEKK4 pathway only occurs as a late response (5 hrs after UV 
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treatments to activate JNK) to DNA damage (Wang et al, 1999). This may account 

for the time needed for the induction of GADD45 by p53 and direct binding to 

GADD45 promoter by BRCAl from HR (Jin et al., 2000) (Figure 1.15). The up-

regulation of GADD45 by BRCAl also suggests that HR is responsible, at least in 

part, for the activation of NER, which is supported by the fact that BRCAl can 

transcribe NER genes XPC, DDB2 and GADD45 regardless of the p53 status 

(Hartman et al., 2002). 

NER 

p53 B ^ A l 
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Figure 1.15: GADD45 links nucleotide excision repair to MAPK in response to UV 

stimulation. UV exposure can induce thymidine dimer, which is repaired by NER. 

NER can activate p53, which joins BRCAl to transcribe GADD45, leading to the 

binding of GADD45 to MEKK4, and subsequently initiating MAPK. 
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1.5.5. The Sequential DNA Repair-“Unker”-MAPK Binding Determines Cell 

Fate 

MMR, HR, NHEJ, NER and BER are the five identified DNA damage repair 

mechanisms. MMR, HR, NHEJ and NER all seem to directly or indirectly 

participate in the initiation or inhibition of apoptosis and/or cell cycle regulation via 

their effects on the MAPK pathway (Figure 1.16). In contrast, BER pathway is less 

understood. GADD45a derived from the NER pathway is likely to be required in 

methyl methanesulfonate (MMS)-triggered BER (Jung et al, 2007), yet it is not 

known whether BER-induced cell death depends on GADD45a or MAPK. In all 

DNA repair mechanisms discussed above (Figure 1.16), the modulators (or the 

"linkers") that transmit the DNA repair signals to the activation of MAPK, are all 

non-receptor tyrosine kinases (c-Abl and Lyn) except GADD45 (BRCAl has a SH2-

domain that may bind to the SH3- region of non-receptor tyrosine kinases, and this 

may be required for the down-stream MAPK activation). 

Interestingly, the time needed for the initiation of MAPK signal varies 

according to different genomic stresses and repair mechanisms. Cisplatin can 

activate p38MAPK and JNK/SAPK via MMR/c-Abl in an hour (Pandey etal., 1996). 

IR also activates JNK/SAPK via a proposed NHEJ/DNA-PK/Lyn/MEKKl pathway 

in one hour (Lee et al, 1998). In contrast, MMS (an alkylating agent) can only 
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activate DNA-PK/JNK after 6 hrs of treatment (Fritz et al.’ 1998), suggesting that 

NHEJ can be either a rapid (IR, 1 hr) and a delayed (MMS, 6 hr) mechanism for 

activation of MAPK, depending on the types of stimuli. UV and MMS activate 

JNK/SAPK and p38MAPK by the proposed NER/GADD45/MEKK4 pathway only 

after 5 hrs of treatment (Wang et al, 1999), implying that NER is a mechanism for 

late activation of MAPK, probably due to the extra time needed for induction of 

GADD45 expression before NER can be activated. Currently, there is no data 

demonstrating the time needed for the MAPK initiation by HR. These results 

suggest that cell death induced by DNA damage may be sequential when handled by 

different DNA repair mechanisms. 

This sequential DNA repair-"linker"-MAPK binding mode discussed above 

may explain why excess DNA damage leads to apoptosis while limited damage does 

not. Excessive DNA damage activates "linkers" such as c-Abl, BRCAl, Lyn and 

GADD45 for processing DNA repair. These activated "linkers" can then recruit 

more MAPKKKs, leading to increased activation of downstream effectors. As a 

result, the transition from DNA damage to apoptosis, is actually a phenomenon 

caused by excessive association of these "linkers" with MAPKKKs. Evidence 

supporting this hypothesis is that over-expression of BRCAl (Thangaraju et al, 

2000)，GADD45 (Mak et al, 2004) or c-Abl (Theis and Roemer, 1998) alone could 
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lead to cell death independent of DNA damage. 

In conclusion, a number of "linkers" have been identified that can activate the 

downstream MAPK pathways in response to DNA damage repair signals, leading to 

cell death. Loss of these "linkers" is believed to cause resistance to DNA damaging 

agents. Clinically, these "linkers" may represent useful biomarkers for the prediction 

of patient response in chemo- or radio-therapy. 

DNA repair mechanisms 

Linkers 

MEKKl MEKK4 
MAPKKKs 

MAPK 
y 

Apoptosis and/or cell cycle regulation 

Figure 1.16: Proposed "linkers" transmit cellular signals from DNA damage repair 

mechanisms to MAPK. c-Abl, Lyn, BRCA l and GADD45 may link MMR, NHEJ， 

HR and NER, respectively, to the MAPK pathway, consequently leading to apoptosis 

and/or cell cycle regulation. 

1.5.6 Proposed Effect o f a s a DNA Damaging Agent 

From the discussion above (Chapter 1.5.1), cisplatin can activate MMR/c-

Abl/p38MAPK signaling pathway after 1 hr treatment (Pandey et al, 1996), to 
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mediate the downstream effect on cell cycle regulation and apoptosis. Importantly, 

this signal transduction pathway is not shared by oxaliplatin (Nehme et al., 1999). 

With the DACH moiety, R,R-5 is believed to behave similarly to oxaliplatin. R,R-5 

may also bypass the M M R pathway and fail to activate p38MAPK after 1 hr 

treatment. The evidence demonstrating the lack of effect of oxaliplatin and R,R'5 at 

the antephase cell cycle checkpoint, a known downstream pathway of p38MAPK, 

wi l l be presented in Chapter Three. 

1.6 Study Objectives 

To further our understanding about the dual mechanisms of action of the novel 

Pt compound R,R-5, the aims of this thesis work are: 

a) To differentiate the biological behavior of R,R'5 from oxaliplatin (using cDNA 

microarray analysis; Chapter Two); 

b) To study the effect of R,R-5 at the antephase cell cycle checkpoint (Chapter Three); 

c) To study the effect of R,R-5 at the G2 cell cycle checkpoint (Chapter Four). 
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Chapter Two 

cDNA Microarray Analysis 

2.1 Introduction 

In our continued quest for a superior Pt-based anticancer drug that is distinct 

from cisplatin and carboplatin, we have constructed a novel DACH-Pt-DMC 

analogue {R,R-5) having the same conformation as oxaliplatin (Chapter 1.3.3; Yu et 

ah, 2006). Oxaliplatin is the only DACH-containing Pt-based anticancer drug 

currently in clinical use. R,R-5 has the closest structural resemblance to oxaliplatin, 

with DMC replacing oxalic acid in oxaliplatin as the leaving group ligand. It was 

shown to be the most potent amongst our novel series of TCM-Pt compounds and is 

also devoid of cisplatin cross-resistance, A potential dual mechanism of drug action 

has been proposed for R,R-5\ (1) the DACH platinum moiety alkylates DNA; and (2) 

the leaving ligand DMC produces additional DNA damage and/or cell cycle 

distortion (Pang et al, 2007). To better understand the role played by DMC in the 

superior antitumor activity of R,R-5 over oxaliplatin, the differences in gene 

regulation in cells treated by the two compounds were explored by cDNA microarray 

analysis. As described in Chapter 1.3.2 (Figure 1.4), R,R-5 can be hydrolyzed to 
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give the PP2A inhibiting DMC as the leaving ligand. Results from the cDNA 

microarray analysis could reveal the specific cellular pathways targeted by DMC and 

could also explain the higher cytotoxicity and capability to induce DNA damage of 

R’R-5 than oxaliplatin (Pang et al, 2007). 

The cDNA microarray analysis was performed in total RNAs obtained from a 

human colon cancer cell line HCT116 treated with R,R_5 or oxaliplatin. Oxaliplatin 

is the first Pt-based drug approved by Food and Drug Administration (FDA) in the 

U.S.A. for the treatment of advanced colorectal cancer, where cisplatin or carbopiatin 

was found to have compromised anti-cancer activity (Simpson et ai., 2003). 

Therefore, the study is expected to demonstrate the biological difference between 

R,R-5 and oxaliplatin and the functional role of DMC in a clinically relevant tumor 

type. 
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R，R-5 

Total RNA 

RT 

Oxaliplatin 

Total RNA 
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Figure 2.1: Protocol of microarray analysis in HCT116 cells. 

The protocol for the microarray analysis is illustrated in Figure 2.1. Total RNA 

from the human colon cancer cell line HCT116 was extracted after exposure to R,R-5 

or oxaliplatin, respectively. The RNA was then reverse-transcribed into 

fluorescence-labeled cDNA. The sample of R,R-5 treated HCT116 cells was labeled 
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in red, and oxaliplatin in green. Then the cDNA was hybridized to a set of known 

oligonucleotide probes, representing most of the well-characterized human genes in 

the human genome, arrayed on a gene chip. Unbound and non-specific cDNA was 

washed away, and the fluorescence signals were then captured and processed by a 

detector. By comparing the relative intensity of the red and green fluorescence on 

each oligonucleotide probe, the difference in mRNA level of each gene in R,R-5 and 

oxaliplatin treated HCT116 cells can be estimated. In order to avoid false positive 

and negative results in the microarray assay, the experiments were conducted twice 

and only genes that were 200% higher and 50% lower in both trials were considered 

to be positive and negative, respectively. 
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2.2 Materials and Methods 

2.2.1 Chemicals and Reagents 

Oxaliplatin and ethidium bromide were obtained from Aldrich-Sigma Chemical 

Company (St. Louis, MO, U.S.A.). R，R-5 was synthesized by the School of 

Pharmacy at the Chinese University of Hong Kong, identified by elemental analysis, 

mass spectrum and ^H-NMR (nuclear magnetic resonance) (Yu et al, 2006). 

Agarose was purchased from Gene Company Limited (Hong Kong, China); 

TriReagent from Molecular Research Center, Inc. (Cincinnati, OH, U.S.A.)； diethyl 

pyrocarbonate (DEPC) from ICN Biomedicals, Inc. (Aurora, OH, U.S.A.); RNeasy 

MinElute Cleanup Kit from Qiagen, Inc. (Valencia, CA, U.S.A.)； GeneChip⑧ 

Human Genome U133A Set for microarray analysis from Affymetrix Inc. (Santa 

Clara, CA, U.S.A.); GeneTools software from Syngene (Cambridge, UK). 100-bp 

DNA ladder and DNA///md I I I fragments ladder were purchased from Invitrogen 

(Carlsbad, California, U.S.A.). A l l other chemicals and solvents used were of 

analytical grade. 

2.2.2 Cell Line and Cell Culture 

Human colorectal cancer cell line HCT 116 was obtained from the American 

Type Culture Collection (ATCC), cultured in RPMI1640 medium (Hyclone, South 
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Logan, UT, Africa), supplemented with 10% fetal bovine serum (v/v) (Hyclone, 

South Logan, UT, Africa), 100 U/mL penicillin and 100 U/mL streptomycin 

(Hyclone, South Logan, UT, Africa) in a humidified CO2 incubator (5% C02/95% 

air) at 37 The cell line was split every 3-4 days. 

2.2.3 Preparation of RNA Samples 

4 X 10 HCT116 cells were seeded onto 10 cm culture plates. 24 hours later, 

cells were exposed to either oxaliplatin or R,R-5 at their I C 5 0 concentrations for 72 

hrs (i.e., 1.24 |aM for oxaliplatin and 0.40 \iM for R^R-S) (Yu et al, 2006). After drug 

treatment, the cells were washed with PBS and trypsinized. Total RNA was 

extracted by TriReagent (1 mL), following a standard protocol (Molecular Research 

Center, TRI Reagent Protocol). Cells were lyzed by repetitive pipetting and the 

homogenate was stored for 5 minutes at room temperature to permit complete 

dissociation of the nucleoprotein complexes. Chloroform (0.2 mL) was added and 

the sample mixture was shaken vigorously for 15 seconds. The resulting mixture 

was stored at room temperature for 2-15 minutes and centrifuged at 12,000 g for 15 

minutes at 4 RNA remained exclusively in the upper aqueous phase, which was 

transferred to a fresh tube and mixed with isopropanol (0.5 mL) in order to 

precipitate out the RNA. Afterwards, the sample mixture was stored at room 

51 



Chapter Two 

temperature for 5-10 minutes and centrifUged at 12,000 g for 8 minutes at 4 A 

white pellet (RNA sample) was formed at the bottom of the tube after centrifugation 

and the supernatant was removed. The RNA pellet was then washed (by vortexing) 

in 75% ethanol (1 mL) (prepared in DEPC-water) and subsequently centrifuged at 

7,500 g for 5 minutes at 4 The ethanol was removed and the RNA pellet was 

briefly air-dried. The RNA was dissolved in DEPC treated water and then incubated 

for 10-15 minutes at 55-60 to ensure complete dissolution. The RNA samples 

were purified by using Qiagen RNeasy MinElute Cleanup Kit (Hilden, Germany). 

2.2.4 RNA Purity 

The purity of RNA samples used is crucial for the success of microarray 

experiments. Impurities could inhibit reverse transcription and the subsequent DNA-

probe binding. RNA purity was determined by the UV absorption method and 

further confirmed by electrophoresis examination. By using the UV-2550 

spectrophotometer (Shimazu, Tokyo, Japan), the ratio of the absorbances at 

wavelengths 260/280 (A260/280) were measured for RNA samples. Acceptable 

A260/280 ratios fall in the range of 1.8 to 2.1 (ratios < 1.8 indicates possible protein 

contamination whereas ratios > 2.1 indicates the presence of degraded RNA, 

truncated cRNA transcripts, and/or excess free nucleotides) as described by 
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Affymetrix (Affymetrix, GeneChip® Expression Analysis, Data Analysis 

Fundamentals). 

Normal agarose (1.5 g) was allowed to dissolve completely in Ix Tris-Borate-

EDTA (TBE) buffer (100 mL) by using a microwave oven. Ethidium bromide (50 

|ag) was added to the mixture and allowed to solidify at room temperature. Total 

RNA was then analyzed by gel electrophoresis (1.5% agarose) in 1 x TBE buffer. 

Bands corresponding to the ribosomal RNA (rRNA) can be visualized by ethidium 

bromide staining. The intensity of the bands was analyzed by GeneTools software. 

For eukaryotic samples, intact RNA should give clear 28S and 18S rRNA bands. 

The 28S rRNA band should be about 2 times more intense than the 18S rRNA band. 

This 2:1 ratio (28S:18S) is a good indicator of purity of the RNA samples. 

2.2.5 Microarray Analysis with the Human HG-U133A GeneChip (Affymetrix 

Inc.) 

The human HG-U133A GeneChip containing 〜54,000 probe sets including 

38,500 well-characterized human genes (Affymetrix Inc.) was used in our microarray 

analysis. The microarray analysis was contracted to Gene Company Limited, Hong 

Kong. Each probe on the GeneChip® uses a 25-mer complementary DNA sequence 

targeting one gene in the genome. Each probe was designed to have the optimal 

53 



Chapter Two 

balance between sensitivity and specificity to the target gene. 22 probes are usually 

used for each expression measurement and this multiple probes design provides high 

sensitivity and reproducibility. Apart from those probes that match perfectly with 

their target sequence, paired "mismatch" probes were also built in the GeneChip to 

detect and eliminate false or contaminating fluorescence signals within the 

measurement (Affymetrix Webpage). 
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2.3 Results and Discussions 

The effect on gene expression in HCT116 cells treated with either oxaliplatin or 

R’R-5 was compared by cDNA microarray analysis. The results are expected to 

distinguish the cellular responses specific to R,R-5 and to indicate the contribution by 

the DMC ligand to the overall cytotoxicity of this novel TCM-Pt compound. The 

criterion for gene selection was a fold-change of > 2.0 (or < 0.5) in both replicate 

experiments. According to this criterion, 137 genes were found to be up-regulated in 

HCT116 cells treated with R,R-5 compared with oxaliplatin, while only 4 genes were 

found to be down-regulated (Table 2.1). Since R,R-5 has DMC as the leaving ligand 

in place of oxalic acid in oxaliplatin, the results suggested that the DMC component 

may generally activate pathways and gene transcription (137 genes up-regulated), 

rather than suppressing cell signaling transduction (only 4 genes down-regulated), 

under the condition when cells were consistently exposed to genotoxic stress from 

the DACH-Pt moiety. 

To illustrate the potential biological functions of DMC, the 137 up-regulated 

genes were categorized into five groups according to their gene function: cell cycle 

regulation (51 genes), DNA replications (25 genes), DNA repair (6 genes), and 

others (55 genes) (Figure 2.2). 
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6 
Q Others(55) 

• Cell cycle 
55 regulation(51) 

• DNA replication(25) 

EDNA repair(6) 

H Down-regulated (4) 

Figure 2.2: Results from the microarray analysis in HCT116 cells {R,R-5 v.s. 

oxaliplatin at I C 5 0 ) . 137 genes were found up-regulated, which were categorized into 

five sub-groups as shown. Only 4 genes were found down-regulated. 
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Table 2.1: Microarray analysis of R,R-5 against oxaliplatin at respective I C 5 0 in 
HCTl 16 cells. 

up-regulated (Total 137) 
Down-regulated 
(Total 4) 

Cell Cycle Regulation 
(Total 51) 

DMA Replication 
(Totd 25) 

SMC4L1 
PLKl 

KIAAOlOl 
cycIinB2 
CDC20 
UBE2C 
SPAG5 
CDC20 

MAD2L1 
cyclinA2 

DLG7 
CDC6 

ZWINT 
AURKA 
CDKN2C 
KNTC2 
CKS2 

GTSEl 
KIFll 
CDC7 
NEK2 
KIF23 
TTK 

CENPA 
CENPF 
CSPG6 

AURKB 
BUB IB 
CDKN3 
cyclinE2 
WEEl 

BRRNl 
cyclinBl 
DLEU2 

DLEU2L 
geminin 

HCAP-G 
ASPM 
B2F8 

ESPLl 
KIF14 
KIF2C 
PLK4 
KIF22 

KIAA1794 
KIF4A 

KIF20A 
KIF18A 
KIF23 
TPX2 

survivin 

DNA Repair (Total 6) 
T0P2A 
RRMl 
MCM6 
MCM2 

TKI 
DHFR 

FOXMl 
PRPS2 
RFC4 
RFC3 
FENl 

PRIMl 
ORCIL 

ITGB3BP 
P0LE2 

HMGB2 
DOT 

RRM2 
MCM7 
MCM4 
MCM5 

HMGBl 
HMGILI 

ASFIB 
MCMIO 

Other genes (Total 55) 
MSH6 
RAD51 

RAD51AP1 
MSH2 

RAD54B 
BRCAl 

stathmin 
H2AFZ 

ID2 
ID2B 

PSRCl 
USPl 

PRKACB 
FBXOll 

DCK 
EZH2 
TMPO 
GGH 

PRKAR2B 
DBF4 

FKBP5 
MELK 
STIL 
NMU 

CYP24A1 
KITLG 
HMMR 

PIR 
WHSCl 
SPBC25 
GINSl 
TAF5 

SLC19A1 
TMEM97 
PAQR4 

0IP5 
PSMC3IP 
NUSAPl 

CEP55 
DTL 

DKFZp762E1312 
C22orn8 
ATAD2 
FBX05 
MLFIIP 

PBK 
SHCBPl 
C16orf60 
LUZP50 
Cllorf75 

DEP domain containing 1 
CDCA3 
CDCA8 

GINS2 
FAM64A 
CCDC99 

PRCl 
LOC146909 
RACGAPl 

GINS3 

SERPINEl 
NR4A2 
MSH4 
SNAI2 

57 



Chapter Two 

2.3.1 Cell Cycle Regulation 

51 genes related to cell cycle regulation were found to be up-regulated (Figure 

2.3). These genes can be further divided into two sub-categories according to their 

role in the cell cycle transition: genes related to G1 to S transition (9 genes) and 

genes related to G2 to M transition (42 genes). 

G2 to M 

G1 toS 

0 

目 Not c lear 

• Promot ion 

• Inhibition 

10 20 30 40 
G6n㊀ n u m b e r s 

Figure 2.3: Genes related to cell cycle regulation in the microarray analysis {R,R-5 

vs. oxaliplatin at respective I C 5 0 in HCT116 cells ). 51 cell cycle regulating genes 

were found to be up-regulated, which were categorized into two groups: genes 

related to G1 to S transition (9 genes) and G2 to M transition (42 genes). 
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2.3.1.1 Genes Related to G1 to S Transition 

9 genes among the 51 up-regulated cell cycle genes are critical for the G1 to S 

phase transition: 5 of them inhibit this transition; 3 of them cause a promotion; and 

the remaining gene is functionally unknown but predicted to be involved in G1 to S 

transition (Figure 2.3, Table 2.2). 

The 5 up-regulated genes causing an inhibition of G1 to S transition were 

KIAAOlOl , geminin，CDKN2C, CDKN3 and E2F8，in which KIAAOlOl and 

geminin are more extensively studied than the others. KIAAOlOl can bind to 

proliferating cell nuclear antigen (PCNA) (Guo et al., 2006) and prevent the 

formation of PCNA ring trimer as the DNA replication enzyme loading platform. 

Geminin can bind to DNA replication initiating protein Cdtl and inhibit the 

formation of origin replication complex (ORC), thereby hindering DNA synthesis 

(Pitulescu et al” 2005). Recently, CDKN2C (Bai et al., 2006), CDKN3 (Chinami et 

al, 2005) and E2F8 (Maiti et al, 2005) have been shown to inhibit cell cycle 

transition from G1 to S phase, though the precise mechanism is not clear. 
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Table 2.2: Genes related to G l ^ S transition that were found up-regulated (R’R_5 vs. 

oxaliplatin at respective I C 5 0 in HCT116 c e l l s ) . 

Gene Title Gene 
Symbol 

Description Fold 
(trial 1) 

Fold 
(trial 2) 

References 

Inhibition 
(5) 

geminin，DNAreplicati(wi 
inhibitor 

GMNN Inhibit DN A 
synthesis 

2.46 2.63 Pitulescu et 
al, 2005 

KIAAOlOl KIAAOlOl BindtoPCNA, 
inhibit G l ^ S 
transition 

2.29 2.46 Guo etal, 
2006 

cyclin-dependent kinase 
inhibitor 2C (pi 8, inhibits 
CDK4) 

CDKN2C Inhibit Gl-^S 
transition 

3.24 3.48 Bdxetal, 
2006 

cyclin-dependent kinase 
inhibitor 3 (CDK2-associated 
dual specificity phosphatase) 

CDKN3 Inhibit G l ^ S 
transition 

2.29 2.46 Chinami et 
al, 2005 

E2F transcription factor 8 E2F8 Inhibit G1->S 
transition 

2.14 2.63 Maiti et al.’ 
2005 

Promotion 
(3) 

CDC6 cell division cycle 6 
horaolog (S. cerevisiae) 

CDC6 DNA replication 
initiation 

3.03 
2.63 

2.63 
2.46 

Ayad, 2005 

CDC7cell division cycle 7 (S. 
cerevisiae) 

CDC7 DNA replication 
initiation 

2 3.03 Masai and 
Arai, 2002 

CCNE2 CyclinE2 Promote G1->S 
transition 

111 2.82 Hwang and 
Clurman, 
2005 

Not Clear 
(1) 

KIAA1794 KIAA1794 Required in the S 
checkpoint (inhibit 
Gl—S transition) 

2.29 
3.28 

2.29 
2.29 

Miki et al” 
2001 
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The 3 up-regulated genes that promotes G1 to S transition were CyclinE2, 

CDC6 {S. cerevisiae) and CDC7 {S. cerevisiae). CDC6 and CDC7 were originally 

cloned from S. cerevisiae but highly resembled to human CDC6 (Ayad, 2005) and 

CDC7 (Masai and Ami, 2002), hence used (and universally considered) as human 

genes. This suggests that R’R-5 may have a positive role in regulating DNA 

synthesis (compared with oxaliplatin), owing to the fact that CDC6 (Ayad, 2005) and 

CDC7 (Masai and Arai, 2002) participate in the DNA replication initiation. This 

result is consistent with the finding that 25 genes related to DNA replication were 

also found to be up-regulated in the microarray analysis. Cyclin E2, the other up-

regulated gene that promote G1 to S transition was reported to function closely to the 

more extensively studied Cyclin E l (Hwang and Clurman, 2005), which can bind to 

CDK2 and promote G1 to S transition. 

The functionally unclear gene KIAA1794 has been recently confirmed to be 

FANCI (Fanconi anemia, complementation group I) (Miki et al, 2001), a gene 

required in the S phase checkpoint in response to DNA damaging agents. It is 

believed to inhibit G1 to S transition. 

Since we have identified five genes up-regulated by R,R-5 that can inhibit G1 

to S phase transition, it wi l l be reasonable to predict that R,R-S can arrest more 
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HCT116 cells in G1 phase than oxaliplatin. HCT116 cells have a wild-type p53 gene 

and therefore they should have a functional G1 checkpoint. In fact, our previous 

study demonstrated that, at the concentration of SxICso of these two drugs, R,R-5 

could lead to G1 arrests in HCTl 16 cells after 72 hrs treatment (Yu et al, 2006). In 

terms of therapeutic effect of DNA damaging agents in patients, it is desirable to 

activate the G1 checkpoint to prevent apoptosis of the GO/Gl phase cells. Since 

most normal cells in the human body stay in GO phase, a functional G1 checkpoint 

can protect normal cells from chemotherapy and maintain genomic stability from 

DNA damage. Anti-cancer drugs that cause a G1 to S arrest could selectively ki l l 

the proliferating cancer cells but spare the normal healthy cells, thereby avoiding 

toxic side effect. From the microarray data we can predict that R,R-5 may have less 

side effect on the normal cells. Our previous study has demonstrated that no lethal 

effect was observed in male nude mice after treatment with compound 5 (a mixture 

of conformational isomers containing R,R-5) at up to 50mg/kg, a dose at which 

prominent anti-tumor activity can be achieved. In contrast, remarkable mice 

mortality was observed upon cisplatin treatment at 8mg/kg and above (Ho et al, 

2001). 
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2.3.1.2 Genes Related to G2 to M Transition 

42 genes related to G2 to M transition were found to be up-regulated according 

to the microarray analysis: 35 of them can promote G2 to M transition; 1 gene can 

inhibit this transition; and the remaining 6 genes are functionally unclear but have 

been reported to be associated with G2 to M transition (Table 2.3), 

Upon a closer look at the 35 up-regulated genes that promote G2 to M 

transition, most of them played an essential role in mitosis and are considered mitotic 

markers (such as Cyclin B l , CDKl , AURKA, CENPF and TPX2, etc). Since so 

many mitotic genes were up-regulated by R,R-5 compared to oxaliplatin, we believe 

that R,R-5 did not promote just one or two particular mitotic pathways but it may 

accelerate cells entering mitosis compared with oxaliplatin. 

The anti-apoptosis gene survivin is an interesting gene among the 35 up-

regulated genes that promote G2 to M transition. Survivin has been extensively 

studied. It inhibits mitochondria-mediated apoptosis by preventing the activation of 

caspase 9 (Mita et al, 2008)，which is also implicated in anti-cancer drugs resistance. 

Based on this reported function of survivin, it should therefore be categorized into 

genes related to apoptosis. However, survivin is also an important component in the 

mitotic chromosomal passenger complex, regulating microtubule dynamics in 

mitosis and cytokinesis (Mita et al, 2008). Therefore, survivin can be categorized as 
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both anti-apoptotic genes and mitotic genes. Regarding there were already 34 other 

mitotic genes up-regulated without transcriptional change in any other apoptotic 

genes, survivin is more reasonable to participate in the mitotic events rather than 

apoptosis, thus it is classified as cell cycle regulation genes. Since oxaliplatin and 

R,R-5 were used at their IC50 for microarray analysis, there should be equally 50% of 

cell death in both R,R-5 and oxaliplatin treated cells. This may explain that no 

apoptotic genes were found up- or down-regulated. 

It is commonly believed that DNA damage checkpoints are activated when 

cancer cells are exposed to various DNA damages, which stops cell cycle 

progression and allow time for DNA repair. This is crucial for the cells because 

errors can be avoided, especially in important cellular activities such as DNA 

replication, transcription and mitosis. Errors in these cellular events may be 

detrimental to cell survival. For example, i f one cell bearing DNA damage fails to 

repair DNA damage and enter mitosis, it wi l l lead to mitotic catastrophe, where sister 

chromatids are unable to separate and be equally divided into two daughter cells, 

chromosomes are irregularly packed, and the cell fails to exit mitosis and eventually 

dies. As a result, cancer cells often utilize cell cycle checkpoints to attenuate cell 

cycle progression for DNA damage repair and then re-enter cell proliferation, 
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thereby leading to drug resistance and improved cancer cell survival after 

chemotherapy. 

Based on this working model, the disruption of DNA damage checkpoints 

could be used as a strategy in cancer chemotherapy, to elicit mitotic catastrophe and 

finally cancer cell death. Several DNA damage checkpoints have been identified in a 

cell cycle: G1 checkpoint, S phase checkpoint, G2 checkpoint (late S checkpoint), 

mitotic spindle checkpoint, antephase checkpoint (late G2 checkpoint), and the post-

mitotic checkpoint (Figure 1.2). Among these checkpoints, G2 and antephase 

checkpoints are critical for the regulation of G2 to M transition. According to our 

microarray data, R,R-5 seems to be able to bypass these two checkpoints and 

facilitate cells entering mitosis compared with oxaliplatin, because 35 genes 

promoting the G2 to M transition were found to be up-regulated. Since the 

microarray analysis is performed with an aim to reveal the distinct biological effects 

contributed by the leaving ligand DMC, more extensive studies have been performed 

to compare the effect of R,R-5, cisplatin and oxaliplatin on the G2 to M transition (at 

the antephase and G2 checkpoint). The results wi l l be discussed in Chapter 3 

(antephase checkpoint) and Chapter 4 (G2 checkpoint). 

The only up-regulated gene that inhibits the G2 to M transition was WEEl 

homolog (S. pombe). WEEl is expressed in G l , S and G2 phases but not in mitosis, 
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which protects immature activation of the major mitotic promoting factor 

CDKl/Cycl in B1 (Lim and Surana, 2003). The biological meaning of the up-

regulation of WEE 1 is not clear but it may suggest a higher proportion of cells in the 

G l , S or G2 phases upon R’R-5 treatment, compared with oxaliplatin.. 
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Table 2.3: Genes related to G2->M transition that were found to be up-regulated 

(R,R-5 vs. oxaliplatin at respective IC50 in HCTl 16 cells). 

Gene Title Gene Description 

Symbol 

Fold Fold 

(trial 1) (trial 2) 

References 

Promotion SMC4 structural maintenance SMC4L1 Part of condensin; promote 2.46 2.46 
(35) of chromosomes 4-like 1 chromatid segregation 2.14 2.63 

(yeast) 

Yen eM/., 2005 

chromosome condensation 
protein G 

HCAP-G Non-SMC subunit of 2 2.82 Yeong etal, 
condensin, promote 2.46 2.82 2005 
chromatid segregation 

barren homolog 1 
(Drosophila) 

BRRN1 Part of condensing; 
promote chromatid 
segregation 

2.63 2.46 Cabello et al, 
2005 

polo-like kinase 1 
(Drosophila) 

PLKl Inhibit Emil (mitotic 
inhibitor), activate 
CDC25C 

2.14 2.14 Eckerdt and 
Strebhardt, 
2006 

polo-like kinase 4 
(Dros 叩 hUa) 

PLK4 Inhibit Emil (mitotic 
inhibitor), promote 
chromotid segregaticm 

2.42 2.29 Habedanck et 
al, 2005 

cyclinBl CCNBl Promote G2->M 3.03 3.24 Ohiand Gould 
etal, 1999 

cyclin B2 CCNB2 Promote G2 ->M 3.24 Ohiand Gould 
etal, 1999 

CDC20 cell division cycle 20 CDC20 Bind to APC, promote 2.63 2.46 Fang et al, 
homolog (S. cerevisiae) chromatid segregation 1998 

cell division cycle 2, G1 to S CDC2 Part ofMPF complex 3.03 3.73 Gowdy et al, 
andG2toM (CDC2-cyclinB), Promote 2.82 3.48 1998 

G2^M 

BUB 1 budding uninhibited by BUB 1B Motosis check point 
benzimidazoles 1 homolog protein, inhibit APC 
beta (yeast) 

3.03 3.73 Davenport et 
al, 1999 
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Table 2.3 (continued): Genes related to G2—^M transition that were found to be up-

regulated {R,R-5 vs. oxaliplatin at respective IC50 in HCT116 cells). 

Gene Title Gene Description 

Symbol 

Fold Fold References 

(trial 1) (trial 2) 

Promotion BUBl budding uninhibited by BUBl 
(35) benzimidazoles 1 homolog 

(yeast) 

Motosis check point 
protein, inhibit APC 

4 3.48 Davenport et 
2.46 3.24 al, 1999 

ZWIO interactor ZWINT Promote chromatid 
segregation 

2.82 3.03 Wang etal, 
2004 

aurora kinase A AURKA Spindle formation, 2.82 2.82 Yang etal, 
centrosome maturation, 3.03 3,24 2005 
chromatid segregation 

aiM-ora kinase B AURKB Spindle formation, 
centrosome maturation, 
chromatid segregation 

3.24 Yang etal, 
2005 

kinetochore associated 2 KNTC2 Promote chromatid 
segregation 

2.82 Not clear 

CDC28 protein kinase 
regulatory subunit 2 

CKS2 Promote chromatid 
segregation 

Spruck et al., 
2005 

kinesin family member 11 KIF 11 Promote chr(»natid 
segregation 

3.48 4.28 Miki etal., 
2001 

kinesin family member 14 KIF 14 Promote chromatid 
segregation 

2.46 3.73 Miki et al., 
2001 

kinesin family member 22 KIF 22 Promote chromatid 
segregation 

2.14 Miki et al., 
2001 

kinesin family member 23 KIF 23 Promote chr«natid 
segregation 

2.46 3.48 Miki et al., 
2001 
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Table 2.3 (continued): Genes related to G2—M transition that were found to be up-

regulated (R，R-5 vs. oxaliplatin at respective IC50 in HCT116 cells). 

Gene Title Gene 
Symble 

Description Fold 
(trial 1) 

Fold 
(trial 2) 

References 

Promotion kinesin family member 2C 
(35) 

KIF2C Promote chromatid 
segregation 

3.03 
2.14 

2.82 
2.82 

Miki etai, 
2001 

kinesin family member 4A KIF4A Promote chromatid 
segregation 

2.14 2.82 Miki et al, 
2001 

kinesin family member 18 A KIF 18A Promote chromatid 
segregation 

3.73 2.82 Miki et al., 
2001 

kinesin family member 20 A KIF 20A Promote chromatid 
segregation 

3.24 2.82 Miki etai, 
2001 

NIMA (never in mitosis gene a)-
related kinase 2 

NEK2 Promote chromatid 
segregation 

3.24 3.73 Hayward et 
al, 2006 

TTK protein kinase TTK Mitotic spindle 
checkpoint 

4.59 4.28 Fisk et al., 
2006 

centromere protein A, 17kDa CENPA Mitosis progression 4 3.48 Saxena et al, 
2006 

centromere protein F, 350/400ka 
(mitosin) 

CENPF Mitosis progression 2.46 2.82 Ma et al, 
2006 

chondroitin sulfate proteoglycan 
6 (bamacan) 

CSPG6 SMC3 or Bamacan; 
Promote chromatid 
segregation 

2.29 2.63 Potts etai, 
2006 

asp (abnormal spindle)-丨ike， 

microcephaly associated 
(Drosophila) 

ASPM Control centrosome 
unction 

2.82 2.82 Zhong et al., 
2005 

MAD2 mitotic arrest deficient-
like 1 (yeast) 

MAD2L1 Mitotic spindle check 
point 

3.73 3.2 Percy et al” 
2000 
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Table 2.3 (continued): Genes related to G 2 ^ M transition that were found to be up-

regulated (R,R-5 vs. oxaliplatin at respective IC50 in HCT116 cells). 

Gene Title Gene 
Symble 

Description Fold 
(trial I) 

Fold 
(trial 2) 

References 

Promotion 
(35) 

extra spindle poles like 1 (S. 
cerevisiae) 

ESPLl Seperase, promote G2-M 2 2 Tenet and 
Jallepalli, 
2006 

cyclin A2 CCNA2 Promote Gl—S 
transition 

3,03 3.48 Wolgemuth et 
< 2 0 0 4 

survivin survivin Mitotic chromosomal 
passenger complex 

2.84 2.19 Uiidetal, 
2008 

TPX2, microtubule-associated, 
homolog (Xenopus laevis) 

TPX2 Control Aurora 
localization 

2.46 2.29 Kufer etal, 
2002 

Inhibition 
(1) 

WEEl homolog (S. pombe) WEEl Inhibit G2->M transition 2.82 3.03 Lim et al, 
2003 

Not dear 
(6) 

G-2 and S-phase expressed 1 GTSEl Present in S/G2 cells 2.46 3.03 Utrera et al, 
1998 

sperm associated antigen 5 SPAG5 2.46 2.14 Not clear 

discs, large homolog 7 
(Drosophila) 

DLG7 Tumor suppressor 2.82 3.73 Not clear 

deleted in lymphocytic leukemia, 
2 

DLEU2 2.82 
2.29 

4.28 
3.48 

Corcoran et 
al, 2004 

deleted in lymphocytic leukemia 
2-like 

DLEU2L 2.82 4.28 Corcwan et 
al, 2004 

ubiquitin-conjugating enzyme 
E2C 

UBE2C 2.63 2.14 Not clear 
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The 6 functionally-unknown genes that may be related to G2 to M transition 

are SPAG5, DLG7 (Drosophila), DLEU2, DLEU2L, UBE2C and GTSEl. It is 

interesting to have identified GTSEl (G2 and S-phase expressed 1) because GTSEl 

is normally expressed in S and G2 phase, which promotes p53 degradation in 

physiological condition and maintains a balance in p53 level (Utrera et al, 1998). 

Thus far, there is no direct evidence to prove that GTSEl inhibits G2 to M transition, 

but it is clear that GTSEl dose not express in M phase cells. Considering that 25 

genes related to DNA replication were found up-regulated (see later at Chapter 

2.3.2.), the transcription of GTSEl may be due to the presence of more cells in S 

phase (or S phase onset), rather than inhibition of G2 to M transition. Very little 

information is available for the remaining genes sperm associated antigen 5 (SPAG5) 

(Shao et al” 2001), Discs, Large Homolog 7 (DLG7) (Drosophila) (Gudmundsson et 

al, 2007), Deleted in lymphocytic leukemia, 2 (DLEU2) (Corcoran et al, 2004)， 

DLEU2L (Corcoran et al, 2004),Ubiquitin-conjugating enzyme E2C (UBE2C) (Lin 

et al, 2007). They may participate in mitosis or meiosis. 
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2.3.2 DNA Replication 

25 genes related to DNA replication were found to be up-regulated after R,R-5 

treatment compared with oxaliplatin. They are known to be indispensable 

components for DNA synthesis, such as T0P2A, MCM2, MCM7, etc. Some of 

these genes, such as T0P2A, also participate in the DNA damage repair pathways. 

After removal of damaged DNA bases, the DNA replication machinery is needed to 

f i l l in the opened DNA strands. We considered these functionally-overlapping genes 

as DNA replication genes rather than DNA damage repair genes, because most of 

DNA replication genes (total 25) were found to be up-regulated in our microarray 

analysis. These 25 genes exert their functions in diverse areas: recognition of DNA 

replication origin (ORCIL), formation of enzyme loading platform (MCM2), 

controlling the topological change of DNA (T0P2A), stabilizing the open DNA 

strand (HMGBl) , etc. Based on this finding, R,R-5 may enhance DNA replication 

compared with oxaliplatin. Therefore, R,R-S may probably bypass the S phase cell 

cycle checkpoint besides the mitotic DNA damage checkpoints as discussed above 

(Chapter 2.3.1.2). However, this possibility wi l l not be explored in this thesis. 
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2.3.3 DNA Damage Repair 

6 genes related to DNA damage repair were found to be up-regulated in the 

microarray analysis (Table 2.1). MSH2 and MSH6 belong to the mismatch repair 

(MMR) pathway and RAD51, RAD51AP1, RAD54B and BRCAl (BRCAl also 

regulates nucleotide excision repair) are critical genes from the homologus 

recombination (HR) pathway. This result suggests that the incorporation of DMC 

into DACH-Pt moiety may lead to the activation of both MMR and HR pathways. 

This agrees with our earlier finding that R，R-5 can induce more severe DNA damage 

than oxaliplatin (Pang et al, 2007). However, the activation of MMR by R,R-5 may 

be contradictory because another M M R gene MSH4, was found to be down-

regulated in the microarray analysis (Table 2.1). Besides, DACH-containing drug 

oxaliplatin has been reported to bypass M M R recognition (Zdraves et al., 2002). 

2.3.4 Other Up-regulated Genes with Miscellaneous Functions and the Down-

Regulated Genes 

From the microarray analysis, there were another 55 up-regulated genes that 

cannot be categorized into a specific functional class (i.e. cell cycle regulation, DNA 

replication or DNA repair) (Table 2.1). Most of these genes are newly discovered 

whose biological functions are still yet to be defined. Stathmin is one of these genes 
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that deserve some discussion. Recently, it has been demonstrated that over-

expression of stathmin leads to microtubule disassembly in mitosis (lancu et al, 

2004). The PP2A inhibitor okadaic acid has also been reported to cause microtubule 

disassembly (Gurland et al, 1993). Further mechanistic study demonstrated that 

PP2A maintains the hypophosphorylation of microtubule-associated protein tau, 

leading to the binding of tau to microtubule and an increase in microtubule stability 

(Sontag et al, 1996). As PP2A inhibitors, DMC and R,R-5 may also lead to 

microtubule disassembly by: a) inhibition of PP2A, maintaining the phosphorylation 

of tau and consequently microtubule disassembly; and/or b) up-regulating stathmin 

(according to the microarray analysis result). Given that the disruption of 

microtubule assembly may activate the antephase checkpoint via Chfr (Matsusaka 

and Pines, 2004), DMC and R,R-5 as PP2A inhibitors may activate the antephase 

checkpoint through a similar mechanism. However, the antephase checkpoint can 

be activated promptly within one hour of drug treatment, which therefore may not 

involve stathmin transcription. In Chapter Three, we wi l l discuss activation of the 

antephase checkpoint by cisplatin-induced DNA damage in greater detail. Since 

HCT116 cells do not express Chfr, this stathmin-mediated mechanism should not be 

functional to facilitate the activation of the antephase checkpoint by R,R-5. 
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Although most of the genes are up-regulated by R,R-5 relative to oxaliplatin, 

we have also identified 4 significantly down-regulated genes (Table 2.1). Among 

them, only MSH4 is more extensively studied. MSH4 is known to participate in the 

mismatch repair (MMR) pathway. As discussed earlier, two other members of the 

M M R pathway (MSH2 and MSH6) were found to be up-regulated in the microarray 

analysis. Therefore, the down-regulation of MSH4 might be a false positive result, 

or suggest that M M R does not require MSH4 to repair R，R-5 induced DNA damage. 
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2.4 Conclusions 

The goal of the microarray analysis is to reveal the distinct biological activity, 

i f any, contributed by the DMC leaving ligand in R,R-5‘ Based on the microarray 

data and from our knowledge about DMC as a PP2A inhibitor, the following 

hypotheses can be generated: 

a) R,R-5 may activate the G1 DNA damage checkpoint and avoid damaging normal 

cells (5 genes that inhibit G1 to S transition were found to be up-regulated). 

b) R，R-5 may bypass the two mitotic DNA damage checkpoints: antephase 

checkpoint (wil l be discussed in Chapter Three) and G2 checkpoint (wil l be 

discussed in Chapter Four) (35 genes promoting G2 to M transition were found to be 

up-regulated). This may explain why R’R-5 is more cytotoxic than oxaliplatin. 

c) R,R~5 may also bypass the S phase checkpoint (25 genes regulating DNA 

replication were found to be up-regulated). 

d) R,R-5 may activate mismatch repair and homologus recombination to repair DNA 

damage (compared with oxaliplatin), 

e) R,R-5 may lead to microtubule disassembly by decreasing phosphorylation of tau 

and up-regulating stathmin. 
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The second hypothesis mentioned above, i.e. R’R-5 may be able to bypass 

both antephase and G2 DNA damage checkpoints, wi l l be examined in more detail in 

Chapter Three (antephase checkpoint) and Chapter Four (G2 checkpoint). We found 

that cisplatin is able to activate both checkpoints and oxaliplatin could activate the 

G2 but not the antephase checkpoint, and R’R_5 could bypass both checkpoints. The 

results may explain the superior anti-cancer activity demonstrated by R,R-5 over 

oxaliplatin and cisplatin. 
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Chapter Three 

c-Abl activates the antephase checkpoint and 

promotes cancer cell survival in response to 

acute stress of cisplatin 
Effect oiR^'S at the Antephase Checkpoint 

3.1 Introduction 

When cancer cells are exposed to DNA damage, DNA damage checkpoints are 

activated, which stops cell cycle progression and allows time for DNA damage 

repair, thereby avoiding errors in some important cellular activities such as DNA 

replication, transcription and mitosis. There are two gate checkpoints in the G2—M 

cell cycle transition: (1) G2 checkpoint and (2) the recently discovered antephase 

checkpoint. As discussed in Chapter Two, our cDNA microarray analysis revealed 

that 35 genes promoting G2—>M transition were differentially up-regulated in 

HCT116 cells treated with R,R-S compared to oxaliplatin (Table 2.3). Since R,R-5 

was found to be more cytotoxic than oxaliplatin to cancer cells (Yu et al.，2006), we 

hypothesized that R,R-5 may enable cancer cells to bypass G2 and/or antephase 

checkpoints, undergo aberrant mitosis and subsequently die from mitotic catastrophe 
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(Figure 3.1). In this Chapter, the biological behavior of R,R-5 at the antephase 

checkpoint wi l l be discussed. Effect of R.R-5 at the G2 checkpoint wi l l be discussed 

in Chapter Four. 

R,R-5 

G2 phase checkpointCChapter 4) 

Antephase chcckpoint(Chaptcr 3) 

Microarray analysis: 35 genes upregulated 

Figure 3.1: Illustration of the proposed checkpoint bypass effect of R,R'5. R,R-5 

may bypass G2 and/or antephase checkpoints because 35 genes promoting G2~>M 

transition were found to be up-regulated in HCT116 cells after R,R-5 treatment 

compared with oxaliplatin. 
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Antephase describes a short period in the late G2 phase of a cell cycle, when 

the first visible sign of chromosome condensation becomes evident under a 

microscope, preceding nuclear envelope break-down. When cells at the antephase 

are exposed to various kinds of stresses, such as osmotic shock (Dmitrieva et a/., 

2002), cold shock (Rieder, 1981), UV or ionizing radiation (Rieder and Cole, 1998)， 

microtubule disassembly (Rieder and Cole, 2000) (Figure 3.2), a p38 mitogen-

activated protein kinase (p3 8MAPK)-inediated checkpoint, known as the antephase 

checkpoint, wi l l be activated (Figure 3.2). This stops the DNA condensation process 

immediately (in less than an hour), and facilitate the cell to resolve the stresses, 

thereby avoiding mitotic catastrophe (Figure 3.3) and promoting cell survival after 

stresses (for a review, see Mikhailov et aL, 2005). To date, the signaling transduction 

of antephase checkpoint in response to DNA damaging agents is not well defined. It 

has been demonstrated that cisplatin can activate p38MAPK in an hour via a 

mismatch repair (MMR)/c-Abl dependent pathway (Sanchez-Prieto et aL, 2000), 

which may serve as an initial signal for the activation of the antephase checkpoint 

(Figure 3.4C). Furthermore, it was also reported that cisplatin activates p38MAPK 

in a c-Myc-dependent manner, though this pathway requires 4 hrs to activate 

p38MAPK (Desbiens et aL, 2003), which therefore may not contribute to the rapid 

response (about 1 hr) of antephase checkpoint. Extra time might be needed for the 
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transactivation of the apoptosis signal-regulating kinase 1 (ASKl ) via the c-myc 

pathway after cisplatin treatment, which activates MKK3/6 and subsequently 

p38MAPK. This c-Myc/ASKl/MKK3&6/p38MAPK pathway may be involved in 

apoptotic response rather than antephase checkpoint regulation. 

In this study, we sought to elucidate the signaling pathway for the activation of 

the antephase checkpoint in response to Pt-based DNA damaging agents. Since 

bypass of the antephase checkpoint may result in cell death from mitotic catastrophe, 

our second goal was to establish whether the use of antephase checkpoint inhibitors 

could give rise to synergistic cytotoxic effect with cisplatin or other DNA damaging 

agents. 

81 



Chapter Three 

A U20S cells (Chfr-) 

Antephase cell 
(Colcemid exposed) 

NHCH3 

Checkpoint abrogated 
(enter mitosis) 

Colcemid 

B Ptkl cells (Chfr+) 

Antephase cell 
(Colcemid exposed) 

Checkpoint activated 
(fail to enter mitosis) 

！:ttmin 

Figure 3.2: Figures (adapted from Matsusaka et al.) demonstrating the activation of 

antephase checkpoint by microtubule disassembly. Colcemid can lead to 

microtubule disassembly, which activates the Chfr/p38MAPK pathway and 

subsequently the antephase checkpoint. A) U20S cells (Chfr-) were exposed to 15 

|uM colcemid at Omin. U20S cells have a defective antephase checkpoint in 

response to microtubule disassembly because of the absence of Chfr. As observed 

under the microscope, the stressed U2S0 cell entered enter mitosis at 15min, 
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reflected as the round-up and shrinkage of the cell, which would split into two 

daughter cells subsequently. B) Ptkl cells (Chfr+) were exposed to 15 | iM colcemid 

at Omin. Ptkl cells have a functional antephase checkpoint in response to 

microtubule disruption due to Chfr expression. The stressed Ptkl cell in the picture 

failed to enter mitosis even at 593 minutes after treatment because of the activation 

of antephase checkpoint. 
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Normal mitosis 

Chromatid separation 

Newt lung fibroblasts undergoing mitosis. 

Cell bearing DNA damage 

Mitotic catastrophe 

HeLa/GFP-HH2B cell was exposed to X-radiation. 

Figure 3.3: Mitotic catastrophe induced by DNA damage. A) Newt lung fibroblasts 

undergoing mitosis (figures adapted from Warwick Prospective Undergraduate web 

site http://www2.warwick.ac.uk/fac/sci/bio/ug/courses/biolsci/ accessed June 2009). 

In normal mitosis, chromosomes (stained in blue) are able to separate and equally 

distributed into two daughter cells. B) HeLa/GFP-HH2B cells were exposed to X-

radiation (Nitta et al, 2004), When the cells bearing unreparable DNA damage enter 

mitosis, the cells wi l l die from mitotic catastrophe: failure of the chromotids (in 

green) to separate, irregular distribution of the chromosomes and the failure of cells 

to exit mitosis. Activation of mitotic DNA damage checkpoint before mitosis can 
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facilitate cells repairing DNA damage, avoid mitotic catastrophe and promote cancer 

cell survival after genomic stress. 
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C Cisplatin Oxaliplatin, R,R-5 

\ X 
MMR/c-Abl 

I 
M E K K l ? 

I 

MKK3,4,6? 

p38MAPK 

CDKl /Cyc l i nB l 

Histone H I P-Histone H I 

Figure 3.4: Proposed pathway of antephase checkpoint activation by cisplatin. A) 

Structures of cisplatin, oxaliplatin, DMC and R，R-5. B) Previous studies about the 

various mechanisms for the activation of the antephase checkpoint, including 

cisplatin-induced p38MAPK activation. On the left panel, various studies had 

indicated that p38MAPK controls the antephase checkpoint activation under stresses. 

On the right panel, we hypothesize that cisplatin (but not oxaliplatin) may act 

through the MMR/c-Abl pathway to stimulate p38MAPK (as previously reported), 

and consequently activate the antephase checkpoint (highlighted in yellow). C) 

Proposed pathway of antephase checkpoint activation by cisplatin but not oxaliplatin 

or R，R-5. Cisplatin may activate the antephase checkpoint by MMR/c-

Abl /MEKK 1 /p3 8MAPK pathway, while oxaliplatin and R,R-5 may not activate this 

pathway or checkpoint. 
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1. Scolnick et a/., 2000 

2. Bulavin et aL, 2001 

3.Pandeye^ a/., 1996 

4. Nehmee/ aL, 1999 
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3.2 Objectives 

The objectives of the work reported in this chapter are: 

a) To examine, i f any, the precise mechanism by which cisplatin, as a 

DNA damaging agent, activates the antephase checkpoint (via a 

proposed MMR/c-Abl/MEKKl/p38MAPK pathway); 

b) To evaluate i f DACH-containing Pt compounds oxaliplatin and R,R-5 

activate this proposed pathway and the antephase checkpoint; 

c) To search for and verify whether antephase checkpoint inhibitors could 

sensitize cancer cells to platinum anti-cancer drugs (or other DNA 

damaging agents) and help circumvent drug resistance. 
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3.3 Experimental Design 

As discussed in Chapter 3.1, antephase checkpoint is a checkpoint with rapid 

response, which can be activated within an hour. Since the antephase checkpoint is 

the closest checkpoint to mitosis, activation of this checkpoint should decrease the 

proportion of mitotic cells (by inhibiting mitotic entry) immediately, which can be 

readily measured by the mitotic index assay (Bulavin et al, 2004). 

Activation of the antephase checkpoint is known to repress kinase activity of 

the major mitotic promoting factor CDKl/Cycl in B l , leading to decreased 

phosphorylation of its substrate histone H I . Phosphorylation of hi stone H I , a 

widely-used mitotic marker, was therefore utilized as our second indicator of 

antephase activation (examined by Western blot analysis). The phosphorylation 

status of c-Abl and p38MAPK was also examined by Western blot analysis, which 

could reflect their importance in the activation of the antephase checkpoint. 

Cell cycle analysis by flow cytometry was also employed to further ascertain 

the activation of the antephase checkpoint. An increase in G2/M arrest 

(unsynchronized cells) or a decrease in mitotic exit (increase in GO phase cells in 

synchronized model) could indicate the activation of antephase checkpoint. 

To verify i f cisplatin activate the antephase checkpoint via our proposed 

MMR/c-Abl/MEKKl/p38MAPK pathway, cisplatin-induced antephase checkpoint 
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was examined in cells treated with or without chemical inhibitors or siRNA against 

c-Abl. Moreover, the absolute requirement of c-Abl in antephase activation was also 

illustrated using a pair of c-Abl functional and non-functional cell lines. As the 

outcome of antephase checkpoint abrogation, mitotic catastrophe was quantified by 

cell counting under a microscope. Lastly, MTT and crystal violet-staining assays 

were used to reveal the biological significance of the checkpoint activation in terms 

of drug cytotoxicity. 
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3.4 Materials and Methods 

3.4.1 Chemicals 

Cisplatin was purchased from Strem Chemicals (Newburyport, MA, USA); 

oxaliplatin, caffeine, thymidine, okadaic acid, SB202190, SP600125, crystal violet 

and Tetrazolium MTT (3-(4,5-dimethylthiazoly-2)-2, 5-diphenyltetrazoliuni bromide) 

were products from Aldrich-Sigma Chemical Company (St. Louis, MO, USA). 

DMC, R,R-5 were synthesized by the School of Pharmacy and Department of 

Chemistry at the Chinese University of Hong Kong. STI571 was a kind gift from 

Novartis Pharmaceuticals. A l l other chemicals and solvents used were of analytical 

grade. The chemical structure of the various inhibitors used in the experiments are 

illustrated in Figure 3.5. 

3.4.2 Cell Lines and Cell Cultures 

HeLa, HCT116, HT29 and Colo320 cells were obtained from the American 

Type Culture Collection. The cell lines were maintained in complete RPMI1640 

medium (supplemented with 10% fresh bovine serum (v/v) (Hyclone), lOOU/ml 

penicillin and 100 U/ml of streptomycin (Hyclone) in a humidified CO2 incubator 

(5% CO2/950/0 air) at 37 HCT116+ch3 and HCT116+ch2 cells were kind gifts 

from National Institute of Health U.S.A., and cultured in complete RPMI1640 
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medium supplemented with 400ug/ml G418 (Roche). Cells were split every three 

four days. 

.O^SOjH 

STI571 (or STI1571，c-AbI inhib i tor) Okadaic acid (PP2A inhibitor) 
O CH3 N —NH 

SB202190 (P38 MARK inhibitor) Caffeine (Typical ， . w 、 
ATM/ATR inhibitor, SP600125 (JNK inhibitor) 
which can inhibit S and 
G2 checkpoints) 

Figure 3.5: Inhibitors used in the experiments. STI571, okadaic acid, SB202190, 

caffeine and SP600125 were used as specific inhibitors, respectively, to c-abl, PP2A, 

p38MAPK, ATM/ATR, and JNK. 

CH3 

3.2.3 Mitotic Index Assay and mitotic catastrophe quantification 

The assay was adapted with modification from Bulavin et al. 2x1 O* cells/well 

were seeded in a 96-well plate. A l l platinum drugs were added 24 hrs later. In 

experiments involving combination of cisplatin with inhibitors against the different 
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pathways, the various inhibitors were added 0.5 hr before cisplatin treatment. Cells 

were fixed overnight with 4% paraformaldehyde after drug treatment for various 

durations and then stained with 10% Giemsa. Mitotic cells (prophase, pro-metaphase, 

metaphase, anaphase, telophase and cytokinesis) were counted among over 600 cells 

randomly picked from each well. For mitotic catastrophe quantification, HeLa cells 

were treated with various drugs for 2 hrs, washed with PBS, and maintained in fresh 

medium for another 20 hrs to accumulate aberrant mitotic cells. Then cells were 

fixed with 4% paraformaldehyde overnight and stained with 10% Giemsa. Aberrant 

mitotic cells (mitosis with irregularly arrayed and/or unequally distributed 

chromosomes) were counted among over 600 cells randomly picked from each well, 

under a microscope. Inhibitors were added 0.5 hr before cisplatin treatment and 

stayed present during the 24 hr incubation. 

3.4.4 Immunoblot (Western Blot) Analysis and Immunoprecipitation 

3.4.4.1 Solutions and Reagents 

Lysis buffer (for whole cell lysate): 0.15 M NaCl, 5 m M EDTA，1% Triton 

XlOO，10 m M Tris-Cl, pH 7.4. 1:1000 5 M DTT, 1:1000 100 m M PMSF (in 

isopropanol). 1 m M NaF and 2 m M (NH4)3V04 were added fresh to the lysis buffer 

immediately before use. 
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Lysis buffer (for histories): 10 m M HEPES, 1.5 m M MgCli, 10 m M KCl，adjust 

pH to 7.9. 0.5 m M DTT, 1.5 m M PMSF in isopropanol. 1 m M NaF and 2 m M 

(NH4)3V04 were added fresh to the lysis buffer immediately before use. 

SxSample Buffer: 0.3125 M Tris pH 6.8, 10% SDS, 50% (V/V) glycerol, 

0.005% (W/V) bromophenol blue, 2% (W/V) DTT. 

8XResolving gel buffer (100 ml): 36.3 g Trizma base, 0.8 g SDS were diluted in 

distilled water and pH value was adjusted to 8.8 with concentrated HCl, then the 

volume was made up to 100 ml. 

4Xstacking gel buffer (100 ml): 6.05 g Trizma base, 0.4 g SDS were diluted in 

distilled water and pH value was adjusted to 6.8 with concentrated HCl, then the 

volume was made up to 100 ml. 

lOxRunning buffer (1 L): 30.3 g Trizma base, 144 g Glycine, 10 g SDS were 

diluted in distilled water, and then the volume was made up to 1 L. 

1 Ox Blotting buffer (1 L): 30.3 g Trizma base, 144 g Glycine were diluted in 

distilled water, and then the volume was made up to 1 L. 

IxBIotting buffer (1 L): 200 ml methanol, 100 ml lOxBlotting buffer were 

mixed, and then the volume was adjusted to 1 L with distilled water. 

Resolving gel (6 ml for 9%): 1.35 ml 40% acrylamide/bisacrylamide (29:1 mix), 

0.75 ml gxResolving gel buffer, 3.9 ml water, 3 |nl TEMED, 15 |li1 20% ammonium 
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persulfate. 

Resolving gel (6.9345 ml for 15%): 2.624 ml 40% acrylamide/bisacrylamide 

(29:1 mix), 0.7875 ml gxResolving gel buffer, 3.502 ml water, 3.5 ^il TEMED，17.5 

fil 20% ammonium persulfate. 

Stacking gel (4.0148 ml for 5%): 0.5 ml 40% acrylamide/bisacrylamide (29:1 

mix), 1 ml 4xStacking gel buffer, 2.5 ml water, 4 |i l TEMED, 10.8 ^il 20% 

ammonium persulfate. 

lOxTBS (concentrated TBS): 24.23 g Trizma HCl，80.06 g NaCl were mixed in 

800 ml distilled water, then pH was adjusted to 7.6 with pure HCl. Volume was 

topped up to 1 L with distilled water. 

TEST (1 L): 100 ml of lOxTBS + 900 ml ultra distilled water + 1ml Tween20. 

TBST was kept at 4 °C to prevent contamination and discarded i f stored for more 

than 1 week. 

Blocking buffer (0.5 L): 3% Bovine serum albumin (Fraction V) was diluted in 

TBST and sterile filtered. Then 0.05% Tween 20 was added. Blocking buffer was 

kept at 4 to prevent bacterial contamination. 

3.4.4.2 Total Protein (Whole Cell Lysate) Extraction 

a) Drain the medium, wash cells in 10 cm dish with phosphate buffered saline 
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(Sigma). 

b) Lyse the cells in 10 cm dish with 300 lysis buffer on ice for 10 minutes, 

scrape the cells off，transfer lysate into a 1.5 ml centrifuge tube, vortex and then 

sonicate for 3 minutes to aid complete cell lysis. 

c) Cool and centrifuge to collect cell pellets. 

d) Protein is quantified using the Bio-rad protein assay (Bio-Rad Laboratories 

Inc.，Hercules, CA) and stored at -20 °C. 

3.4.4.3 Histone Extraction 

a) Drain the medium, wash cells in 10 cm dish with phosphate buffered saline 

(Sigma). 

b) Lyse the cells in 10 cm dish with 300 lysis buffer (for histories only) on 

ice for 1 minutes, scrape the cells off, transfer lysate into a 1.5 ml centrifuge tube. 

c) Add hydrochloric acid to a final concentration of 0.2 M (0.2N). Use 

polypropylene tubes. Vortex and then sonicate for 3 minutes to aid complete lysis of 

cell and protein extraction. 

d) Incubate on ice for 4 hrs for acid extraction of histones. 

e) Centrifuge at 1 l，000xg for 10 minutes at 4 °C. 

f) Keep the supernatant fraction, which contains the acid soluble proteins, and 
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discard the acid-insoluble pellet. 

g) Add 6 volume of acetone (pre-chilled at -20 °C), gently mix and store at -20 

°C over night. 

h) Centrifuge at 11,000 x g for 10 minutes at 4 °C. 

i) Drain the supernatant fraction. 

j) The centrifuge tube containing histone pellet at the bottom was placed in a 

fume hood at room temperature for 10 minutes for evaporation of acetone. 

k) Reconstitute the histone pellet in 200 ul distilled water containing 0.5 mM 

DTT, 1.5 mM PMSF in isopropanol, 1 mM NaF and 2 mM (NH^̂ VO .̂ 

1) Histories were quantified using the Bio-rad protein assay and stored at -20 °C. 

m) Before electrophoresis, if pH value of the sample appears to be low because 

of the remaining acid, do either of these: i) Dialyze three times against 200 ml H2O 

for 1 hour, 3 hours, and overnight, respectively, ii) Wash histories with acetone until 

pH is about 7. Usually none of these two steps are necessary when using this method 

for histone extraction. 

3.4.4.4 Protein Electrophoresis 

Protein samples prepared above were subjected to SDS-PAGE (sodium dodecyl 

sulfate polyacrylamide gel electrophoresis) using Bio-Rad Mini-Protean 3 Cell (Bio-
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Rad Laboratories Inc., Hercules, CA) following the instructions. Gel was developed 

with constant current (8�18mA with voltage set <300V). 

3.4.4.5 Membrane Transfer 

After gel SDS-PAGE, proteins were transferred onto a piece of PVDF 

membrane (Millipore Immobion-P) (Millipore Corp., Temecula, CA) using the GE 

hoefer TE77 semi-dry transfer unit (GE Healthcare, Sioux Falls, SD) following the 

instructions. Gel was transferred with constant current (34mA for 2 hours). 

3.4.4.6 Antibody Probing 

a) Incubate the membrane with primary antibody diluted in Blocking buffer 

over night at 4 °C. 

b) Wash 3x10 minutes with TBST. 

c) Incubate with secondary antibody diluted in Blocking buffer for 4 hours at 

4°C. 

d) Wash 3x10 minutes with TBST. 

e) Detect with Enhanced Chemiluminescence kit (Pierce, Rockford, IL). 
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3.4.4.7 Antibodies 

Blotted membranes were incubated with antibodies against P̂ ^̂ '̂̂ -̂c-Abl and 

pThri8onvri82_p38MAPK (Cell Signaling Tech., Beverly, MA), phospho-histone HI 

(Upstate Biotechnology, Lake Placid, NY), beta-Tubulin (Santa Cruz Biotechnology, 

Santa Cruz, CA), c-Abl，MEKKl (Invitrogen, Carlsbad, CA) or histone HI (Abnova, 

Heidelberg, Germany). Phosphorylation of c-Abl at Tyrosine245 indicates c-Abl 

activation. Similarly, phosphorylation of p38MAPK at Threonine 180 and 

Tyrosine 182 is used as the marker for p38MAPK activation. Anti-rabbit and anti-

mouse antibodies (Cell Signaling Tech., Beverly, MA) were served as secondary 

antibodies according to the animal source of the primary antibodies. 

3.4.4.8 Immunoprecipitation 

Whole cell lysates were incubated with anti-MEKKl (Invitrogen) for 2 hrs at 4 

°C，and then the immune complexes were captured by protein A beads (Sigma) for 

0.5 hr before separation by SDS-PAGE for immunoblotting. 

3.4.5 siRNA Transfection 

Human c-Abl (sense r(CCAAGCCUUUGAAACAAUG)dTdT, anti-sense 

r(CAUUGUUUCAAAGGCUUGG)dTdT) (catalog number SI00299103), or 
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MEKKl (sense r(CCGGGUGUUUCAACUAGAA)dTdT, anti-sense 

r(UUCUAGUUGAAACACCCGG)dTdG) (catalog number SI02659965) siRNAs 

and a scrambled siRNA (Alexa Fluor 488® labeled siRNAs, catalog number 1027280) 

that does not match any known gene sequences, were purchased from Qiagen. 

siRNA was provided as frozen powder, which was reconstituted in siRNA dilution 

buffer (Qiagen). Then the solution was heated at 92 °C for 10 seconds and followed 

by another 1 hr incubation at 37 This will remove all the secondary structures of 

siRNA formed during lyophilization without disrupting the siRNA. HeLa cells were 

transfected with these siRNAs using Hi-PerFect transfection reagent (Qiagen). 

20,000 HeLa cells per well were seeded onto a six-well plate. Cells must be 

proliferating in the exponential phase healthily without contamination. 0.5 hr before 

transfection, cells were washed twice with warm (37°C) serum-free medium, and 

2ml/well fresh medium with serum (but without any antibiotics) was then added. 

The optimal confluence for the cells at the time of transfection is about 40-50%. For 

each transfection condition), siRNA cocktail was prepared using 24 ĵ L of siRNA 

solution (2 |uM), 12 of Hi-perfect transfection reagent (Qiagen) and 64 (iL of 

serum-free medium. After a lOmin-incubation at room temperature (25 °C), the 

transfection cocktail containing siRNA was added dropwisely to the cells. A final 

concentration at 20 nM of siRNA was used. 6 to 8 hrs later, transfection efficiency 



Scrambled c-AbI siRNA c-AbI siRNA 
siRNA 24 hr 24 hr 40 hr 

Figure 3.6: c-Abl siRNK effectively knocked down c-Abl mRNA level in HeLa cells. 

HeLa cells were transfected with culture medium (mock), scrambled or c-Abl siRNA 

(20 nM)，and harvested at 24 hr or 40 hr after transfection for RNA extraction using 
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was monitored under a fluorescence microscope. About 80% to 90% of HeLa cells 

were transfected with the negative control siRNA, which were emitting green 

fluorescence (Alexa Fluor 488®) upon UV excitation. Knock-down efficiency was 

further confirmed by real-time PGR (Figure 3.6) and Western blotting (Figure 3.13). 

Twenty-four hours after transfection, when target gene expression was reduced 

by about 60%, as confirmed by real-time RT-PCR (Figure 3.6) and Western blot 

analysis (Figure 3.13), fresh medium was added and cells were treated with drugs for 

1 hr or 4 hr, before extraction for whole cell lysates and histories for Western blotting， 

respectively. 
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RNeasy Mini Kit (Qiagen). The Transcriptor First Strand cDNA Synthesis Kit 

(Roche, South San Francisco, CA) was used for the reverse transcription of RNA 

samples into cDNA. Real-time RT-PCR detection of human c-Abl (forward primer 

5'-CCCAACCTTTTCGTTGCACTGT-3', reverse primer 5'-

CGGCTCTCGGAGGAGACGTAGA-3') and GAPDH (forward primer 5'-

ACCACAGTCCATGCCATCAC-3’， reverse primer 5'-

TCCACCACCCTGTTGCTGTA-3'), were performed on the Light Cycler 480 

(Roche) using the Light Cycler 480 SYBR Green I Master Mix (Roche). Mean士SD 

of three PGR replicates from one representative transfection experiment is shown. 

3.4.6 Flow Cytometry Analysis 

Since the proportion of cells at the antephase is fairly low (about 10%), it is 

necessary to accumulate antephase cells for flow cytometry analysis in order to show 

changes in G2/M cell cycle arrest. A double-thymidine block method (Cude et al, 

2007) (Figure 3.7) was used to synchronize and accumulate antephase HeLa cells. 

HeLa cells have a very low p53 level and therefore a defective p53—>apoptosis 

checkpoint response (i.e. HeLa cells will not trigger G1 checkpoint and mediate 

apoptosis in response to thymidine because of the absence of p53). When HeLa cells 
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DNA content 

Figure 3.7: Cell cycle synchronization using double-thymidine block in HeLa cells 

(figure adapted from Cude et al). Double-thymidine block can arrest about 85% of 

cells in the G1 phase (0 hr) with 2n chromosomes (2 sets of chromosomes from each 

of the parents); 3 hrs after release to fresh medium, cells have started DNA 

replication and enter S phase, leading to an increase in S phase cells (cells with DNA 

content between 2n and 4n); 6 hrs after release, cells are entering mitosis, as 
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was treated with thymidine at a high concentration (2 mM), thymidine will replace 

deoxythymidine and incorporate into the DNA during DNA replication, which can 

signal the activation of the S phase checkpoint and cells will be arrested at the onset 

of S phase. However, this will not lead to apoptosis after 19 hrs because of the low 

p53 level in the cells. Early S phase cells can therefore be accumulated and 

synchronized using this method. Subsequently, when HeLa cells are released into 

fresh medium (without thymidine) again, the early S phase-arrested HeLa cells will 

start progressing into S phase at the same time. In our assays, two consecutive 

thumidine blocks were performed to maximize the synchronization effect.. 

0 3 6 9 12 (h) 

C
!
e
l
l

 n
u
m
b
e
r
 



Chapter Three 

illustrated by the accumulation of G2/M cells with 4n chromosomes; 9 hr after 

release, about 90% of cells are in G2/M phase (cells with 4n chromosomes after 

DNA replication), preparing for or undergoing mitosis; 12 hrs after release, about 

80% cells have exited mitosis and return to GO phase (one mitotic cell bearing 4n 

chromosomes is divided into two daughter cells each bearing 2n chromosomes). 

Six hours after released from thymidine, HeLa cells were synchronized and 

they are laboring at the antephase (where cells were proceeding into G2/M phase, 

Figure 3.21). These cells were exposed to cisplatin for 2 hr, then washed with PBS 

(phosphate buffered saline) once and fresh medium without cisplatin was added. In 

experiments involving combination treatments, the various inhibitors were added 0.5 

hr before cisplatin exposure, stayed throughout cisplatin treatment, and added again 

after the 2 hr-cisplatin treatment when medium was changed, and remained present 

until fixation for flow cytometry analysis at 14 hr. After fixation (with 70% ethanol), 

cells were stained with 50 jig/ml propidium iodide (containing 10 mg/ml RNase A). 

Propidium iodide can bind to DNA groves and label DNA with red fluorescence 

upon laser excitation. Accordingly, DNA content of one cell can be determined by 

the fluorescence intensities: cells in the GO/Gl phase have 2n chromosomes from 

each of the parents; cells in G2 and M phase possess 4n chromosomes after DNA 
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replication; cells in the S phase should have DNA content between 2n and 4n; 

apoptotic and necrotic cells will undergo DNA-degradation or DNA-leakage, which 

consequently contain DNA content less than 2n, termed as sub-Gl cells. By 

quantifying cells bearing different DNA contents, the percentage of cells in each cell 

cycle phase can be estimated. Antephase locates in the late G2 phase of a cell cycle; 

hence antephase cells will have 4n chromosomes and be calculated as G2/M cells. 

Abrogation of the antephase checkpoint by inhibitors (proposed to be c-Abl and 

p38MAPK inhibitors) can be reflected by a decrease in G2/M cells, or an increase in 

GO cells (increase in mitotic exit). In addition, G2 checkpoint activation may also 

contribute to cisplatin-induced G2/M arrests, which however, could be theoretically 

restored by ATM/ATR inhibitor caffeine. Mitotic transition under the same treatment 

mentioned above were also recorded using the mitotic index assay (Figure 3.20), 

where cells were fixed with 4% paraformaldehyde and stained with 10% Giemsa, as 

described in Chapter 3.4.3. 

For unsynchronized cell cycle analysis, HCT116+ch3 and HCT116+ch2 cells 

were treated with cisplatin for 2 hrs, washed once with PBS and recovered in fresh 

medium for another 48 hrs before fixation for flow cytometry analysis. 

HCT116+ch3 cells are c-Abl functional while HCT116+ch2 cells are c-Abl non-

functional. They have functional p53 and G1 checkpoint and cannot be synchronized 
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using double-thymidine block. The use of these two cell lines can reveal the 

contribution of antephase checkpoint activation to MMR-mediated G2/M arrest. In 

fact, the MMR-mediated G2/M arrest may consist of: a) antephase arrest; b) the 

MMR/p38MAPK/p53/p21 pathway-induced G2 arrest (Mikhailov et al.’ 2005); c) 

the G2 arrest accumulated via the ATM/ATR pathway (G2 checkpoint, which usually 

require longer drug exposure than 2 hr and will be discussed in Chapter Four, Figure 

4.1); and less likely, d) mitotic arrest due to the activation of mitotic spindle 

checkpoint. Just for clarification, the MMR/p3 8MAPK/p53/p21 pathway-induced 

G2 arrest should not be confused with the antephase arrest because antephase 

checkpoint does not require p53 activation or p21 transcription (2 hr-cisplatin 

treatment can activate antephase arrest but may not be adequate to turn on p21 

expression for G2 arrest; our findings in Table 3.1).; but it is a sequential checkpoint 

after the activation of antephase checkpoint, which reinforces the G2 arrest after 

DNA damage. Hence compared to the synchronized HeLa cell model, this 

unsynchronized cell cycle analysis is less specific for the investigation of the 

antephase checkpoint because other checkpoints are also involved. 

Flow cytometry analysis was carried out using a BD FACSAriâ '̂  flow 

cytometer (BD Biosciences, Becton Drive Franklin Lakes, NJ). Data were processed 

using the WinMDI 2.9 software (free software downloaded from 
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http://facs.scripps.edu/software.html: accessed on 28 July, 2009). 

3.4.7 MTT Assay and Crystal Violet Staining 

For acute drug treatment (2 hrs of drug incubation), 2,000 cells/well were 

seeded in a 96-well plate. Twenty-four hours later, cells were treated with different 

platinum compounds for 2 hrs, and then washed with PBS once and incubated in 

fresh medium for another 6-day recovery before MTT assay. Medium was changed 

48 hrs after drug treatment. In experiments involving drug combinations, the various 

inhibitors were added 0.5 hr before cisplatin exposure, stayed throughout cisplatin 

treatment, and added again after the 2 hr-cisplatin treatment when medium was 

changed, and remained present until at 48 hr when medium was changed again. 

Cells were then incubated for another 4 days before MTT assay. For sustain drug 

treatment (24 hrs of drug incubation), 10,000 cells/well were seeded in a 96-well 

plate. Twenty-four hours later, cells were treated with different platinum compounds 

for 24 hrs before MTT assay or Cristal Violet staining. For Crystal Violet staining 

(Kim et al, 2002)，cells after treatment were fixed with 4% paraformaldehyde 

overnight, stained with 0.1% crystal violet for 0.5 hr, washed with PBS for three 

times before 10% acetic acid was added. Plates were detected with a microplate 

reader (Bio-rad) at 595nm. 
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3.5 Results and Discussions 

3.5.1 Antephase checkpoint was activated by cisplatin but not oxaliplatin or 

RyR'S 

When HeLa (MMR+, p53-, Chfr-) cells were exposed to cisplatin, the 

proportion of mitotic cells decreased rapidly from 2.83% (untreated control, 0 hr) to 

0.39% (5 î M) or to 0.061% (25 }iM) at 2 hr, indicating the antephase checkpoint 

activation (Figure 3.8). The same phenomenon was also observed in HT29 (MMR+, 

p53-, Chfr+) and Colo320 (MLH1+, MSH2+, p53+, Chfr+)，but not HCT116 cells 

(MMR-, p53+, Chfr-; Figure 3.9). Therefore, activation of the antephase checkpoint 

by cisplatin seems to depend on MMR status (but not p53 or Chfr). To this end，Chfr 

has been reported to contribute to antephase checkpoint activation in response to 

microtubule disassembly (Scolnick et al., 2000). Oxaliplatin, which induces cell 

death in an MMR-independent manner due to the incorporation of the DACH moiety 

(Fink et al.’ 1997), failed to activate this checkpoint, as reflected by the minimal 

change in mitotic index after drug treatment at 2 hr (Figure 3.8). The novel DACH-

containing platinum compound R,R-5, which contains a DMC moiety derived from 

the traditional Chinese medicine, also did not affect the antephase checkpoint (as 

evidenced by the minimal change in mitotic index shown in Figure 3.8). The 

concentration used in our assays were 5 |aM and 25 |iM of each Pt compounds, 
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which may differentiate the biological behaviors of diamino-Pt groups (cisplatin) and 

DACH-Pt (oxaliplatin and R,R-5) at equal Pt level. As a reference, the I C 5 0 of 

cisplatin in HeLa for 48 hrs is around 0.4 to 0.7 |iM (Reithofer et al, 2007; Bannon 

et al, 2007). I C 5 0 of cisplatin in HT29, Colo320 and HCT116 for 72 hrs treatment 

were 6.47 [iM, 4.14 pM, 1.97 |aM，respectively (Yu et al, 2006). The cisplatin 

treatment mainly used in our assays is 5 |liM for 2 hrs, which is close to the unbound-

cisplatin blood concentration in patients (around 4 |iM) before complete clearance 

from blood (<2 hrs, Urien and Lokiec, 2004). Interestingly, Compound 5 (a mixture 

of S，S- and R,R~5) has been demonstrated to have very limited hydrolysis after 2 hr 

incubation in normal saline (To et al, 2002), which may affect the behavior of R,R-5 

at the antephase checkpoint in HeLa cells, except that enzymes in cancer cells may 

change/accelerate the hydrolysis of R,R-S. 
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Figure 3.8: Mitotic index assay showing that activation of antephase checkpoint by 

cisplatin treatment but not oxaiiplatin or R,R-5. Cisplatin could decrease mitotic 

index in 2 hrs, which is considered due to the activation of antephase checkpoint. 

This effect was absent in HeLa cells treated with oxaiiplatin or the PP2A inhibitors 

R,R-5, DMC and okadaic acid. Representative images of Pt compounds (5 jiiM at 2 

hr), and mean土SD of 9 replicates from 3 independent experiments are shown. 

Student's t test is used to compare the mitotic indices of HeLa cells treated with 

various compounds at 2 hr with control (0 hr). At 12 hr after drug treatment, a 

decrease in the number of mitotic cells in both cisplatin and oxaliplatin-treated HeLa 

cells was observed, but not in PP2A inhibitors-treated cells. This observation was 

considered due to the activation of G2 checkpoint by cisplatin and oxaiiplatin, but 

not PP2A inhibitors. The modulation of the G2 checkpoint of PP2A inhibitors will 

be discussed in Chapter Four. 
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Figure 3.9; Mitotic index assay showing that cisplatin did not activate the antephase 

checkpoint in c-Abl non-functional HCT116 cells. HT29, Colo320 and HCT116 

cells were treated with cisplatin (5 |aM), oxaliplatin (5 R,R-5 (5 jiM), DMC (5 

pM) or okadaic acid (10 nM). Mean土SD of 9 replicates from 3 independent 

experiments are shown. Student's t test is used to compare the mitotic indices of 

each cell line treated with cisplatin for 2 hr with respective control (0 hr). 
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The results for the mitotic index assay in different cell lines are summarized in 

Table 3.1. Cisplatin was found to activate the antephase checkpoint in cells with 

functional c-Abl, regardless of the p53 and Chfr status. Oxaliplatin did not activate 

the antephase checkpoint in all cell lines tested. DMC, okadaic acid and R,R-5 

activates the antephase checkpoint only in cell lines having Chfr expression (i.e. 

HT29 and Colo320). Since Chfr can trigger antephase checkpoint activation in 

response to microtubule disassembly (Scolnick et al, 2000), this result suggests that 

DMC, okadaic acid and R’R-5 may lead to instability of microtubule. In fact, it has 

been reported that the PP2A inhibitor okadaic acid can disrupt microtubule formation 

(Gurland et al, 1993). PP2A has also been shown to maintain the 

hypophosphorylation of microtubule-associated protein tau, leading to the binding of 

tau to microtubule and an increase in microtubule stability (Sontag et al, 1996). 

This may explain why these PP2A inhibitors can activate the antephase checkpoint in 

Chfr-positive cell lines. Moreover, from our cDNA microarray analysis, R’R-5 was 

found to up-regulate the microtubule destabilizing gene stathmin (lancu et al, 2004) 

(Table 2.1) compared with oxaliplatin. However, since the increased transcription of 

stathmin may take time to occur, the increase in stathmin expression may not 

contribute to the rapid activation of the antephase checkpoint (within 1 hr). 

We also explored the mechanism by which cisplatin activates the antephase 
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checkpoint. c-Abl and p38MAPK activation, as well as dephosphorylation of the 

CDKl/CyclinBl substrate histone HI, were observed, accompanying the checkpoint 

activation by cisplatin (Figure 3.10). The results suggest that cisplatin activated the 

antephase checkpoint via a c-Abl/p3 8MAPK pathway, leading to inhibition of the 

kinase activity of the major mitotic complex CDKl/CyclinBl and consequently a 

decrease in phosphorylation of histone HI. In HeLa cells, both DACH-containing Pt 

compounds oxaliplatin and R,R-5 did not activate this c-Abl/p38MAPK pathway 

pathway (Figure 3.10), which may explain why these two compounds did not 

activate the antephase checkpoint. PP2A inhibitors (DMC, okadaic acid and R，R_5) 

may activate the antephase checkpoint via the Chfr/p38MAPK pathway only in 

Chfr+ cell lines (such as HT29 and Colo320) but not Chfr- HeLa cells (Table 3.1), 

hence no rapid p38MAPK activation or histone HI dephosphorylation was observed 

in R,R-5 treated HeLa cells in Figure 3.10. In our study, this Chfr pathway was not 

further investigated. 
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Table 3.1: Relationship between cell genotype and antephase checkpoint activation. 

Cell lines Cell genotype Antephase checkpoint activation 

c-Abl p53 Chfr Cisplatin Qxaliplatin R’R-5 
HeLa + - (low protein - + - -

level) 
HT29 + + + - + 

Colo320 +? + + + - + 

HCT116 - (non- + -
functional) 

The activation of the antephase checkpoint was examined by the mitotic index 

assay. Cisplatin activated the antephase checkpoint only in cells with functional c-

Abl (HT29, Colo320 and HeLa). The MMR/c-Abl status in Colo320 has not been 

reported before, but Colo320 has intact MMR genes MLHl and MSH2. HCT116 

cells have mutated (defective) MLHl gene and therefore a deficient MMR status. 

Hence, as an MMR substrate in response to cisplatin treatment (Sanchez-Prieto et al， 

2000), c-Abl is non-functional in HCT116 cells and cannot be activated by MMR. 

Oxaliplatin did not activate the antephase checkpoint in all cell lines tested. R,R-5 

and the PP2A inhibitors (DMC and okadaic acid) activated the antephase checkpoint 

in cell lines with Chfr expression (HT29 and Colo320). 
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Figure 3.10: Western blot analysis showing activation of the c-Abl/p38MAPK 

pathway by cisplatin. HeLa cells were treated with cisplatin, oxaliplatin or R,R-5 for 

the indicated period of time before extraction of whole cell lysate or histories. 

Cisplatin could lead to c-Abl/p38MAPK activation (1 hr) and histone HI 

dephosphorylation (4 hr) but this effect was either absent or weak in oxaliplatin 

R,R-5 treated HeLa cells. A representative set of result from three independent 

experiments is shown. 
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3.5.2 Abrogation of Antephase Checkpoint by c-Abl Inhibitor and siRNA. 

Based on the results from the Western blot analysis in Figure 3.10，we proposed 

that the activation of the c-Abl/p3 8MAPK pathway is crucial for cisplatin-induced 

antephase activation. This was further confirmed by the use of chemical inhibitors 

against c-Abl (STI571) or p38MAPK (SB202190) because these inhibitors could 

prevent cisplatin induced c-Abl/p38MAPK activation and phosphorylation of histone 

HI (Figure 3.12)，and abrogate the decrease in mitotic index (Figure 3.11). 

Inhibitors against ATM/ATR (caffeine) or PP2A (okadaic acid and DMC) did not 

attenuate cisplatin-induced rapid decrease in mitotic index (Figure 3.11). Therefore, 

ATM/ATR and PP2A may not be involved in antephase checkpoint activation by 

cisplatin. Silencing of c-Abl and MEKKl in HeLa by siRNA were also found to 

abrogate the antephase checkpoint activation by cisplatin (Figure 3.13), suggesting 

that the involvement of the c-Abl/MEKK 1 /p3 8MAPK pathway. In fact，kinase 

active c-Abl and p38MAPK were observed to bind to MEKKl after cisplatin 

exposure (Figure 3.14). Consistent with this finding, it has been reported that c-Abl 

binds to MEKKl and activates JNK after cisplatin exposure (Kharbanda et al, 2000). 

Interestingly, cisplatin treatment combined with SB202190 (Figure 3.12) or MEKKl 

siRNA (Figure 3.13) failed to activate c-Abl, implying that activation of c-Abl may 

require p38MAPK and MEKKl. 
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Figure 3.11: Mitotic index assay showing c-Abl and p38MAPK inhibitors abrogated 

cisplatin-induced antephase checkpoint activation in HeLa cells. Mitotic indices of 

HeLa cells after exposure to cisplatin 5 jaM for 2 hrs, concomitantly treated with 

water (mock) or inhibitors against c-abl，p38MAPK, ATM/ATR, and PP2A, 

respectively: STI571 ( 5 }XM), SB202190 (20 |liM), caffeine ( 5 mM), okadaic acid (10 

nM) and DMC (5 juM). Inhibitors were added 0.5 hr before cisplatin treatment. 

MeaniSD of 9 replicates from 3 independent experiments is shown. Student's t test 

was used for statistical analysis to compare the various treatment groups. Cisplatin 

was shown to activate the antephase checkpoint and decrease the mitotic index after 

2 hr treatment, which was inhibited by c-Abl and p38MAPK inhibitors but not 

ATM/ATR and PP2A inhibitors. 
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Figure 3.12: Western blot analysis showing the abrogation of cisplatin-induced 

antephase checkpoint activation by c-Abl and p38MAPK inhibitors in HeLa cells. 

c-Abl and p38MAPK inhibitors attenuated cisplatin-induced c-Abl and p38MAPK 

activation (1 hr treatment), and therefore dephosphorylation of histone HI (4 hr 

treatment). A representative set of result from three independent experiments is 

shown. Beta-tubulin and histone were used as loading controls. 
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Figure 3.13: Western blot analysis showing that the abrogation of cisplatin-induced 

activation of the antephase checkpoint by c-Abl and MEKKl siRNAs in HeLa cells. 

Silencing of c-Abl and MEKKl inhibited cisplatin-induced c-Abl and p38MAPK 

activation (1 hr treatment), and dephosphorylation of histone HI (4 hr treatment). A 

representative set of result from three independent experiments is shown. Beta-

tubulin and histone were used as loading controls. 
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Figure 3.14: Immunoprecipitation analysis showing the association of c-Abl 

p38MAPK with MEKKl after 1 hr cisplatin treatment in HeLa cells. Cell lysates 

were probed with anti-MEKKl, and then the immune complexes were isolated for 

immunoblotting. The active forms of c-Abl and p38MAPK were found to bind to 

MEKKl only after cisplatin treatment. A representative set of result from three 

independent experiments is shown. MEKKl were used as the loading control. 
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3.5.3 Antephase Checkpoint is Absent in Mismatch Repair Deficient Cell Line. 

We have observed earlier that cisplatin cannot activate the antephase 

checkpoint in the MMR-deficient and c-Abl non-functional HCT116 cell line (Table 

3.1). HCT116 cells are MLHl mutated and therefore exhibit a defective MMR 

phenotype (MMR non-functional). To establish the critical role of the MMR status 

in the regulation of the antephase checkpoint, a pair of MMR-proficient 

(HCT116+ch3) and MMR-deficient (HCT116+ch2) cell lines were introduced. In 

HCT116+ch3 cells (MLH1+)’ MMR is restored to HCT116 by introduction of a 

normal human chromosome 3 (residing the MLHl gene) via viral infection. As a 

negative infection control，HCT116+ch2 cells (MLHl-) were also used, where an 

irrelevant normal human chromosome 2 was introduced by viral infection and 

therefore the cells are still MMR deficient. 

Since cisplatin was reported to activate c-Abl via MMR genes, such as MLHl 

and MSH2 (Desbiens et al, 2003), studies to understand the function of c-Abl are 

often performed in pair of HCT116+ch3 (MMR/c-Abl functional) and HCT116+ch2 

(or non-transfected HCT116) (MMR/c-Abl non-functional) cells. After cisplatin 

treatment, the activation of c-Abl and p38MAPK, phosphorylation of histone HI 

(Figure 3.16), and the reduction in mitotic cells (Figure 3.15) were only observed in 

the MMR proficient HCT116+ch3 (MLHJ+) but not in the MMR deficient 
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counterpart HCT116+ch2 (MLH1-) cells. These findings further supported our 

argument that cisplatin activates the antephase checkpoint via the MMR/c-

Abl/MEKK 1 /p38MAPK pathway. Flow cytometry analysis (Figure 3.17) also 

revealed that there was more G2/M arrest in the MMR-proficient HCT116+ch3 cells 

than the MMR-deficient HCT116+ch2 cells, after a 48 hr-recovery from acute stress 

of cisplatin (2 hr exposure). This finding indicated that the antephase arrest in 

HCT116+ch3 cells contributes to the (MMR-involved) G2/M arrest induced by 

cisplatin. 

Since the antephase checkpoint is to allow cells time for DNA damage repair 

and promote survival, viability after a 6-day recovery from acute cisplatin treatment 

was examined by MTT assay (Figure 3.18). The survival of HCT116+ch3 cells was 

significantly inhibited by c-Abl, p38MAPK and JNK inhibitors. JNK activation has 

been reported after cisplatin treatment in a MMR-dependent manner (Nehme et al., 

1999). This observation was also found in HeLa cells except that c-Abl inhibitor 

STI571 did not show statistical significance. In fact，the synergistic effect between 

cisplatin and STI571 has been extensively reported (Zhang et al, 2003; Yerushalmi 

et al., 2007). Our results are also consistent with previous findings that acute 

treatment of TMZ activates MMR/p38MAPK to arrest U87 cells at the G2/M phase 

and promote survival (Hirose et al., 2003). However, Wagner's group recently 
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observed that MNNG activates MMR/c-Abl, leading to G2 arrest and p73-mediated 

apoptosis (Wagner et al，2008). We believe that MMR induces G2 arrest, facilitates 

DNA damage repair and promotes survival in response to acute stress of genotoxic 

agents at low concentrations (i.e., cisplatin 5 \iM for 2 hrs), but may induce apoptosis 

upon sustain treatment at high concentrations when fails to repair DNA damage (i.e., 

cisplatin >5 }xM for 24 hrs). As observed in Figure 3.19，after a 6-day recovery from 

cisplatin exposure (2 hr), the survival of HCT116+ch3 cells was significantly higher 

than that of HCT116+ch2 cells (detected by MTT assay, Figure 3.19A); however, 

when these two cell lines were treated with cisplatin for a longer period of 24 hrs, 

HCT116+ch3 cells were, on the contrary, more sensitive to cisplatin than 

HCT116+ch2 cells (detected by MTT and Crystal violet staining, Figure 3.19 D and 

G, respectively). These results confirms our hypothesis that MMR can release both 

death and survival signal in response to chemotherapy, depending on the severity of 

DNA damage. On the other hand, we have provided evidence that DACH-containing 

oxaliplatin or R,R-5 can bypass the antephase checkpoint. This may explain that they 

did not show any significant difference in their cytotoxicity between these two cell 

lines after either acute (Figure 3.19 B and C) or sustain treatments (Figure 3.19 E, F, 

H and I), which is consistent with previous findings that oxaliplatin induced cell 

death in an MMR-independent manner (Fink et al, 1997). 
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Figure 3.15: Mitotic index assay showing that MMR/c-Abl is indispensable for 

cisplatin-induced antephase checkpoint activation. Mitotic indices of MMR/c-Abl-

flinctional HCT116+ch3 cells and MMR/c-Abl-non-functional HCT116+ch2 cells 

were treated with cisplatin, oxaliplatin or R,R-5 at 5 fiM. Cisplatin decreased mitotic 

index promptly at 2 hr after drug treatment only in HCT116+ch3 cells but not 

HCT116+ch2 cells. Mean土SD of 9 replicates from 3 independent experiments are 

shown. Student's t test was used to compare the mitotic indices of the two cell lines 

treated with cisplatin at 2 hr with control (0 hr). 
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HCT116+ch3 HCT116+ch2 
(c-AbI functional) (c-AbI non-functional) 

O cisplatin SjnM o cisplatin SuM 
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Figure 3.16: Western blot analysis showing that c-Abl is essential for cisplatin-

induced antephase checkpoint activation in HCT116+ch3 cells. Cisplatin-induced 

abl and p38MAPK activation, decreased histone HI phosphorylation in c-Abl 

functional HCT116+ch3 cells but not c-Abl non-functional HCT116+ch2 cells. A 

representative set of result from three independent experiments is shown. 
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Figure 3.17: Flow cytometry analysis showing the contribution of antephase 

checkpoint activation to the G2/M arrest induced by cisplatin. Cells were treated 

with cisplatin for 2 hrs, washed by PBS once and allowed to recover in fresh medium 

for 2 days before fixation for flow cytometry analysis. Cisplatin treatment resulted 

in more G2/M arrest in MMR/c-Abl functional HCT116+ch3 cells than in MMR/c-

Abl non-functional HCT116+ch2 cells. Mean土SD，and one representative set of 

result from 3 independent experiments are shown. G2/M% of these two cell lines at 

the same cisplatin concentration are compared using the Student's t test. 
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Figure 3.18: MTT assay showing that activation of the antephase checkpoint 

promoted cancer cell survival after acute stress to cisplatin. Cells were treated with 

cisplatin for 2 hrs, washed by PBS and allowed to recover in fresh medium for six 

days before MTT assay. Medium was changed at 48 hr after cisplatin addition. 

Specific inhibitors against c-Abl (STI571, 5 ^M), p38MAPK (SB202190，20 |iM) or 

JNK (SP600125, 10 fiM), respectively were added at 0.5 hr before cisplatin exposure 

and again after treatment when fresh medium was replaced. The inhibitors were 

removed at 48 hr after cisplatin treatment when the medium was changed. The final 

concentration of DMSO was less than 0.01%. It is noted that treatment with the 

various inhibitors alone did not affect cell viability significantly compared with the 

untreated control (mock treated with water). Viability% after acute cisplatin 

exposure could be compromised by c-Abl (except in HeLa), p38MAPK and JNK 
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inhibitors. Mean士SD of 16 replicates from 4 independent experiments is shown. 

Student's t test was used to compare the indicated groups. 
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Figure 3.19: MTT and crystal violet-staining assay showing that acute cisplatin 

treatment promoted cell survival in HCT116+ch3 cells but sustain cisplatin treatment 

led to cell death. For acute treatment, HCT116+ch3 and HCT116+ch2 cells were 

treated with cisplatin for 2 hrs, washed by PBS and allowed to recover in fresh 

medium for six days before MTT assay. Fresh medium was changed at 48 hr after 

the start of cisplatin treatment. For sustain treatment, cells were treated with 
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cisplatin for 24 hrs before MTT or crystal violet-staining assay. Mean士SD of 16 

replicates from 4 independent experiments is shown. Student's t test was used to 

compare the viability of these two cell lines at the same concentration. 
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3.5.4 Abrogation of Antephase Checkpoint Led to Prolonged and Aberrant 

Mitosis. 

In order to amplify the effect of the activation of antephase checkpoint, cell 

cycle synchronization was also performed to accumulate the population of antephase 

cells. Six hours after the double-thymidine block, HeLa cells were synchronized and 

they are laboring at the antephase (because cells were entering G2/M phase, Figure 

3.21). Then, cells were exposed to cisplatin in the presence or absence of various 

inhibitors. The mitotic transition was recorded by mitotic index assay (Figure 3.20) 

and mitotic exit (at 14 hr) was examined by flow cytometry analysis (Figure 3.21). 

In synchronized HeLa cells, cisplatin could rapidly decrease the mitotic index due to 

the antephase checkpoint activation (Figure 3.20). c-Abl (STI571) and p38MAPK 

(SB202190) but not ATM/ATR inhibitor (caffeine) could restore this mitotic 

transition. However, this led to a prolonged mitosis and failure in mitotic exit after 

antephase checkpoint abrogation. This was further confirmed by flow cytometry 

analysis (Figure 3.21). In untreated cells (mock treated with water at 0 |iM cisplatin)， 

a high proportion of cells (77.42%) was found to exit mitosis and returned to the 

GO/Gl phase. However, in cells treated with cisplatin for 25 îM, mitotic exit from 

G2/M and returning to GO phase failed to occur, leaving only 48.36% of cells in the 

GO/Gl phase, thus indicating activation of mitotic checkpoint. c-Abl inhibitor 
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STI571 (51.08%) and p38MAPK inhibitor SB202190 (55.19%) were found to 

modestly reduce cisplatin-induced G2/M arrest and result in a slight increase in 

mitotic exit, due to the abrogation of antephase checkpoint. This suggests that 

abrogation of cisplatin-activated antephase checkpoint by c-Abl and p38MAPK 

inhibitors does not allow mitotic exit, but instead, leads to a prolonged mitosis 

possibly due to the activation of the mitotic spindle checkpoint, as evidenced by the 

mitotic index assay (Figure 3.20). Interestingly, inhibition of ATM/ATR (the well-

established G2 checkpoint mediator) by caffeine could not immediately restore 

cisplatin-inhibited mitotic transition (Figure 3.20), implying that this rapid mitotic 

checkpoint was antephase checkpoint rather than G2 checkpoint; but 

cisplatin+caffeine did modestly promote mitotic entry (than cisplatin alone) starting 

from 10 hr afterwards (Figure 3.20), suggesting the abrogation of G2 checkpoint, 

which slightly increased cisplatin-induced G2/M arrest with appearance of sub-Gl 

peak (apoptosis, Figure 3.21), possibly due to the unrepairable DNA damage in 

mitosis. 
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Fail to exit mitosis 
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—ST 丨 571+cis 
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Hours released from thymidine 

Q Replace medium, add inhibitor again 
Figure 3.20: Mitotic index assay showing that abrogation of antephase checkpoint 

led to prolonged mitosis and failure in mitotic exit. 6 hr after release from double-

thymidine block, HeLa cells were shown to be synchronized and were entering 

mitosis, then cisplatin was added (at 6 hr). Another 2 hours later (at 8 hr), cells were 

washed once, after which fresh medium (without cisplatin) was added. Various 

inhibitors against c-abl (STI571, 5 |iM), p38MAPK (SB202190, 20 f̂ M), ATM/ATR 

(caffeine, 5 mM) (or mock-treated with water), were added 0.5 hr before cisplatin 

exposure (at 5.5 hr) and again after treatment (at 8 hr). c-Abl and p38MAPK 

inhibitors restored cisplatin-inhibited mitotic entry and led to prolonged mitosis. 

Mean of 3 independent experiments is shown. 
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Figure 3.21: Flow cytometry analysis showing that abrogation of cisplatin-activated 

antephase checkpoint led to failure at mitotic exit. HeLa cells were synchronized 

and treated as described in Figure 3.20, and fixed at 14 hr for flow cytometry 
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analysis. In untreated cells (mock treated with water at 0 |j.M cisplatin), 77.42% cells 

were able to exit mitosis and returned to GO phase, but this transition was inhibited in 

cisplatin-treated cells, due to the activation of antephase checkpoint. c-Abl and 

p38MAPK inhibitors attenuated cisplatin-activated antephase checkpoint and led to 

mitotic defects, resulting in failure in mitotic exit. Mean士SD from 3 independent 

experiments is shown. Student's t test was used to compare the G0/G1% of 

"inhibitor+cisplatin" and the corresponding "inhibitor" groups under the same 

cisplatin concentration. 

We have observed that abrogation of antephase checkpoint will lead to 

prolonged mitosis and failure at mitotic exit (Figure 3.20, Figure 3.21), which is 

believed to result in mitotic catastrophe and consequently cell death. In fact, when 

HeLa cells were treated with various compounds for 2 hrs, with an additional 20 hrs 

to accumulate abnormal mitotic cells, mitotic catastrophe was observed in cells 

treated with STI571+cisplatin (2.77%) and SB202190+cisplatin (2.63%) (Figure 

3.22). These treatments were previously demonstrated to inhibit the activation of 
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antephase checkpoint via inhibition of c-Abl and p38MAPK, respectively (Figure 

3.11). In contrast, cisplatin (5 |uiM) only showed 0.03% aberrant mitotic cells. On 

the other hand, oxaliplatin and R,R-5, which were also proved to bypass the 

antephase checkpoint (Figure 3.8), showed 1.37% and 2.10% aberrant mitosis, 

respectively. This finding agrees well with our earlier finding that cisplatin activates 

the antephase checkpoint but not oxaliplatin or R,R-5. Interestingly, DMC+cisplatin 

could also remarkably increase aberrant mitosis, when this effect was absent in cells 

treated with DMC and cisplatin alone. As previously observed in Figure 3,11, PP2A 

inhibitor DMC and okadaic acid does not attenuate cisplatin-stimulated antephase 

checkpoint, this aberrant-mitosis promoting effect of DMC may be generated from: a) 

PP2A inhibition prevents DNA damage repair, facilitates antephase-arrested cells to 

re-enter cell cycle (mitosis) and consequently aberrant mitosis, possibly via 

mechanisms illustrated in Figure 1.11; b) DMC may abrogate G2 checkpoint 

activation in response to cisplatin treatment (5 |iM for 2 hrs with another 20 hrs 

recovery) and promote mitotic catastrophe (will be further explored in Chapter Four). 
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Figure 3.22: Abrogation of antephase checkpoint activation could lead to mitotic 

catastrophe. HeLa cells were treated with cisplatin, oxaliplatin or R’R-5 at 5 jiM for 

2 hrs, washed by PBS and allowed to recover in fresh medium for another 20 hrs, 

before fixation and staining for cell counting of mitotic catastrophe under a 

microscope. Specific inhibitors against c-Abl (STI571, 5 jaM), p38MAPK 

(SB202190, 20 fiM) or PP2A (DMC, 5 |iM), respectively were added at 0.5 hr before 
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cisplatin treatment and stayed present until fixation at 20 hr after cisplatin treatment. 

Cisplatin and inhibitors alone only showed very limited aberrant mitosis, whereas 

STI571+cisplatin, SB202190+cisplatin, DMC+cisplatin, and R,R-5 groups exhibited 

significantly higher catastrophic mitotic cells, compared with cisplatin group, using 

Students' t test. Mean土SD of 9 replicates from 3 independent experiments is shown. 

Representative images with either Giemsa- or Hoechst33342-staining are shown. 
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3.6 Conclusions 

In summary, our working model is shown in Figure 3.23. Acute treatment of 

cisplatin was found to activate a MMR/c-Abl/MEKK 1 /p3 8MAPK pathway, leading 

to G2/M arrest associated with the activation of the antephase checkpoint (antephase 

arrest). This pathway allowed time for DNA damage repair before resuming cell 

cycle progression, thereby sparing cells from mitotic catastrophe and promoting cell 

survival. Failure of the antephase checkpoint resulted in genomic instability, and 

eventually cell death. In contrast, oxaliplatin and R,R_5 were unable to activate this 

pathway and the antephase checkpoint，due to the presence of a DACH moiety in 

their structures. Our findings provide the molecular basis for the superior anti-tumor 

activity and lack of platinum resistance demonstrated by oxaliplatin and R,R-5. 

Since c-Abl/p3 8MAPK inhibitors could abrogate cisplatin-activated 

antephase checkpoint, they therefore can be used in combination therapy to sensitize 

cancer cells to platinum drugs and probably other DNA damaging agents that 

activate the MMR machinery. This may represent a novel strategy for the 

circumvention of anticancer drug resistance. To this end, the synergistic effect 

between STI571 (c-Abl inhibitor) and cisplatin has been proposed in a number of 

studies (Zhang et al., 2003; Wang-Rodriguez et al.，2006; Yerushalmi et al, 2007). 
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Figure 3.23: Mechanism of antephase checkpoint activation in response to acute 

stress of cisplatin. Acute stress of cisplatin activates the MMR/c-

Ab 1 /MEKK1 /p3 8MAPK pathway, and stopping cells from entering mitosis. This 

allows time for DNA damage repair before resuming cell cycle progression and 

consequently promoted cancer cell survival. 
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Chapter Four 

Demethylcantharidin abrogates oxaliplatin-

activated G2 checkpoint by restoring CDKl 

activity, independent of CHK1/CHK2 activation 

Effect ofR,R-5 at the G2 Checkpoint 

4.1 Introduction 

Based on the cDNA microarray analysis reported in Chapter Two, we found 

that 35 genes promoting G2 to M phase transition were up-regulated in HCTl 16 cells 

treated with R,R-5 compared with oxaliplatin (Chapter Two, Table 2.3). We 

therefore proposed that cells treated with R,R-5 may bypass the two mitotic DNA 

damage checkpoints: antephase and G2 checkpoints. Our findings at the antephase 

checkpoint have already been discussed in Chapter Three. In this chapter, the effect 

of cisplatin, oxaliplatin and R,R-5 at the G2 checkpoint will be compared. The role 

of DMC in the biological activities of R,R-5 at the G2 checkpoint will also be 

examined. 

Compared with the recently discovered antephase checkpoint, the G2 DNA 

damage checkpoint is more extensively studied. When cells are exposed to 
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genotoxic stress, such as ionizing radiation (reactive oxygen species) and DNA 

damaging agents, the G2 checkpoint will be activated by either the ATM (ataxia 

telangiectasia mutated) and/or ATR (ATM and Rad3 -related)-mediated pathways, 

depending on the nature of DNA damage. ATM is usually activated in response to 

ionizing radiation whereas ATR is important in the response to DNA alkylating 

agents such as methyl methanesulfonate (MMS) (Kedar et al, 2008). In general, 

ATM and ATR are considered to be activated by double-strand and single-strand 

DNA breaks, respectively (Dubrana et al, 2007). The recognition of DNA strand 

breaks by ATM/ATR involves a direct binding process, with the help of other sensor 

proteins such as hRAD9, hRADl and hHusl (Volkmer and Karnitz, 1999). 

Detection of DNA damage will lead to the auto-phosphorylation and self-activation 

of ATM, which subsequently activate CHK2 (Figure 4.1). CHK2 directly 

phosphorylates CDC25C and inhibits its kinase activity, thereby decreasing the 

activation of CDKl/Cyclin Bl. CDKl/Cyclin B1 is a critical regulator controlling 

cell cycle progression from G2 to M phase. As a transducer, ATM can also stimulate 

other effectors to activate the G2 checkpoint. ATM can activate p53, which 

transcribes p21 and GADD45 to inhibit CDKl. BRCAl, an important protein for 

homologus recombination, can also be phosphorylated by ATM，leading to G2 
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checkpoint activation. Similarly, ATR can signal G2 checkpoint activation through 

CHKl (Bradshaw and Dennis, 2003). 

DNA damage 

ATR 

CHK1 

BRCA1 

GADD45 

Mitosis 

Figure 4.1: Mechanism of G2 checkpoint activation via ATM/ATR. DNA damage 

leads to auto-phosphorylation of ATM，thereby activating CHK2. CHK2 

phosphorylates CDC25C and inhibits CDC25C kinase activity, resulting in the 

inhibition of CDKl/Cyclin B1 activation. This consequently leads to a decrease in 

histone HI phosphorylation, and inhibition of mitosis. CHK2 can also trigger p53-

mediated transcription of 14-3-3, p21 and GADD45 to inhibit mitosis. On the other 

hand, BRCAl activation by ATM can also contribute to the stimulation of the G2 

checkpoint. Similarly, ATR can signal G2 checkpoint activation through CHKl 
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Similar to the antephase checkpoint, the physiological significance of G2 

checkpoint activation in response to DNA damage is to facilitate DNA damage repair 

before resuming cell cycle progression, avoid mitotic catastrophe and promote cell 

survival after stress exposure. As a result, abrogation of the G2 checkpoint can 

sensitize cancer cells to DNA damaging agents, which was observed after disruption 

of the antephase checkpoint discussed in Chapter Three. In fact, the ATM/ATR 

inhibitor caffeine has been shown to sensitize cancer cells to radiotherapy early in 

1995 (Russell et al, 1995; Powell et al, 1995). However, caffeine is not a specific 

inhibitor of ATM/ATR signaling, as it can also interact with adenosine receptors 

(Holtzman et al, 1991). With a better understanding of the ATM/ATR-mediated G2 

checkpoint signaling in recent years, more G2 checkpoint abrogators targeting 

different kinases have been discovered. UCN-01 (7-hydroxystaurosporine) was 

initially tested in a phase I clinical trial as a single compound. It was shown to 

exhibit anti-tumor activity, possibly due to the attenuation of protein kinase C and/or 

PDKl (Sato et al, 2002). As a protein kinase C inhibitor targeting both CHKl and 

CHK2, UCN-01 has recently entered other clinical trials as a G2 checkpoint 

abrogator in combination with DNA damaging agents, such as carboplatin 

(ClinicalTrials.gov identifier: NCT00036777). Superior to caffeine, the I C 5 0 for 

CHK2 inhibition by UCN-01 was around 100,000 times lower than the I C 5 0 for 
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ATM-inhibition by caffeine (Bunch and Eastman，1996). However, UCN-01 was 

found to be extensively bound to al acid glycoprotein, which severely hindered its 

bio-availability (Fuse et al., 1998; Sausville et al., 2001). Therefore, UCN-01 did 

not have favorable pharmacokinetic parameters to be used in combination with other 

chemotherapeutic drugs. Several promising G2 checkpoint abrogators are also under 

active investigation in recent years, such as the CHKl inhibitors ICP-1 (Eastman et 

al., 2002) and Go6976 (Kohn etal., 2003). 

We hypothesize that the novel platinum compound R,R-5 can bypass the G2 

DNA damage checkpoint. This is supported by our results from the cDNA 

microarray analysis (Chapter Two, Figure 2.3, Table 2.3): 35 G2—M-promoting 

genes were found to be up-regulated after R’R-5 treatment in HCT116 cells 

compared with oxaliplatin. Many of the genes identified are mitotic markers, such as 

Cyclin Bl, CDKl, CENPF, Aurora A and TPX2. Another clue supporting our 

hypothesis is that the PP2A inhibitor okadaic acid was reported to abrogate 

thymidine-induced G2 checkpoint activation (Ghosh et al., 1996). It has also been 

shown that okadaic acid can lead to pre-mature mitosis in cancer cells (Gurland et al, 

1993), though the signal transduction pathway mediating this effect is still not clear. 

There is no evidence that okadaic acid can inhibit the kinase activity of ATM/ATR or 

CHK1/CHK2 directly. 

146 



Chapter Four 

On the other hand, PP2A inhibitors may affect the TPX2 signaling and facilitate 

mitosis (Figure 4.2). TPX2 can activate Aurora A (aurora kinase A, AURKA) and 

lead to phosphorylation of histone H3 (Eyers et al., 2003). Histone H3 

phosphorylation is a commonly used mitotic marker, though gene transcription also 

requires histone H3 phosphorylation (Nowak and Corces, 2000). PP2A and PPl 

have been reported to inhibit the activation of Aurora A (Eyers et al., 2003). 

Therefore, PP2A inhibitors may facilitate Aurora A activation and histone H3 

phosphorylation, hence mitosis. This argument is supported by the observation that 

PP2A can lead to histone H3 dephosphorylation in Drosophila melanogaster (Nowak 

et al, 2003). Moreover, the PP2A inhibitor okadaic acid was reported to promote 

histone H3 phosphorylation and DNA condensation (Takemoto et al.’ 2007). This 

process required Aurora B (aurora kinase B, AURKB), another histone H3 kinase, 

but not Aurora A (Takemoto et al.’ 2007). Aurora B is negatively regulated by PP2A 

(Sun et al., 2008)，but there is still no evidence suggesting that TPX2 associates with 

Aurora B. Since R’R-5 and DMC are PP2A inhibitors, they may therefore promote 

mitosis via activation of the TPX2 pathway. In fact, TPX2, Aurora A and Aurora B 

were found to be up-regulated after R，R-5 treatment compared to oxaliplatin in the 

microarray analysis in Chapter Two (Table 2.3). 
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Figure 4.2: A proposed mechanism for the promotion of mitosis by PP2A inhibitors. 

TPX2 can activate Aurora A, leading to the phosphorylation of histone H3, hence 

mitosis. Aurora B also regulates mitosis in a similar manner. Both Aurora A and B 

are negatively regulated by PP2A. 
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4.2 Objectives 

The objectives of this chapter are: 

a) To compare the effect of cisplatin，oxaliplatin and R,R-5 at the G2 

checkpoint and to find out the underlying mechanism(s); 

b) To examine if DMC abrogates oxaliplatin-activated G2 checkpoint and 

to elucidate the underlying mechanism(s). 
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4.3 Experimental Design 

The potential effects of cisplatin, oxaliplatin and R’R-5 at the G2 checkpoint 

were examined. First, the mitotic index assay was used to determine if the G2 

checkpoint was activated, which will be indicated by a decrease in mitotic cells. As 

discussed in Figure 4.1, activation of the G2 checkpoint is expected to turn on the 

ATR/CHKl and/or ATM/CHK2 pathways, leading to inhibition of CDKl/Cyclin B1 

(the major mitosis promoting factor), and subsequently causing the 

dephosphorylation of histone HI, which could be readily detected by Western blot 

analysis. The expected G2/M arrest upon G2 checkpoint activation (in 

unsynchronized HeLa and HCTl 16 cells) was measured by cell cycle analysis (using 

flow cytometry). In some cases, activation of G2 checkpoint is accompanied by the 

inhibition of DNA synthesis due to CHK1/CHK2 activation (S phase checkpoint), 

which also stops mitotic entry, and this effect was detected by BrdU incorporation 

assay in HeLa cells. 

To examine if DMC abrogates oxaliplatin-activated G2 checkpoint by restoring 

CDKl activity (CDKl is proposed to be the molecular target by which DMC 

abrogates the G2 checkpoint), the change in transcription level of CDKl was 

detected by real-time RT-PCR (reverse transcription polymerase chain reaction). 

Specific inhibition of CDKl by roscovitine (a CDKl inhibitor) or siRNA was also 
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performed, to examine whether DMC, R，R-5 and DMC+oxaliplatin treatments could 

still maintain histone HI phosphorylation (Western blot analysis) and mitotic entry 

(mitotic index assay and cell cycle analysis, in synchronized HeLa cells), when 

CDKl was compromised. Finally, abrogation of G2 checkpoint may induce mitotic 

catastrophe and consequently inhibit cell survival after drug treatment, which were 

investigated by cell counting (for aberrant mitosis) and MTT assay, respectively. 
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4.4 Materials and Methods 

4.4.1 Chemicals 

Roscovitine was purchased from Cell Signaling Technology. All other 

chemicals used in this chapter were as described in Chapter 3.4.1. 

4.4.2 Cell Lines and Cell Cultures 

HeLa and HCT116 cells were obtained from the American Type Culture 

Collection, and maintained in RPMI1640 medium supplemented with 10% fetal 

bovine serum (v/v), lOOU/ml penicillin and 100 U/ml of streptomycin, in a 

humidified CO2 incubator (5% C02/95% air) at 37 Cell culture was split every 

three or four days. 

4.4.3 Mitotic Index Assay and Examination of Mitotic Catastrophe 

The mitotic index assay was adapted from the method developed by Bulavin et 

ah with minor modifications. In HeLa or HCT116 cells, 2x1 (y* cells/well were 

seeded onto a 96-well plate. Cisplatin, oxaliplatin or R，R-5 (at 5 |xM) were added 24 

hrs later. In experiments involving drug combinations, the various inhibitors were 

added 0.5 hr before the treatment with Pt drugs. At 24 hr after drug addition, cells 

were fixed overnight with 4% paraformaldehyde and stained with 10% Giemsa or 
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Hoechst33342. Mitotic cells (prophase, prometaphase，metaphase, anaphase, 

telophase and cytokinesis), and aberrant mitotic cells (mitosis with irregularly 

arrayed and/or unequally distributed chromosomes) were counted from over 600 

cells randomly picked from each well. 

4.4.4 Cell Cycle Synchronization and Flow Cytometry Analysis 

For imsynchronized cell cycle analysis, HCT116 cells were treated with 

cisplatin (4.14 |LIM), oxaliplatin (1.24 |LIM) or R,R-5 (0.40 ^M) at their I C 5 0 (72 hrs 

treatment, according to Yu et al, 2006), DMC at 1.24 |j,M, or a combination of 

oxaliplatin (1.24 îM) and DMC (1.24 [iM, added 0.5 hr before oxaliplatin) for 72 hrs. 

On the other hand, HeLa cells were treated with cisplatin, oxaliplatin or R,R-5 for 24 

hrs at 5 J L I M , with or without DMC (5 jiM) or caffeine (5 mM). DMC and caffeine 

were added 0.5 hr before oxaliplatin addition. After drug treatment, cells were 

trypsinized and fixed in 70% ethanol overnight at -20 °C before flow cytometry 

analysis. For synchronized cell cycle analysis, HeLa cells were synchronized using 

double-thymidine block as described in Chapter 3.4.6. At 3 hr after released from 

thymidine (when cells were progressing into G2 phase, Figure 4.14), roscovitine (a 

specific CDKl inhibitor) was added; at 3.5 hr, various compounds were added with 

or without pre-incubation of roscovitine; at 14 hr, cells were harvested and fixed in 
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70% ethanol overnight at -20 for flow cytometry analysis. Cells were stained 

with 50 jig/ml propidium iodide (containing 10 mg/ml RNase A). Flow cytometry 

analysis was carried out using a BD FACSAriâ "̂  flow cytometer (BD Biosciences). 

Data were processed using the WinMDI 2.9 software (free software downloaded 

from http://facs.scripps.edu/software.html; accessed on 28 July, 2009). Analysis was 

performed on 10,000 cells. 

4.4.5 Real-time RT-PCR 

HeLa cells were treated with cisplatin, oxaliplatin or R,R-5 (at 5 \iM) for 24 hrs 

with or without DMC (at 5 _ ) . DMC was added 0.5 hr before oxaliplatin addition. 

Total RNA was extracted using the RNeasy Mini Kit (Qiagen) following 

manufacturer's instructions. RNA was quantified using a UV-2550 

spectrophotometer (Shimadzu). The Transcriptor First Strand cDNA Synthesis Kit 

(Roche) was used for the reverse transcription of RNA samples into cDNA. Real-

time PGR detections of human CDKl (forward primer 5 

GGGGATTCAGAAATTGATCA-3', reverse primer 5 

GGGGATTCAGAAATTGATCA-3’)， Cyclin B1 (forward primer 5 

CCATTATTGATCGGTTCATGCAGA-3’， reverse primer 5 

CTAGTGCAGAATTCAGCTGTG-3') and GAPDH (forward primer 5 
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ACCACAGTCCATGCCATCAC-3', reverse primer 5'-

TCCACCACCCTGTTGCTGTA-3'), were performed on the Light Cycler 480 

(Roche) using the Light Cycler 480 SYBR Green I Master Mix (Roche). 

4.4.6 Western Blot Analysis 

HeLa cells were treated with the platinum compounds for 24 hrs; inhibitors 

were added 0.5 hr before the platinum drug treatments. Details of the experiments 

are similar to those described in Chapter 3.4.4. Human CDKl, and 

pSeri9_cHK2 antibodies were purchased from Cell Signaling Technology. 

4.4.7 siRNA Transfection 

Human CDKl (sense r(GGUUAUAUCUCAUCUUUGA)dTdT, anti-sense 

r(UCAAAGAUGAGAUAUAACC)dTdG) (catalog number SI02663381) siRNAs 

and a negative control siRNA (Alexa Fluor 488®-labeled siRNA, catalog number 

1027280) that does not match any known gene sequences, were purchased from 

Qiagen. HeLa cells were transfected with these siRNAs using the Hi-PerFect 

transfection reagent (Qiagen) as described in Chapter 3.4.5. Both siRNAs were used 

at a final concentration of 20 nM. 6 to 8 hours after transfections, transfection 

efficiency was monitored under a fluorescence microscope. About 80% to 90% of 
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HeLa cells were transfected with the negative control siRNA, as indicated by a green 

fluorescence signal (Alexa Fluor 488®) upon UV excitation. Knock-down efficiency 

of CDKl was further confirmed by Western blotting (Figure 4.12 B). 

4.4.8 MTT Assay and BrdU Incorporation Assay 

For MTT assay in HeLa and HCT116 cells, 2,000 cells/well were seeded in a 

96-well plate. Twenty-four hours later, cells were treated with cisplatin, oxaliplatin 

or R,R-5 for 24 hrs. In experiments involving combination of drugs, caffeine or 

DMC were added 0.5 hr before oxaliplatin exposure. After drug treatment, medium 

containing drugs were then removed, cells were washed with PBS once and fresh 

medium containing no drug was added. Cells were allowed for an 8-day recovery 

before MTT assay. Medium was changed on the fourth day after drug treatment. To 

investigate cellular BrdU incorporation, the Cell Proliferation ELISA (enzyme-linked 

immunosorbent assay), BrdU Kit (Roche) was used following manufacturer's 

instructions. Briefly, cells were treated with cisplatin, oxaliplatin or R,R-5 for 24 hrs. 

In experiments involving drug combinations, caffeine or DMC were added 0.5 hr 

before oxaliplatin exposure. BrdU was then added at 24 hr after drug treatment for 

another 4-hour incubation, where BrdU will replace deoxythymidine and incorporate 

into DNA if cells were synthesizing DNA. Cells were then fixed and incubated with 
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peroxidase-linked BrdU antibody; the BrdU-labeled cells can then be quantified 

using a colorimetric method. 
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4.5 Results and Discussions 

4.5.1 DMC abrogated Oxaliplatin-Stimulated G2 Checkpoint in HCT116 Cells 

According to the cDNA microarray data discussed in Chapter Two, 35 mitosis-

promoting genes were found to be up-regulated after R’R_5 treatment compared with 

oxaliplatin (at respective IC50 in HCT116 cells, Figure 4.4, also Table 2.3), with only 

one mitosis-inhibiting gene up-regulated. This finding suggests that R,R~5 may 

bypass the mitotic DNA damage checkpoints rather than oxaliplatin, which is 

believed to be due to the incorporation of DMC into its structure (Figure 4.3). In 

fact, under the same drug treatment (at respective I C 5 0 in HCT116 cells), oxaliplatin 

could induce remarkable G2/M cell cycle arrest, whereas R,R-5 and 

DMC+oxaliplatin can significantly reduced G2/M arrest compared with oxaliplatin 

(Figure 4.5). Since HCTl 16 cells do not have a functional antephase checkpoint for 

genotoxic stresses (due to the non-functional MMR/c-Abl status, Figure 3.9), the 

G2/M arrest induced by oxaliplatin is therefore considered due to G2 checkpoint 

activation; and the reduced G2/M arrest after R,R-5 or DMC+oxaliplatin exposure 

suggests that these treatments could bypass the G2 checkpoint. These observations 

may explain the higher cytotoxicity of R,R-5 compared with oxaliplatin in HCTl 16 

cells (Yu et al, 2006). Interestingly, R’R-5, but not oxaliplatin or DMC, was also 

found to induce GO/Gl arrest (demonstrated by the increase of GO/Gl cell 
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population). This is also consistent with our findings from the microarray analysis 

that five genes inhibiting G1 to S transition were up-regulated by R,R-5 relative to 

oxaliplatin (Table 2.2). The biological function of this GO/Gl arrest is believed to 

protect normal cells from DNA damage induced by R,R-5. Cisplatin did not exhibit 

appreciable G2/M arrest probably because apoptosis predominated after long hours 

of treatment (72 hrs). 

jHN. .CI 
X 

m CI 

Cisplatin 

Demethylcantharidin 

V— 
/ � o 

HN “ 
Oxaliplatin 

R，R-5 

Figure 4.3: Chemical structures of cisplatin, oxaliplatin, R,R-5 and DMC. 
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Figure 4.4: cDNA microarray analysis showing the up-regulated genes related to 

G2—>M transition after R,R-5 treatment compared with oxaliplatin (at respective I C 5 0 

in HCT116 cells). 35 mitosis-promoting and one mitosis-inhibiting gene was up-

regulated whereas no gene related to G2—M transition was found down-regulated. 

Mean of fold changes from two independent microarray analyses are shown. 
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p=0.004 
p=0.019 

>=0.003 

k Control Oxaliplatin R,R-5 Cisplatin DMC DMC+Oxa 

SubGO/Gl 1.86 士 0.76 2.09±0.57 1.92±0.38 25.40±8.97 10.99±6.68 5.77±3.29 

GO/Gl 63.61 士 2.18 54.31±4.98 76.29±0.81 37.52±2.78 59.03±6.86 63.78±2.07 

S 14.20 士 1.63 5.91±2.12 5.76±1.77 11.41±3.20 9.98±0.86 5.10±1.01 

G2/M 19.69士 3.42 37.7U3.71 16.13±0.70 21.20±7.08 13.22±1.75 24.84±1.15 

Figure 4.5: Cell cycle analysis showing the oxaliplatin-induced G2/M arrest due to 

G2 checkpoint activation in HCT116 cells. HCT116 cells were treated with 

oxaliplatin, R，R-5, cisplatin at their I C 5 0 for 72 hrs (as described in Chapter 4.4.4) 

before fixation for cell cycle analysis by PI staining. Oxaliplatin, but not R，R-5 or 

DMC+oxaliplatin treatments, resulted in significant G2/M arrest. Mean土SD and a 

representative set of data from 3 independent experiments are shown. Student's t test 

was used to compare the G2/M% arrest between the indicated groups and p values 

are shown. 
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4.5.2 DMC Restored Oxaliplatin-decreased Mitotic Index Without Altering 

G2/M Arrest or DNA Synthesis 

To study the effect of oxaliplatin on G2 checkpoint activation, we measured the 

mitotic index after sustained drug treatment (24 hr) in order to wait for vivid 

activation of G2 checkpoints and cell cycle arrests. This requires 24 hr of 

oxaliplatin-exposure at 5 as demonstrated previously in HCT116 cells (Voland 

et al, 2006). Since the 72-hour drug treatment used in cDNA microarray analysis (at 

I C 5 0 in HCT116 cells) might be too long for the study of G2 checkpoint regulation 

(50% cell death were observed after R,R-5 or oxaliplatin treatments), a modified drug 

treatment regimen (at 5 jiM for 24 hrs) was adopted for the mechanistic study of G2 

checkpoint activation by oxaliplatin. Moreover, experiments were carried out in both 

HeLa and HCT116 cells to demonstrate the G2 checkpoint activation by oxaliplatin 

in cell lines with different genotypes. 

In Figure 4.6，statistically significant decrease in the mitotic index was 

observed in HCT116 cells treated with cisplatin or oxaliplatin for 24 hrs (at 5 |iM)， 

compared with no drug treatment respectively, suggesting G2 checkpoint activation. 

This effect was absent when HCT116 cells were treated with R,R-5, suggesting that 

R,R-5 may bypass the G2 checkpoint. Similar results were found in HeLa cells 

under the same drug treatment. Cisplatin and oxaliplatin could reduce the mitotic 
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index in HeLa cells after 24 hrs drug treatment (at 5 |LIM). However, this effect could 

be abolished by concomitant treatment with ATM/ATR inhibitor caffeine (Figure 4.7), 

indicating that the decrease in mitotic cells after 24 hrs drug treatment was caused by 

the ATM/ATR-mediated G2 checkpoint, but not the antephase checkpoint (because 

oxaliplatin can bypass the antephase checkpoint, as discussed in Figure 3.8). On 

the other hand, the novel compound R’R-5 was found to bypass the G2 checkpoint 

because the mitotic index was not significantly changed after R,R-5 treatment. 

Interestingly, PP2A inhibitor DMC could disrupt cisplatin- and oxaliplatin-induced 

reduction in mitotic index (Figure 4.7), suggesting that DMC can override the G2 

DNA damage checkpoint. This finding is consistent with the previous report that 

okadaic acid abrogates thymidine-induced G2 checkpoint (Ghosh et al., 1996). 

Cell cycle analysis was performed in HeLa cells to examine the change in DNA 

pattern after drug treatment (5 |liM for 24 hrs, Figure 4.8). Compared with the no 

treatment control, oxaliplatin led to remarkable G2/M cell cycle arrest, possibly due 

to the activation of G2 checkpoint. Interestingly, R’R-5, DMC+oxaliplatin and 

caffeine+oxaliplatin treatments, which were demonstrated to bypass the G2 

checkpoint in Figure 4.7, did not show significant difference from oxaliplatin, 

suggesting that abrogation of G2 checkpoint does not necessary affect the G2/M 

population in HeLa cells. In fact, after G2 checkpoint abrogation by these 
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treatments, cells will undergo a prolonged mitosis possibly due to the activation of 

mitotic spindle checkpoint. The cells suffered from mitotic catastrophe and failed to 

exit mitosis (will be discussed later in Figure 4.13, Figure 4.14 and Figure 4,15). 

Interestingly, cisplatin exhibited less G2/M arrest compared with no drug treatment, 

possibly due to the activation of S phase DNA damage checkpoint that blocks DNA 

synthesis and G2/M entry. This is further confirmed using BrdU incorporation 

assay. Cisplatin and oxaliplatin did lead to a remarkable inhibition in DNA synthesis 

after 24 hr treatment in HeLa cells, which may consequently attenuate G2/M entry. 

On the other hand, caffeine+oxaliplatin increased DNA synthesis to 67.15% (mean 

value), which is not significantly different from oxaliplatin (64.42%)，suggesting that 

ATM-inhibition is not sufficient to restore oxaliplatin-attenuated DNA synthesis. 

Interestingly, R’R-5 or DMC+oxaliplatin did not alter DNA synthesis compared with 

oxaliplatin, implying that bypassing G2 checkpoint of these treatments does not 

require increase in DNA synthesis. In fact, okadaic acid has been reported to lead to 

nuclear envelope break-down in thymidine-arrested G1 cells, suggesting that PP2A 

inhibitors may induce pre-mature mitosis without requirement of completing DNA 

synthesis (Ghosh et al, 1996). 

Taken together, our results demonstrated that DMC can abrogate oxaliplatin-

activated G2 checkpoint and restore mitotic entry after 24 hrs treatment in HeLa cells. 
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This process does not require the increase in DNA synthesis, and will not decrease 

oxaliplatin-induced G2/M arrest. R,R-5 bypassed the G2 checkpoint in a similar 

manner. 
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Figure 4.6: Mitotic index assay showing that cisplatin and oxaliplatin, but not R,R-5, 

DMC or okadaic acid, could decrease mitotic index in HCT116 cells. HCT116 cells 

were treated with various compounds indicated for various time intervals, before 

fixation and Giemsa-staining for mitotic cell-counting. Cisplatin and oxaliplatin 

were found to decrease mitotic cells after 24 hrs treatment, possibly due to the 

activation of the G2 checkpoint. R,R-5 did not affect the mitotic index and therefore 

it bypassed the G2 checkpoint. Mean土SD of 9 replicates from 3 independent 

experiments are shown. Student's t test was used to compare the mitotic indices of 

cisplatin and oxaliplatin, respectively with no treatment control at 0 hr, and p values 

shown. 
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acid 

Figure 4.7: Mitotic index assay showing that cisplatin and oxaliplatin, but not R,R-5 

or DMC+oxaliplatin, decreased mitotic index due to G2 checkpoint activation in 

HeLa cells. HeLa cells were treated with the three platinum compounds at 5 fiM 

with or without the presence of various inhibitors (or mock treated with water) for 24 

hrs, before fixation and Giemsa-staining for mitotic cell-counting. Cisplatin and 

oxaliplatin were found to decrease mitotic cells after 24 hrs treatment due to the 

activation of the G2 checkpoint, which could be inhibited by caffeine (an ATM/ATR 

inhibitor, 5 mM), DMC (5 \iM) or okadaic acid (10 nM) (PP2A inhibitors). R,R-5 

did not affect the mitotic index and therefore it bypassed the G2 checkpoint. 

Mean±SD and representative images of 9 replicates from 3 independent experiments 

are shown. Student's t test was used for statistical analysis to compare the indicated 
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treatment groups and p values are shown. 

>=0.068 

p=0.034 

:0.984 
,272 

丄丄丄 
Control Oxaliplatin R,R-5 Cisplatin DMC DMC+oxa Caffeine Caff+oxa 

SubGO/Gl 2 . 9 1 士0. 1 4 5 . 3 7 ± 1 . 8 7 6 . 1 2 ± 1 . 8 0 6 . 0 3 ± 1 . 8 3 6 . 1 3 ± 2 . 3 7 5 . 7 8 ± 1 . 3 9 7 . 9 4 ± 5 . 3 1 9 . 6 2 土 5 . 9 2 

GO/Gl 63.85±1.32 42.07±7.39 40.68±1.46 4 4 . 6 7 ± 5 . 2 9 61.66±4.78 40.33±1.39 56.46±2.20 50.62±4.32 

S 12.43±1.72 25.44士7.92 29.79±3.17 36.68土6.58 10.80±1.07 26.63士2.56 13.87±2.01 16.51 士2.28 

G 2 / M 1 9 . 5 3 ± 1 . 7 6 2 5 . 9 8 ± 4 . 6 7 2 2 . 1 7士 3 . 9 4 1 5 . 7 1 ± 0 . 4 3 2 0 . 4 4士 1 . 2 2 2 6 . 0 4 ± 3 . 5 4 1 9 . 9 0 ± 5 . 6 8 2 0 . 8 6 ± 4 . 5 8 

Figure 4.8: Cell cycle analysis showing that DMC did not affect oxaliplatin-induced 

G2/M arrest in HeLa cells. HeLa cells were treated with cisplatin, oxaliplatin or R,R-

5 (5|uM) for 24 hrs before fixation for cell cycle analysis by PI staining. DMC (5 

|nM) or caffeine (5 mM) was added 0.5 hr before oxaliplatin treatment. Oxaliplatin 

resulted in obvious G2/M arrest, whereas R,R-5 did not accumulate G2/M arrest as 

pronounced as oxaliplatin. Cisplatin showed no mitotic arrest (compared with 

oxaliplatin). Mean土SD and a representative set of data from 3 independent 

experiments are shown. Student's t test was used to compare the G2/M% arrest 

between the indicated groups and p values are shown. 
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Figure 4.9: BrdU incorporation assay showing that DMC did not restore oxaliplatin-

inhibited DNA synthesis. HeLa cells were treated with cisplatin, oxaliplatin or R’R-5 

(5 jjJVI) for 24 hrs before BrdU-labeling for another 4 hrs (28 hrs total drug 

treatment). DMC (5 |LIM) or caffeine (5 mM) was added 0.5 hr before cisplatin or 

oxaliplatin treatment. Oxaliplatin and cisplatin resulted in a remarkable decrease in 

DNA synthesis after 24 hrs treatment, whereas R’R-5, DMC+oxaliplatin and 

caffeine+oxaliplatin treatments did not show significant difference from oxaliplatin, 

suggesting that abrogation of oxaliplatin-activated G2 checkpoint by these treatments 

did not require increase in DNA synthesis. Mean土SD of 14 replicates from 3 

independent experiments is shown. Student's t test was used to compare the 

indicated groups and p values are shown. 

4.5.3 DMC Restored Oxaliplatin-Crippled CDKl Activity Independent of 
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CHK1/CHK2 activation 

In order to understand the underlying mechanism(s) for R’R-5 and 

DMC+oxaliplatin to bypass the G2 checkpoint, detection of histone HI (a known 

substrate of CDKl/Cyclin Bl) phosphorylation by Western blot analysis was 

employed to measure CDKl/Cyclin Bl (the major mitosis promoting factor) activity 

in HeLa cells. Oxaliplatin was found to remarkably decrease the phosphorylation of 

histone HI after 24 hrs treatment (Figure 4.10), suggesting inhibition of 

CDKl/Cyclin Bl and activation of G2 checkpoint. However, the phosphorylation of 

histone HI was restored by the addition of DMC to oxaliplatin treatment, suggesting 

that DMC can, at least partially, attenuate G2 checkpoint-mediated inhibition in 

CDKl/Cyclin Bl kinase activity. Interestingly, unlike oxaliplatin, R’R-5 (an analogy 

to combining oxaliplatin with DMC) did not alter histone HI phosphorylation 

compared to no treatment control. The result indicated that DMC+oxaliplatin and 

R,R-5 could restore the CDKl/Cyclin Bl kinase activity and therefore bypassed the 

G2 checkpoint. It also provides the mechanistic evidence to support the findings that 

DMC+oxaliplatin and R,R-5 maintained the mitotic index at normal level in HeLa 

cells (Figure 4.7). In contrast, despite cisplatin could severely repress the mitotic 

index (Figure 4.7) and DNA synthesis (Figure 4.9), it did not decrease histone HI 

phosphorylation compared with oxaliplatin in HeLa cells (Figure 4.10). This effect 
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(appearance of histone HI phosphorylation after cisplatin treatment) is believed to be 

caused by the hyper-activation of CDK2, a histone HI kinase promoting Gl—>S 

transition. It has been reported that cisplatin could activate S phase DNA damage 

checkpoint and strongly stimulate CDK2 activity, which lead to histone HI hyper-

phosphorylation in mouse kidney proximal tubule cells after 24 hrs treatment at 25 

|aM (Price et al.’ 2006; Yu et ai, 2007). In fact, according to our results, cisplatin at 

5 |iM (24 hrs treatment in HeLa) can induce pronounced S phase arrest (Figure 4.8) 

and readily decrease DNA synthesis (Figure 4.9) and mitotic entry (Figure 4.7), with 

partial inhibition in histone HI phosphorylation (Figure 4.10), compared with no 

treatment control. 

Upon our investigation at the ATM/ATR pathway, oxaliplatin, R,R-5, cisplatin, 

and DMC+oxaliplatin were able to stimulate CHKl (phosphorylated at Thr387) and 

CHK2 (phosphorylated at Serl9), suggesting that all of these treatments can lead to 

DNA damage that can be recognized by the ATR/CHKl and ATM/CHK2 pathways. 

In fact, our previous finding has demonstrated that these treatments, including DMC 

alone, can induce DNA damage in HCT116 cells (Pang et al.’ 2007). Moreover, 

oxaliplatin (Rakitina et ai, 2007) and cisplatin (Pabla et al., 2008; Colton et al, 2006) 

have been reported to activate both CHKl and CHK2. Interestingly, despite the 

activation of CHKl and CHK2 by R,R~5 and DMC+oxaliplatin, they did not lead to 
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decrease in mitotic index (Figure 4.7) or phosphorylation of histone HI (Figure 4.10). 

Therefore, the abrogation of oxaliplatin-activated G2 checkpoint by DMC and 

bypass of the G2 checkpoint by R，R-5’ may be independent of the CHK1/CHK2 

activation. Instead, DMC and R,R~5 may probably maintain the CDKl activity 

through PP2A inhibition, hence restoring oxaliplatin-crippled histone HI 

phosphorylation. This suggests that abrogation of oxaliplatin-activated G2 

checkpoint by DMC requires CDKl, which was further verified in Figure 4.12 and 

Figure 4.13 by the use of specific CDKl inhibitor and siRNA. As a PP2A inhibitor, 

DMC may also promote mitotic entry through the mechanisms illustrated in Figure 

1.11. For example, DMC may inhibit cohesin activation by attenuating Sgol/PP2A, 

leading to the dissociation of sister chromatids and mitotic progression. However, 

since the Sgol/PP2A/cohesin pathway is activated in metaphase (mitosis) after 

nuclear envelope break-down, it may not participate in the regulation of G2 

checkpoint (preceding nuclear envelope break-down) by DMC; hence it can only be 

considered as an assisting mechanism to promote mitotic progression, not mitotic 

entry. 
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Figure 4.10: Western blot analysis showing that activation of G2 checkpoint by 

oxaliplatin was accompanied by CHKl and CHK2 activation, and histone HI 

dephosphorylation. HeLa cells were treated with the three platinum compounds 

indicated at 5 |iM for 24 hrs, with or without the presence of DMC (5 jiM) or 

caffeine (5 mM). Oxaliplatin was found to decrease phosphorylation of histone HI. 

which could be restored by DMC. R,R-5, cisplatin and DMC alone did not cause 

dephosphorylation of histone HI as pronounced as oxaliplatin. All of these three 

platinum compounds, and also DMC+oxaliplatin, could activate CHKl and CHK2. 

A representative set of result from three independent experiments is shown. 
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4.5.4 DMC Abrogated Oxaliplatin-stimulated G2 Checkpoint without Up-

Regulating CDKl 

Transcription of CDKl and Cyclin B1 was also measured by real-time RT-PCR 

to examine if DMC up-regulates CDKl or Cyclin B1 to restore oxaliplatin-crippled 

CDKl activity. After oxaliplatin treatment, there was a reduction in the rtiRNA 

levels of two mitotic genes, Cyclin B1 and CDKl (also known as CDC2, Figure 

4.11), compared with the mRNA levels of the control group, possibly due to the 

activation of G2 checkpoint in HeLa cells. This finding is consistent with previously 

finding that oxaliplatin could decrease mitotic gene expression in HCT116 cells (5 

|j,M for 24 hrs; Voland et al., 2006). Interestingly, the decrease in mitotic gene 

transcription was not observed in R,R-5 and DMC+oxaliplatin treated HeLa cells, 

which agrees well with our earlier observations that R,R-5 and DMC+oxaliplatin did 

not alter the mitotic index (Figure 4.7) and phosphorylation of hi stone HI (Figure 

4.10), and bypassed the G2 DNA damage checkpoint. However, there is no 

statistically significant difference at CDKl and Cyclin B1 mRNA levels after R,R-5 

or DMC+oxaliplatin treatments compared with oxaliplatin. This indicates that 

abrogation of G2 checkpoint by DMC does not require CDKl transcription, but 

instead, DMC may maintain the phosphorylation/activation status of the available 

CDKl protein and promote mitotic transition upon oxaliplatin treatment. In contrast, 
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cisplatin did not seem to affect the mRNA levels of CDKl and Cyclin B1 (at 5 fiM 

for 24 hrs in HeLa), even when the mitotic index is significantly reduced (Figure 4.7). 

These findings are consistent with a previous report that cisplatin (at 5 ̂ iM for 24 hrs) 

does not affect mitotic gene expressions when mitotic index is decreased in HCT116 

cells (Voland et al, 2006). 
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0.318 

Figure 4.11: Real-time RT-PCR analysis showing that DMC abrogated oxaliplatin-

stimulated G2 checkpoint without requirement of CDKl transcription. HeLa cells 

were treated with cisplatin, oxaliplatin or R,R-5 at 5 jiM for 24 hrs, with or without 

the presence of DMC (5 fiM) before harvested for real-time RT-PCR analysis. 

Oxaliplatin treatment resulted in a decrease in CDKl and Cyclin B1 transcriptions, 

whereas R,R-5 and DMC+oxaliplatin did not significantly increase CDKl or Cyclin 

B1 transcriptions compared with oxaliplatin, respectively. Results represent the 

mean (±SD) of 9 replicates from 3 independent experiments. Student's t test was 

used for statistical analysis to compare oxaliplatin respectively with R,R-5 and 

DMC+oxaliplatin and p values are shown. 
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4.5.5 DMC Abrogated Oxaliplatin-Stimulated G2 Checkpoint by Restoring 

CDKl Activity 

It has been shown that the specific PP2A inhibitor, okadaic acid, could abrogate 

thymidine-activated G2 checkpoint (Ghosh et al.’ 1996), though the underlying 

mechanism is still not well-understood. In our study, DMC, as a PP2A inhibitor, 

seemed to abrogate oxaliplatin-activated G2 DNA damage checkpoint, by increasing 

CDKl activity (Figure 4.10) but not by up-regulating CDKl gene level (Figure 

4.11). R’R-5 bypassed G2 checkpoint in a similar manner. These findings may 

suggest that DMC abrogates oxaliplatin-activated G2 checkpoint by restoring CDKl 

activity. In fact, another PP2A inhibitor, fostriecin, has been reported to promote 

mitotic entry by enhancing CDKl and histone HI association (Roberge et al.’ 1994). 

However, okadaic acid (a PP2A inhibitor) was reported to trigger DNA condensation 

through Aurora B in a cell-free system, without the requirement of Aurora A or 

CDKl (Takemoto et al” 2007). This may not be true in living cells because specific 

inhibition of Aurora B by small compound hesperidin in human epithelial ARPE-19 

cells does not stop mitotic entry or the DNA condensation process, but instead, leads 

to mitotic catastrophe (Wang et al.’ 2008). In contrast and importantly, CDKl 

inhibkion by the specific inhibitor purvalanol attenuates mitotic progression (Goga et 

al.; 2007), suggesting that CDKl plays a more important role during G2—M 
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transition than Aurora B. Putting all the thoughts together, it is clear that DMC and 

R,R'5 do not inhibit the ATR/CHKl and ATM/CHK2 pathways like caffeine does 

(Figure 4.10), as both CHK1/CHK2 activation are observed after DMC+oxaliplatin 

and R,R-S treatments in Figure 4.10; and DMC is unlikely to abrogate G2 

checkpoint through activation of Aurora B and Aurora A (Figure 4.2)，as both of 

them are not gate keepers for mitotic entry, but seemingly for mitotic exit. As a 

result, in order to search for the target that DMC regulates for G2 checkpoint 

abrogation, CDKl is finally chosen to be further studied. We believe that DMC and 

R,R-5 may counteract the CDKl-inhibiting CHK1/CHK2 pathways (Figure 4.1)，and 

restore CDKl activity by inhibiting PP2A. Since DMC may also inhibit other 

protein phosphatase isoforms besides PP1/2A, this G2 checkpoint abrogation effect 

of DMC may also be generated from the inhibition of other protein phosphatases. 

To examine if DMC abrogates oxaliplatin-induced G2 checkpoint by restoring 

CDKl activity, CDKl was specifically inhibited by using roscovitine or siRNA. 

DMC, R’R-5 and DMC+oxaliplatin could not restore histone HI phosphorylation 

when CDKl was inhibited by roscovitine (Figure 4.12A), suggesting that DMC and 

R,R-5 could not abrogate G2 checkpoint or promote mitotic entry when CDKl was 

compromised. Similar result was obtained when knocking-down CDKl using 

specific siRNA. As illustrated in Figure 4.12B, CDKl siRNA specifically down-
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regulated CDKl level at 24 hr after transfection, and this effect persisted for at least 

another 24 hrs (at 48 hr post-transfection). Therefore, cells at 24 hr after transfection 

were treated with DMC and R,R~5 for another 24 hrs and the drug effect was 

evaluated at 48 hr post-transfection. In Figure 4.12C, phosphorylation of histone HI 

was reduced to about 50% after CDKl was knocked-down by siRNA, whereas R,R'5 

and DMC could not restore histone HI phosphorylation when CDKl was absent. 

The results indicated that restoration of histone HI phosphorylation by DMC and 

R,R-5 requires CDKl, and that the abrogation of G2 checkpoint by DMC depends on 

CDKl. 

Mitotic index assay using CDKl inhibitor was also performed in synchronized 

HeLa cells (Figure 4.13A). R,R-5, DMC or DMC+oxaliplatin did not inhibit the 

mitotic transition when HeLa cells were released from thymidine (compared with no 

treatment control); instead and interestingly, they promoted mitotic entry (immature 

mitosis) at 6 hr (after released from thymidine), which was not observed in no 

treatment group. Moreover, after R,R-5 and DMC+oxaliplatin treatments, HeLa 

cells failed to exit mitosis at 14 hr (after released from thymidine), possibly due to 

the activation of mitotic spindle checkpoint after bypassing the G2 checkpoint In 

fact, this effect was further demonstrated using cell cycle analysis in Figure 4.14A, 

which will consequently result in mitotic catastrophe and will be discussed in more 
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detail in Figure 4.15. Importantly, R，R-5’ DMC and DMC+oxaliplatin failed to 

maintain mitotic entry when cells were concomitantly treated with roscovitine, 

suggesting that DMC could not promote mitosis or abrogate G2 checkpoint when 

CDKl was compromised by roscovitine. This argument is further confirmed using 

cell cycle analysis in Figure 4.14A. Roscovitine could inhibit DMC+oxaliplatin-

treated cells from returning to GO phase (at 14 hr after the synchronized mitosis), 

suggesting that mitotic transition of DMC+oxaliplatin-treated cells requires CDKl 

activity. In contrast, cisplatin and oxaliplatin inhibited mitotic transition in 

synchronized HeLa cells (Figure 4.13B), even when the drug exposure was less than 

24 hrs. Caffeine could restore this oxaliplatin-inhibited mitotic entry, suggesting this 

oxaliplatin-activated mitotic checkpoint is G2 checkpoint (Figure 4.13B). 
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Figure 4.12: Western blot analysis showing that DMC and R,R-5 maintained histone 
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HI phosphorylation by restoring CDKl activity. A) HeLa cells were treated with 

R’R-5 or oxaliplatin (5 |LIM) in the presence or absence of DMC (5 |LIM) and/or CDKl 

inhibitor roscovitine (20 }a.M) for 24 hrs. Roscovitine were treated 0.5 hr before 

other drugs treatments. Roscovitine could reduce histone HI phosphorylation levels 

of R’R-5’ DMC and DMC+oxaliplatin by inhibiting CDKl. B) CDKl was 

specifically down-regulated by siRNA at 24 hr post-transfection, and the knock-

down effect persisted until at 48 hr post-transfection. C) DMC and R,R-5 were added 

at 24 hr post-transfection and another 24 hrs later (at 48 hr post-transfection) cells 

were harvested for Western blot analysis. DMC and R,R-5 could not restore histone 

HI phosphorylation when CDKl was compromised by roscovitine or siRNA. A 

representative set of result from three independent experiments is shown. 
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Figure 4.13: Mitotic index assay showing that DMC and R,R-5 promoted mitotic 

entry by restoring CDKl activity. HeLa cells were synchronized using double-

thymidine block. At 3.5 hr after released from thymidine, HeLa cells were treated 

with cisplatin, oxaliplatin or R，R_5 at 5 [iM, with or without the presence of DMC (5 

îM), caffeine (5 mM) or roscovitine (CDKl inhibitor, 20 |iM). Roscovitine were 
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treated 0.5 hr before other drug treatments (at 3 hr after released from thymidine). A) 

R,R-5, DMC and DMC+oxaliplatin did not inhibit mitotic entry in HeLa cells, but 

instead, promoted mitotic entry at 6 hr (released from thmidine) compared with no 

treatment control (mock treated with water). However, concomitant treatment with 

roscovitine could abrogate this effect. Also, R’R-5 and DMC+oxaliplatin failed to 

exit mitosis at 14 hr (released from thmidine). B) Oxaliplatin could modestly 

inhibit mitotic entry in HeLa cells, and concomitant treatment with caffeine could 

abolish this effect. In contrast, cisplatin could remarkably inhibit mitotic entry. 

Mean of 3 replicates from 3 independent experiments is shown. 
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4.5.6 DMC Abrogated Oxaliplatin-Stimulated G2 Checkpoint, Leading to 

Abberrant Mitosis and Failure at Mitotic Exit, and Consequently Inhibition of 

Cell Survival 

We have demonstrated that R,R-5 and DMC+oxaliplatin could not promote 

mitosis when CDKl was compromised by roscovitine in Figure 4.13A, suggesting 

that R’R-5 and DMC+oxaliplatin bypass G2 checkpoint through restoring CDKl 

activity. Interestingly, cells treated with R,R-5 and DMC+oxaliplatin were found to 

fail at mitotic exit (Figure 4.13A), which will be further confirmed using cell cycle 

analysis by flow cytometry. At 14 hr after released from thymidine in HeLa cells, 

66.31% cells (mean value) exited mitosis and returned to GO phase (mitotic exit, 

reflected by G0/G1%) in negative control group (Figure 4.14A). This process was 

inhibited after R,R-5 or DMC+oxaliplatin treatments, leaving 55.06% and 55.27% 

mitotic exit (mean value), respectively, which explains the failure at mitotic exit after 

these treatments in Figure 4.13A. In contrast, DMC did not seem to affect this 

process. However and importantly, despite that R,R'5 and DMC+oxaliplatin 

themselves could attenuate mitotic exit, the G0/G1% population after R,R-5, DMC or 

DMC+oxaliplatin treatments could be further and significantly inhibited by 

concomitant treatment with CDKl inhibitor roscovitine (Figure 4.14A), suggesting 

that the mitosis-promoting effect (and mitosis transition) of these treatments required 
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CDKl activity. This result confirms our argument and DMC abrogate oxaliplatin-

activated G2 checkpoint by restoring CDKl activity. 

Interestingly, oxaliplatin could inhibit mitotic exit in HeLa cells, seemingly due 

to the activation of G2 checkpoint because concomitant treatment with caffeine could 

modestly abolish this effect (Figure 4.14B). In contrast, cisplatin could remarkably 

inhibit mitotic exit (Figure 4.14B). 
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Figure 4.14: Cell cycle analysis showing that CDKl activity was required in DMC-

and /̂ ,i?-5-induced mitosis. HeLa cells were synchronized using double-thymidine 

block. Drug treatment was as described in Figure 4.13. At 14 hr after released from 

thymidine, cells were harvested and fixed for cell cycle analysis. A) In negative 

control group (mock treated with water)，66.31±6.26% cells exited mitosis and 

returned to GO phase (mitotic exit, reflected by G0/G1%). R,R-5 and 
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DMC+oxaliplatin could modestly inhibit this process; however, concomitant 

treatment with roscovitine could further and significantly decrease mitotic exit. The 

GO/Gl population after DMC treatment was also inhibited by roscovitine, where 

DMC alone did not affect the mitotic exit. B) Oxaliplatin could inhibit mitotic 

entry and consequently mitotic exit due to the activation of G2 checkpoint; 

concomitant treatment with caffeine could modestly abolish this effect. In contrast, 

cisplatin could remarkably inhibit mitotic exit. Mean士SD of mitotic exit (GO/Gl %) 

from 3 independent experiments is shown. Mock treatment (water), R,R-5, DMC 

and DMC+oxaliplatin were compared to the respective concomitant treatment groups 

with roscovitine using Student's t test and p values are shown. 
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Abrogation of mitotic DNA damage checkpoints is expected to induce a 

characteristic morphology associated with mitotic catastrophe (mitosis with 

irregularly arrayed and/or unequally distributed chromosomes). In fact, the 

attenuation of 5-fluorouracil (5-FU)-activated G2 checkpoint by caffeine (Del 

Campo et al, 2005), and the inhibition of ionizing radiation (IR)-stimulated G2 

checkpoint by geldanamycin (Moran et al, 2008), have been reported to induce 

mitotic catastrophe. In our experiments, the cells bearing mitotic catastrophe after 

drug treatments were quantified and the results are shown in Figure 4.15. With the 

activation of G2 checkpoint, oxaliplatin and cisplatin only induced 0.68% and 0.58% 

(mean value) aberrant mitosis, respectively; however, R,R-5, DMC+oxaliplatin and 

caffeine+oxaliplatin, the treatments that were observed to bypass G2 checkpoint in 

Figure 4.7 (reflected by the presence of mitotic cells), showed significant increase in 

mitotic catastrophe at 2.60%, 2.87% and 2.54% (mean value) (compared with 

oxaliplatin), respectively. DMC and caffeine alone did not seem to significantly 

affect the basal (no treatment) abnormal mitosis level. This result indicates that G2 

checkpoint bypass of R,R-5 (also, DMC+oxaliplatin and caffeine+oxaliplatin) could 

lead to mitotic catastrophe, when G2 cells bearing unrepaired DNA damage are 

forced to progress into mitosis. 
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Figure 4.15: Aberrant mitosis cell-counting demonstrating that DMC abrogated 

oxaliplatin-stimulated G2 checkpoint and led to mitotic catastrophe. HeLa cells were 

treated with cisplatin, oxaliplatin or R,R-5 at 5 jiM, with or without DMC (5 |iM) 

caffeine (5 mM) (added 0.5 hr before oxaliplatin treatment) for 24 hrs before fixation 

and Giemsa-staining for quantification of aberrant mitosis. Representative images of 

mitotic catastrophe using Giemsa- and Hoechst33342-staining are shown. Cisplatin 
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and oxaliplatin did not induce remarkable aberrant mitosis due to the activation of 

G2 checkpoint, whereas R,R~5, DMC+oxaliplatin and caffeine+oxaliplatin treatments 

could remarkably increase catastrophic mitosis. Mean土SD of 6 replicates from 3 

independent experiments is shown. Student's t test was used for statistical analysis 

to compare the indicated groups and p values are shown. 
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We hypothesized that abrogation of mitotic DNA damage checkpoints can lead 

to mitotic catastrophe and attenuate cancer cell survival after chemotherapy. Similar 

to the inhibition of cell survival after the abrogation of cisplatin-stimulated antephase 

checkpoint (by c-Abl and p38MAPK inhibitors, Figure 3.18), R，R-5， 

DMC+oxaliplatin and caffeine+oxaliplatin treatments were found to attenuate cancer 

cell survival compared with oxaliplatin after an 8-day recovery (in both HeLa and 

HCT116 cells, Figure 4.16), whereas oxaliplatin alone could significantly inhibit cell 

viability but not DMC or caffeine. This observation demonstrates that bypass of G2 

checkpoint after R’R-5 and DMC+oxaliplatin treatments could inhibit cancer cell 

survival and stop cells from re-entering cell cycle after DNA damage repair, which 

may therefore prevent the emergence of drug resistance. This result also explains the 

failure at mitotic exit (Figure 4.13A and Figure 4.14A) and appearance of mitotic 

catastrophe (Figure 4.15) after R,R-5 and DMC+oxaliplatin treatments, suggesting 

that abrogation of oxaliplatin-activated G2 checkpoint by DMC could inhibit cancer 

cell survival after oxaliplatin exposure. 
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Figure 4.16: MTT assay showing that DMC abrogated oxaliplatin-stimulated G2 

checkpoint and led to inhibition of cell survival. HCT116 and HeLa cells were 

treated with cisplatin, oxaliplatin or R,R-5 at 5 |J,M for 24 hrs, with or without the 

presence of DMC (5 |LIM) or caffeine (5 mM). After drug treatment, cells were 

washed with PBS once and then allowed for an 8-day recovery in drug-free medium 

before MTT assay. Medium was changed on the fourth day after drug treatment. 

R,R-5, DMC+oxaliplatin and caffeine+oxaliplatin treatments was found to reduce 

cell survival than oxaliplatin in both cell lines. Mean士SD of 24 replicates from 3 

independent experiments is shown. Student's t test was used for statistical analysis 

to compare the indicated groups and p values are shown. 
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4.6 Conclusions 

In this chapter, the differential effects of cisplatin, oxaliplatin and R,R-5 at the 

G2 DNA damage checkpoint are demonstrated. Collectively, the findings are 

summarized as follows: 

a) Oxaliplatin was found to activate the G2 DNA damage checkpoint in HeLa cells, 

as evidenced by the decrease in mitotic index, dephosphorylation of histone HI, 

appearance of G2/M cell cycle arrest and activation of CHKl and CHK2. This 

avoided mitotic catastrophe and promoted cancer cell survival after oxaliplatin 

treatment. 

b) Cisplatin activated G2 checkpoint through CHKl and CHK2 activation, leading to 

a decrease in the mitotic index in HeLa cells. This was accompanied by the 

activation of an S phase DNA damage checkpoint, which stopped mitotic entry. 

c) R,R-5 and DMC+oxaliplatin maintained the mitotic index and phosphorylation of 

histone HI at normal level, even when CHKl and CHK2 were pronouncedly 

stimulated. This effect did not require increase in DNA synthesis or CDKl 

transcription, but instead, DMC+oxaliplatin and R’R-5 restored the kinase activity of 

the available CDKl to promote mitotic entry, and consequently led to mitotic 

catastrophe, failure at mitotic exit, and inhibition of cancer cell survival compared 
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with oxaliplatin. Incorporation of DMC into R,R-5 is believed to contribute to this 

bypass effect at the G2 checkpoint. 

A working model is shown in Figure 4.17 to illustrate the differential effects of 

cisplatin, oxaliplatin and R,R-5 at the G2 DNA damage checkpoint. Cisplatin and 

oxaliplatin activate CHKl and CHK2, to inhibit CDKl/Cyclin Bl, decrease histone 

HI phosphorylation (not so pronounced after cisplatin treatment in Figure 4.10) and 

consequently stop mitotic entry. R,R-S and DMC+oxaliplatin can also stimulate 

CHKl and CHK2, due to the DACH moiety; however, the presence of DMC restore 

the activity of CDKl that is compromised by CHKl and CHK2 activation, probably 

by PP2A/PP1 inhibition, leading to the recovery in histone HI phosphorylation and 

mitotic progression, hence the bypass of G2 checkpoint. 

195 



Chapter Four 

Cisplatin,oxalipIatin R’R-5> DMC+oxaliplatin 

ATM ATR 
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CDKl/Cyclin B1 
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Figure 4.17: DMC abrogates oxaliplatin-activated G2 checkpoint by restoring 

CDKl activity, independent of CHK1/CHK2 activation. Cisplatin and oxaliplatin 

can activate CHKl and CHK2, which inhibits CDKl and activates G2 DNA damage 

checkpoint. DMC+oxaliplatin and R’R-5 can also activate CHKl and CHK2; 

however，they can restore CDKl activity, maintain histone HI phosphorylation and 

facilitate mitotic entry, hence bypassing the G2 checkpoint. 
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Chapter Five 

Conclusions 

The clinical use of the platinum anticancer agents, cisplatin and carboplatin, 

has been well established. However, more widespread use of these agents is limited 

by emergence of drug resistance. Moreover, a variety of adverse effects, such as 

nephrotoxicity, myelosuppression, neurotoxicity, and severe emesis, are observed in 

patients receiving cisplatin chemotherapy (Krakoff, 1979). These limitations reduce 

the efficacy of the drug and have inspired efforts to develop new agents that display 

improved therapeutic properties. 

Oxaliplatin is a third-generation diaminocyclohexane (DACH)-containing 

platinum-based anti-tumor drug that is clinically used for the treatment of advanced 

colorectal cancer, and is able to circumvent cisplatin resistance. It is widely believed 

that the recognition of cisplatin-DNA adducts by the MMR system contributes to the 

cytotoxicity of cisplatin in tumor cells. In contrast to cisplatin-DNA adducts, the 

MMR protein hMutSa has a low affinity for oxaliplatin-DNA adducts, due to the 

integration of a novel DACH moiety into oxaliplatin's structure (Zdraves et al.’ 

2002). Therefore, an unique mechanism of drug action originating from the ？t(R,R-

197 



Chapter Five 

DACH) moiety has been postulated that is different from cisplatin. 

A novel series of TCM-Pt compounds has been synthesized by the School of 

Pharmacy and Department of Chemistry at the Chinese University of Hong Kong. 

The novel design involved the integration of demethylcantharidin (DMC), a modified 

TCM component, with a Pt moiety. To make use of the advantages brought by the 

DACH moiety in oxaliplatin, one of our novel Pt compounds (abbreviated as R,R-5) 

was synthesized by integrating the DMC ligand with /ra«5-i?,/?-dianiinocyclohexane 

(DACH). We propose that its mechanism of anti-cancer action is two-fold: (a) the 

R,R-DACR-?t moiety alkylates DNA，and (b) the DMC ligand induces an additional 

cytotoxic effect in cancer cells. 

This thesis focuses on the pharmacological behaviour of the novel compound 

R,R-5, and its comparison with oxaliplatin and cisplatin. R,R-5 can be slowly 

hydrolyzed into DMC that inhibits protein phosphatase 1 and 2A, and a DACH-Pt 

moiety that binds to DNA and results in DNA damage. Since the structural 

difference between R’R-5 and oxaliplatin is the incorporation of DMC in the former 

Pt compound, a cDNA microarray analysis was performed with an aim to discover 

the molecular targets that can differentiate between R,R-5 and oxaliplatin, which may 

be contributed by DMC (Chapter Two). Compared with oxaliplatin, R,R-5 resulted 

in up-regulation of 35 genes that can promote G2 to M cell cycle progression in 
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HCT116 cells. Since there are DNA damage checkpoints controlling the G2 to M 

transition, results from the cDNA microarray analysis therefore led us to hypothesize 

that R,R'5 may bypass these DNA damage checkpoints, subsequently resulting in 

mitotic catastrophe and inhibition of cell survival after drug exposure. Detailed 

investigation into the effects of R,R-5 at the antephase and G2 checkpoints were 

carried out. The results are discussed in Chapter Three and Four, respectively. 

Based on our findings, the superior anti-tumor activity of R,R-5, compared with 

oxaliplatin, could be due to the bypassing of antephase and G2 checkpoints. 
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5.1 Effect o fR^-5 at the Antephase Checkpoint (Chapter Three) 

Among all cell cycle checkpoints, the antephase checkpoint is the closest to 

mitotic entry. Cells typically spend approximately 15 minutes to 1 hr in the 

antephase before entering mitosis (nuclear envelope break-down). As a result, 

activation of the antephase checkpoint can lead to rapid decrease in the proportion of 

mitotic cells within 1 hr (Figure 3.8). Antephase checkpoint can be triggered by 

various kinds of stresses, such as osmotic shock (Dmitrieva et al.，2002), cold shock 

(Rieder, 1981), UV or ionizing radiation (Rieder and Cole, 1998)，and microtubule 

disassembly (Rieder and Cole, 2000). To date, activation of the antephase 

checkpoint by DNA damaging agents has not been reported. 

In our findings, cisplatin was observed to activate the antephase checkpoint and 

decrease mitotic entry in an hour in HeLa cells (Figure 3.8). And the mechanism by 

which cisplatin activated this antephase checkpoint was studied in detail. 

Interestingly, chemical inhibitor and siRNA against c-Abl (Figure 3.12 and Figure 

3.13), p38MAPK inhibitor (Figure 3.12), and MEKKl siRNA (Figure 3.13), but not 

ATM/ATR or protein phosphatase 2A inhibitors (Figure 3.11), were found to 

abrogate the activation of antephase checkpoint by cisplatin. Moreover, cisplatin 

was found to activate the antephase checkpoint only in MMR-proficient 

HCT116+ch3 cells but not MMR-deficient HCT116+ch2 cells (Figure 3.15 and 
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Figure 3,16), reinforcing the involvement of the MMR system in the antephase 

checkpoint regulation. An MMR/c-Abl/MEKK 1 /p3 8MAPK pathway is therefore 

demonstrated to be involved in this checkpoint regulation. In contrast, DACH-

containing Pt drugs, oxaliplatin and R,R-5, bypassed the antephase checkpoint as 

evidenced by their negligible effect on the mitotic index (Figure 3.8). They also did 

not have significant effect on c-Abl or p38MAPK activation (Figure 3.10). 

An increase in cancer cell survival was observed in HCT116+ch3 cells after 

acute cisplatin treatment (Figure 3.19A), compared with HCT116+ch2 cells, which 

could be inhibited by c-Abl, p38MAPK and JNK inhibitors (Figure 3.18). On the 

other hand, acute treatments of oxaliplatin and R,R-5 did not have significant 

difference in the survival profiles of HCT116+ch3 and HCT116+ch2 cells (Figure 

3.19B and C). Taken together, acute stress to cisplatin can activate the MMR/c-

Abl/MEKKl/p38MAPK pathway, leading to inhibition of the CDKl/Cyclin B1 

activity, and stopping cells from entering mitosis rapidly, thereby avoiding mitotic 

catastrophe and promoting cancer cell survival. In contrast, R’R-5 and oxaliplatin 

bypass the antephase checkpoint, deprive cancer cells of the time for DNA damage 

repair, result in mitotic catastrophe and consequently inhibit cancer cell survival after 

acute drug treatment. Since the differential activation of the antephase checkpoint by 

cisplatin was found to endow the cells with survival benefit, this observation could 
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explain the superior anti-tumor activity of oxaliplatin and R,R-S over cisplatin. 

In this study, the mechanisms for the activation of antephase checkpoint in 

response to DNA damage is elucidated. For the first time，DNA damaging agent 

cisplatin is observed to activate the antephase checkpoint and oxaliplatin and R,R-5 

are demonstrated to bypass it. According to our findings, addition of c-Abl or 

p38MAPK inhibitors to the cisplatin regimen could allow the cells to abrogate the 

antephase checkpoint and cells are thus more sensitive to cisplatin treatment, thereby 

representing a new means of circumventing cisplatin resistance. Our theory also 

explains the mechanisms for the synergistic effect that was found between cisplatin 

and c-Abl inhibitor (Zhang et ai, 2003; Yerushalmi et al, 2007). Applying these 

findings to the clinic, the use of oxaliplatin or R,R-5 can bypass the antephase 

checkpoint and may inhibit cancer cell survival after chemotherapy, therefore may 

have a less re-occurrence rate than cisplatin. 
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5.2 Effect o iR^-5 at the G2 checkpoint (Chapter Four) 

The differential regulation of the antephase checkpoint by cisplatin, oxaliplatin 

and R,R-5 has already been discussed in Chapter Three. However, the G2—M-

promoting effect of R,R-5 in the cDNA microarray analysis (Chapter Two) can not 

be due to the bypass of antephase checkpoint, because HCT116 cells do not have a 

functional antephase checkpoint (Figure 3.9). As a result, the effect of R’R-5 at the 

G2 checkpoint, another mitotic DNA damage checkpoint, was explored in Chapter 

Four. It is noted that a longer duration of drug treatment (24 hrs) was used in our 

experiments to wait for a vivid activation of G2 checkpoint by oxaliplatin (than the 

rapid detection of antephase checkpoint activation in Figure 3.8). Also, the G2 phase 

cells require more time for progression into mitosis than antephase (late G2 phase) 

cells; hence G2 checkpoint activation takes more time to show reduction in mitotic 

index, which is in contrast to the quick response at the antephase checkpoint (within 

an hour). 

In Chapter Four, oxaliplatin were found to activate CHKl and CHK2 in HeLa 

cells after 24 hrs drug treatment, leading to the inhibition of CDKl/Cyclin B1 

activity and phosphorylation of histone HI (Figure 4.10)，which consequently 

attenuated mitotic entry (Figure 4.7) and cells were arrested at the G2/M phase 

(Figure 4.8). These observations suggested the activation of G2 checkpoint by 
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oxaliplatin, which could be inhibited by concomitant treatment with ATM/ATR 

inhibitor caffeine (Figure 4.7, Figure 4.10). On the other hand, R,R-5 and 

DMC+oxaliplatin treatments were found to maintain phosphorylation of histone HI 

and the mitotic index at normal level (Figure 4.7, Figure 4.10), implying that these 

treatments could bypass the G2 checkpoint, supposedly due to the presence of DMC. 

This G2 checkpoint-bypass effect of R,R-5 and DMC+oxaliplatin did not require 

increase in S phase entry (Figure 4.9), CDKl and Cyclin B1 transcriptions (Figure 

4.11), and would not decrease the G2/M population (Figure 4.8). On the other hand, 

surprisingly, CHKl and CHK2 activation was observed in R,R-5 and 

DMC+oxaliplatin treated cells (Figure 4.10), indicating the DNA damage induced by 

these treatments could be recognized by the ATM/CHK2 and ATR/CHKl pathways. 

Therefore, the abrogation of oxaliplatin-induced G2 checkpoint by DMC and bypass 

of the G2 checkpoint by R,R-5, do not require the inhibition of CHK1/CHK2 

activation. Since the phosphorylation status of histone HI was unchanged after R’R-

5 and DMC+oxaliplatin treatments (Figure 4.10), we therefore hypothesized the G2 

checkpoint-bypass effect of these treatments requires CDKl. In fact, R，R-5 and 

DMC+oxaliplatin failed to promote mitotic entry (Figure 4.13A) or maintain the 

phosphorylation of histone HI (Figure 4.12A) when CDKl was compromised by 

roscovitine (a specific CDKl inhibitor). These observations demonstrate that DMC 
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counteracts the CDKl-inhibiting CHK1/CHK2 pathways and abrogates oxaliplatin-

activated G2 checkpoint by restoring CDKl activity. Interestingly, after bypassing 

the G2 checkpoint, R，R-5 and DMC+oxaliplatin treatments led to a prolonged 

mitosis (Figure 4.13A) and mitotic catastrophe (Figure 4.15), which was not 

observed in oxaliplatin treatment. And after an 8-day recovery, R,R-5 and 

DMC+oxaliplatin (less promising than R,R-5) could inhibit cell survival in both 

HCT116 and HeLa cells, suggesting that bypass of G2 checkpoint contributes to the 

cytotoxicity of DNA damaging agents. 

Collectively, activation of G2 checkpoint by cisplatin and oxaliplatin stops 

cells from entering mitosis; cells can then repair DNA damage before re-entering cell 

cycle, thereby avoiding mitotic catastrophe and promoting cancer cell survival. In 

contrast, R,R~5 and DMC+oxaliplatin can bypass this G2 checkpoint by restoring 

CDKl activity, independent of CHK1/CHK2 activation. According to these 

findings, DMC can be clinically used as a novel G2 checkpoint abrogator in 

combination treatment with oxaliplatin, which may help circumventing the emerging 

of drug resistance. Also, the mechanism for DMC to abrogate oxaliplatin-activated 

G2 checkpoint, and for R,R-5 to bypass the G2 checkpoint, was demonstrated to be 

unique from all the discovered G2 checkpoint activators. DMC+oxaliplatin and 

R,R-5 do not inhibit the recognition of DNA damage by ATM/CHK2 and 
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ATR/CHKl pathways like other G2 checkpoint abrogators do. Instead, they stop the 

inhibition of CDKl by CHK1/CHK2 and maintain the kinase activity of CDKl, 

possibly by inhibiting PP1/2A, and restore mitotic entry. It seems that DMC and 

R,R-5 interfere many cellular signalling pathways and stop many inhibition processes 

that involve protein dephosphorylation, including CDKl inhibition during G2 

checkpoint activation. Since this mechanism of action is demonstrated for the first 

time and is different from the biological behaviour of other G2 checkpoint 

abrogators, it would be interesting to look at the effect of DMC in combination with 

other DNA damaging agents in clinical trials, compared with typical G2 checkpoint 

abrogators. 
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5.3 Summary of the Thesis 

Summarizing the findings in this thesis, we have proven that cisplatin activates 

both the antephase and G2 checkpoints (Figure 5.1); oxaliplatin has no effect at the 

antephase checkpoint because of the DACH-Pt moiety, but activates the G2 

checkpoint; R,R-5 leads to the bypass of both antephase (due to the DACH-Pt 

moiety) and G2 checkpoint (due to the incorporation of DMC). The experimental 

data support our hypothesis emphatically, for using DMC and DACH moieties in the 

design of the new Pt compound, R，R-5’ in attaining a dual mechanism of anti-tumor 

action, higher potency, and lack of cross-resistance. 

From a drug design point of view, it appears that R,R-5 is the optimum 

structure that demonstrates the highest potency among the novel TCM-Pt compounds 

and has even greater cytotoxic effect than oxaliplatin. Since the activation of cell 

cycle checkpoints may be involved in the induction of drug resistance, cancer cells 

could be the least likely to acquire drug resistance from R,R~5 because of its ability 

to bypass the mitotic DNA damage checkpoints. It will be interesting to find out if 

R,R-5 could maintain its anti-tumor activity in oxaliplatin-resistant cancer cell lines. 

Our study also bring forth with a very important concept: to inhibit cancer cell 

survival after radiation or chemotherapy, which is completely neglected in current 

cancer treatment. The ability to induce cell death can vary from different cancer 
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treatments. For example, cisplatin was shown to have strong anti-tumor activity in 

clinical use at the very beginning. However, despite the fact that cisplatin and other 

cancer chemotherapeutic drugs are highly potent in inducing cell death during initial 

treatment, recurrence does occur. Cancer cells are usually equipped with DNA repair 

and survival mechanisms, eventually exhibiting resistance to various anti-tumor 

drugs. As a result, cancer cells can repair DNA damage and survive after cisplatin 

treatment and lead to drug resistance. Therefore, clinical use of cisplatin should be 

concomitantly treated with antephase and G2 checkpoint abrogators to inhibit cancer 

cell survival and the generation of drug resistance. This was neglected in cisplatin 

treatment for a long time. In contrast, R,R-5 can bypass both the antephase and G2 

checkpoint and deprive cancer cells of the time for DNA damage repair, resulting in 

the inhibition of cancer cell survival after chemotherapy. Therefore we would expect 

a better therapeutic effect of R’R-5 than cisplatin. 
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Figure 5.1: Effect of platinum compounds at mitotic DNA damage checkpoints. 

Cisplatin can activate the MMR/c-Abl/MEKKl/p38MAPK pathway and 

consequently the antephase checkpoint. Also, cisplatin can activate the G2 

checkpoint by stimulating CHKl and CHK2 pathways. In contrast, oxaliplatin does 

not affect the antephase checkpoint because of the DACH-Pt moiety, but activates 

the G2 checkpoint. Cancer cells treated with R’R-5 or DMC+oxaliplatin can bypass 

not only the antephase checkpoint (due to the DACH-Pt moiety), but also the G2 

checkpoint (DMC can counteract G2 checkpoint and restoring CDKl activity, 

possibly by inhibiting PP1/2A). 
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5.4 Future Work 

This thesis has provided the molecular evidence for the differential effects of 

cisplatin, oxaliplatin and R,R-5 at the two mitotic DNA cell cycle checkpoints. In the 

cDNA microarray analysis, besides the mitotic genes that we have discussed earlier 

in the thesis, another 25 genes related to DNA replication were also found to be up-

regulated by R,R-5 (Table 2.1). This observation suggests that cancer cells treated 

with R,R-5 may activate the S phase checkpoint and arrest cells at the S phase (or 

onset of S phase), possibly because the incorporation of DMC in R,R-5 induces 

severe DNA damage that hinders S phase progression. It will be interesting to 

explore this effect in the therapeutic response to R,R-5. 

We have also found that inhibitors against c-Abl or p38MAPK could be used to 

sensitize cancer cells to cisplatin (or other DNA damaging agents) because of 

abrogation of the antephase checkpoint. However, according to the difference in cell 

death between HCT116+ch3 and HCT116+ch2 cells after cisplatin treatment, the 

percentage of cells at the antephase is estimated to be less than 10% (Figure 3.19A). 

It follows that abrogation of the antephase checkpoint could only lead to a maximum 

of 10% enhancement of cytotoxicity. Likewise, cells in each of the S and G2 phase 

contributed to about 15% of the total cell population. Theoretically, when one of 

these checkpoints is abrogated, the drug sensitization effect will only be about 15%. 
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Therefore, to achieve the maximal therapeutic benefit from this approach of 

abrogating DNA damage checkpoints in cancer chemotherapy, it may be necessary 

to disrupt all the imdesired cell cycle checkpoints. To sensitize cancer cells to 

cisplatin treatment, for example, a potential combination with UCN-01 (ATM/ATR 

or CHK1/CHK2 inhibitors that inhibit the S and G2 checkpoints) and STI571 (c-Abl 

inhibitor that abolishes the antephase checkpoint) may be useful. And these novel 

combinations of drug use in chemotherapy deserve to be confirmed in future studies. 

To bring it closer to clinical trials, animal studies could also be launched based on 

our findings，to evaluate the combination effects of DNA damaging agents and cell 

cycle checkpoint abrogators, under the examination of a live entity. 
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Abstract . Novel demethylcantharidin-platinum (DMC-Pt) 
complexes have been found to have superior in vitro anti-
cancer activity against a number of human colon cancer cell 
lines when compared with oxaliplatin. One complex where 
the DMC-Pt moiety was integrated with trans-R,R~diamino-
cyclohexane (DACH), exhibited the most pronounced 
cytotoxicity. To ascertain the mechanistic contribution of the 
DMC component, microarray analysis was conducted to 
compare the effect of the novel (/?,/?-DACH)-Pt-(DMC) 
complex and oxaliplatin, on the gene expression of human 
colorectal cancer (HCT116) cells. The Affymetrix HG-U133A 
oligonucleotide microarray was used, and the data allowed 
for the discrimination of genes that were specifically affected 
by the DMC ligand. One hundred and forty-one genes were 
found to be up-regulated. Of these, 48 can be classified 
according to different cellular responses including DNA 
repair, DNA synthesis, cell adhesion, cell cycle regulation， 

mitotic spindle checkpoint and apoptosis/antiapoptosis. The 
DMC ligand is likely to have caused damage to DNA bases 
and/or strands, and nucleotide mismatch, as highlighted by 
the recruitment of the repairing genes from the BER, HR and 
MMR. Antiapoptotic genes such as survivin, BRCAl and 
ITGB3BP were up-regulated, and it is proposed that the 
inherent defense mechanism of the cell may have been 
triggered, creating potential resistance to apoptosis. This study 
is the first to demonstrate the impact of the DMC ligand on the 
gene expression profile of HCT116 colon cancer cells and 
further substantiates its inclusion in the design of novel 
platinum-based anticancer complexes. 

Introduction 

Oxaliplatin is a third generation diaminocyclohexane (DACH)-
containing platinum-based antitumour drug that is clinically 

Correspondence to: Dr Yee-Ping Ho, School of Pharmacy, The 
Chinese University of Hong Kong, Hong Kong SAR, P.R. China 
E-mail: yeepingho@cuhk.edu.hk 

Key words: gene expression, diaminocyclohexane-platinum 
complexes, demethylcantharidin, oxaliplatin, colon cancer 

used for the treatment of advanced colorectal cancer and is 
able to circumvent cisplatin resistance (1). In general, the 
cytotoxicity of oxaliplatin is comparable to, and occasionally 
greater than that of cisplatin, but neurotoxicity is a significant 
side effect (1). 

Demethylcantharidin (DMC) (or norcantharidin) is an 
analogue of cantharidin, an active principle derived from 
traditional Chinese medicine (Mylabris) that has anticancer 
properties (2). Utilizing a dual mechanism of the drug action 
approach in designing a novel platinum-based anticancer 
agent, the complex (尺DACH)-Pt-(DMC) has been synthe-
sized (3), so that it has the same /?,/?-diaminocyclohexane 
(DACH)-Pt moiety as oxaliplatin, and DMC as the released 
ligand (Fig. la). We propose that the mechanism of anti-
cancer action is two-fold: i) the /?,/?-DACH-Pt moiety 
alkylates DNA, and ii) the DMC ligand induces an additional 
cytotoxic effect in cancer cells. In support of the latter 
effect, we have demonstrated that (/?,/?-DACH)-Pt-(DMC) 
generated more DNA lesions when compared with oxali-
platin, and confirmed that the DMC ligand released from 
(/?,/?-DACH)-Pt-(DMC) participates in DNA damage (4). 

DMC has separately been reported to cause loss of cell 
adhesion (5)，inhibition of DNA synthesis (6), cell cycle 
distortion (3) and apoptosis (3,6,7) (Fig. lb). Furthermore, 
cantharidin has been found to be capable of inducing an 
aberrant mitotic spindle in human lung epithelial carcinoma 
A549 cells (8). 

This study aimed to compare the effect of oxaliplatin 
and the novel complex (尺’/?-DACH)-Pt-(DMC) on the gene 
expression of human colorectal cancer (HCT116) cells using 
microarray technology. The Affymetrix HG-U133A oligo-
nucleotide microarray was used, allowing for the simultaneous 
examination of a large number of genes by measuring mRNA 
levels. As the structures of the two test compounds have a 
common /?,/?-DACH-Pt moiety, the analysis should be able 
to discriminate the effect due to the DMC ligand. The 
strategy used for the microarray analysis is shown in Fig. lb, 
and the detected genes were sorted according to the observed 
differences in gene expression levels in cells treated with 
either (/?,/?-DACH)-Pt-(DMC) or oxaliplatin. 

Materials and methods 

Chemicals and reagents. Oxaliplatin was supplied by W.C. 
Heraeus GmbH & Co. KG (Hanau, Germany). DMC was 
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Figure 1. (a) DACH-containing Pt compounds compared in the microarray analysis, (b) Strategy used in the analysis of gene expression changes in response 
to DMC released from Pt (7?,/?-DACH) (DMC), using the Affymetrix HG-U133A oligonucleotide microarray. 

synthesized from the Diels-Alder reaction between furan and 
maleic anhydride, and (/?,/?-DACH)-Pt-(DMC) was synthe-
sized according to procedures described previously (3). 

Cell culture and drug treatment. HCT116 cells from the 
American Type Culture Collection (ATCC, Rockville, MD, 
USA) were grown in RPMI-1640 medium, supplemented with 
10% fetal bovine serum, 100 U/ml penicillin and 100 //M/ml 
streptomycin. Cells were plated in tissue culture dishes and 
incubated (37°C, 5% COj) for 18-24 h before drug treatment. 
Oxaliplatin and (/?，尺-DACH)-Pt-(DMC) at their IC50 values in 
HCT116 cells (i.e. 1.24 and 0.40 mM, respectively) were 
exposed to cells for 72 h (3). 

Determination of relative gene expression. After drug 
treatment, adherent cell populations were harvested for 
subsequent expression profile analysis. Total RNAs were 
extracted with TriReagent according to the manufacturer's 
protocol (Molecular Research Center, USA), and purified 
and cleaned by passing through an RNeasy column (Qiagen, 
Valencia, USA). The differential expression of genes in 
HCT116 cells treated with (/?,/?-DACH)-Pt-(DMC) and 
oxaliplatin was examined by microarray analysis according to 
the Affymetrix microarray protocol (Affymetrix, Santa Clara, 
USA). The samples were subjected to oligonucleotide array 
analysis using the human HG-U133A GeneChip that contains 
~54,000 probe sets including 38,500 well-characterized 
human genes. Cells treated with (/?,/?-DACH)-Pt-(DMC) or 
oxaliplatin were compared. Experiments were duplicated and 

data analyzed with the GeneChip Operating Software (GCOS). 
The criterion for gene selection was a fold-change of >2.0 in 
the two experiments. 

Results 

Microarray analysis. The effect on the gene expression of 
HCTl 16 cells treated with either oxaliplatin or (R,R-DACU)-
Pt-(DMC) was compared by microarray technology, where 
the analysis was able to differentiate genes influenced by the 
DMC ligand. The results showed that 141 genes were up-
regulated and 4 were down-regulated (data not shown). The 
classification of the function of each gene was according to 
the information provided by the NetAffx Analysis Center 
(www .affymetrix .com). Forty-eight genes were classified 
into different categories based on the cellular responses 
induced by DMC, and summarized in sub-sections, as shown 
in Table 1: DNA repair (Table la)，DNA synthesis (Table lb), 
cell adhesion (Table Ic), cell cycle regulation (Table Id), 
mitotic spindle checkpoint (Table le) and apoptosis/anti-
apoptosis (Table If). The average fold changes ranged from 
2.1 to 3.8. No down-regulated genes were found among the 
48 genes. The results from each category will be discussed in 
detail. 

Genes involved in DNA repair. Sixteen genes associated with 
DNA repair were found to be up-regulated, and a summary 
of their involvement in the relevant sub-groups is shown in 
Table la. Specific genes included T0P2A, which is involved 
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in the cleavage and ligation of phosphodiester bonds; USPl, 
which inhibits PCNA activity; RFC3, 4 and 5, involved in 
the loading of PCNA; RAD51AP1 and RAD51, important for 
strand transfers in homologous recombination (HR); RAD54B, 
which interacts with DNA damage sites in HR; BRCAl, a 
gene that facilitates HR and non-homologous end-joining 
(NHEJ) processes; CSPG6, which contains damaged and 
undamaged chromatids; FEN], involved in flap cleavages in 
base excision repair (BER) and the elimination of divergent 
sequences in HR (9); P0LE2, involved in DNA synthesis; 
HMGBl and HMGB2, important for recognition of the DNA 
cross-links; and MSH2 and MSH, for recognition of mismatch 
in mismatch repair (MMR). Among this group of genes, the 
expression of HMGBl was found to be the most affected 
(average fold change: 3.6). 

Genes involved in DNA synthesis. Twenty-eight genes 
related to DNA synthesis were found to be up-regulated and 
summarized (Table lb). Among this group, 8 genes are linked 
to DNA repair: T0P2A, RFC3, 4, and 5, FENl, HMGBl, 
HMGBl and P0LE2. Seven of these are linked to nucleotide 
synthesis: RRMl and 2，involved in the production of deoxy-
ribonucleotides; TKl, which converts thymidine to TMP; 
DUT, which converts dUTP to dUMP; DCK, which converts 
deoxycytidine to dCMP; PRPS2, which converts ribose 5-
phosphate to 5,-phosphoribosyl-l-pyrophosphate; and DHFR, 
involved in the reduction of folic acid to tetrahydrofolate. 
Eleven of the 28 genes are related to initiation of DNA 
replication: ORCIL, MCM2,4,5,6 and 7, which form the pre-
replication complex; GINS! and 2，involved in the unwinding 
of the replication fork; PRIMl, a primer; CDC6, involved in 
the loading of the MCM complex; and CDC7, important for 
the phosphorylation of the MCM complex. From this latter 
group, MCM4 appears to be the most significant gene as 

three probe sets (212141—at, 212142—at and 222036_s^at) 
were identified, of which one (212141_at) had the highest 
gene expression (average fold change: 3.6). 

Genes involved in cell adhesion. Two genes associated with 
cell adhesion were up-regulated (Table Ic). ITGB3BP activates 
b3 integrin, whereas KITLG promotes cell adhesion directly 
and activates integrins (10,11). KITLG is the more significant 
gene due to the two probe sets (207029—at and 211124_s_at) 
being expressed. The average fold change for the 
211124—s_at probe set was 2.8. 

Genes involved in cell cycle regulation. Eight up-regulated 
genes involved in cell cycle regulation were detected and 
summarized (Table Id and Fig. 2). These include CDKN2C 
which causes Gj arrest and CDKN3 which inhibits the GJS 
transition and reduces the S-phase population, WEEJ which 
induces Gj/M arrest, and GTSEl which causes G! arrest and 
is also a DNA damage response gene. Others include mitotic 
checkpoint genes BUBl, BUBIB and MAD2L1 which cause 
M-phase arrest. The most prominent gene was BUBl，as two 

probe sets (209642—at and 215509_s_at) were detected where 
the average gene expression fold change for the 209642_at 
probe set was the highest at 3.8. The three mitotic checkpoint 
genes are induced when the mitotic spindle becomes aberrant. 

Genes involved in apoptosis and antiapoptosis. The three 
genes involved in antiapoptosis were: BIRC5,1TGB3BP and 
BRCAl (Table le and Fig. 3). ITGB3BP participates in cell 
adhesion, and BRCAl is involved in DNA repair as described 
previously. The role of HMGBl remains unclear as there are 
reports that it facilitates apoptosis by activating p53 (12), but 
it has also been suggested that it can act as an antiapoptotic 
protein (13). The most notable gene was BIRC5 where two 
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Pt(J?4t-DACH)(DMC) 

f«nt«nanc« oftiw mUgrity of mitotic sptncB** DNA repair Cell »dh««ton mamtenance 

/ \ 
Mitotic chtciqpomt Cyclia-d«p«nd«nt 
complex kinase* inhifoitofs 

Nucleotid«s DHA tynlhtn* 
tyxihMi* 

Cell cycto «rr«tt 

Antt-«poptosu 
Figure 3. Apoptosis and antiapoptosis genes apparently induced by the DMC ligand. 

probe sets (202094_at and 202095_s_at) were observed and 
the average fold change for the 202095_s_at probe set was the 
highest (3.6). BIRC5 is triggered when defects are present in 
the mitotic spindle assembly. 

Discussion 

The microarray data revealed that changes in the expression 
of specific genes can distinguish cellular responses due to the 
DMC ligand. The results provided further insight into DMC 
contribution to the overall mechanism of cytotoxicity in 
HCTl 16 cells. Selection of the genes was based on their 
appearance in two experimental trials with a difference in 
expression of >2-fold. Thus, the reliability of the results in this 
study is significantly increased. The impact of this study is 
that it has demonstrated that 48 out of 145 genes (one-third 
of the data) can be correlated with cellular responses induced 
by DMC (Fig. lb), as opposed to that of oxaliplatin. 

In this study, cells were subjected to drug treatment for 
72 h, which was sufficient exposure time to enable the 
triggering of the DNA repair mechanisms to restore DMC-
induced DNA damage. The genes likely to be involved in 
DNA repair are shown in Table la. POLE2, RFC3, 4 and 5, 
and T0P2A are recruited in most DNA repair mechanisms, 
and are found to be overexpressed in cells treated with {R,R-
DACH)-Pt-(DMC) rather than oxaliplatin. This finding 
implied that more DNA lesions were formed which required 
additional repairing units. These observations concurred with 
our recent report that (/?,/?-DACH)-Pt-(DMC) caused more 
serious DNA damage when compared with oxaliplatin (4). 
The results also showed that FENl in BER, BRCAl, RAD51, 
RAD51AP1, RAD54B and CSPG6 in HR, and MSH2 and 
MSH6 in MMR were overexpressed. Therefore, we conclude 

that the DMC ligand can damage DNA bases, induce DNA 
strand breaks and cause nucleotide mismatch, which are then 
repaired by the BER, HR and MMR mechanisms, respectively. 

NER is generally believed to be involved in the removal 
of Pt-DNA adducts (14). However , no changes in the 
expression of genes directly related to NER were found in 
this analysis. This is consistent with the NCI (National Cancer 
Institute) microarray data for cantharidin (15). It is noteworthy 
that the HMGBl protein, which protects Pt-DNA adducts 
from recognition by the NER proteins (repair shielding 
model) and blocks the removal of Pt-DNA adducts (12)，and 

the HMGBl gene were found to be up-regulated in this 
study. The implication is that the over-expression of 
HMGBl，induced by the DMC ligand, may assist or enhance 
the drug action originating from the platinum (Pt-DACH) 
moiety. However, a recent report showed that introducing a 
foreign HMGBl gene did not influence the cytotoxicity of 
platinum drugs (16). 

The USPl gene blocks all DNA repair mechanisms through 
the deubiquitination of PCNA (17)，and its expression in 

(/?,/?-DACH)-Pt-(DMC)-treated cells was found to be higher 
than oxaliplatin. Thus, it may be that the DMC ligand is able 
to disrupt DNA repair. 

In this study, GMNN (Geminin) was found to be over-
expressed in (/?,/?-DACH)-Pt-(DMC)-treated cells. Geminin 
binds to Cdtl and prevents its association with the MCM 
complex, leading to the inhibition of the initiation of DNA 
synthesis (18). This is supported by a report that DMC 
inhibited DNA replication, which was tentatively attributed to 
the cleavage of the Cdc6 protein (6). 

Genes facilitating nucleotide synthesis (RRMl, RRM2, 
TKl, DUT, PRPS2, DCK and DHFR), and initiation of DNA 
replication (ORCIL, CDC6, MCM2, MCM4, MCM5, MCM6, 
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Table I. Microarray analysis of HCT116 cells treated with Pt (/?,尺-DACH) (DMC) vs. oxaliplatin. 

Probe set ID Gene symbol Fold change 1 Fold change 2 

(a) DNA repair genes 
201291_s_at 

201292_at 

202412—s 一 at 

20291 l_at 

203209_at 

203210_s—at 

204023_at 

204127—at 

204128_s_at 

204146—at 

20453 l_s_at 

204767_s—at 

204768_s_at 

205024—s—at 

205909—at 

208808_s—at 
209257_s_at 
20942l_at 

216508_x_at 

219494_at 

(b) DNA synthesis genes 
48808—at 

201291_s_at 

201292—at 

201477_s_at 

201890_at 

201930_at 

202107_s_at 

202532_s_at 

202534_x_at 

202338—at 

203209_at 

203302_at 

203210—s—at 

20340 l_at 

203967. 

203968. 

204023— 

204127_at 

_at 

_s_at 

_at 

TOP2A 

T0P2A 

USPl 

MSH6 

RFC5 

RFC5 

RFC4 

RFC3 

RFC3 

RAD51AP1 

BRCAl 

FEN I 

FEN I 
RAD51 

P0LE2 

HMGB2 
CSPG6 
MSH2 

HMGBl 
HMGILI 

LOC644380 

RAD54B 

DHFR 
LOC643509 

T0P2A 

T0P2A 

RRMl 

RRM2 

MCM6 

MCM2 

DHFR 
LOC643509 

DHFR 
LOC643509 

TKl 

RFC5 

DCK 

RFC5 

PRPS2 

CDC6 

CDC6 

RFC4 

RFC3 

2.8 

2.6 

2.3 

2.0 

2.3 

2.3 

2.0 

2.1 
2.1 

2.8 

2.3 

2.6 

2.6 

2.1 

2.8 

3.7 
2.3 
2.1 

2.3 

2.3 

2.1 

2.8 

2.6 

2.3 

2.3 

2.5 

2.3 

2.0 

2.3 

2.8 

2.3 

2.6 

2.3 

2.0 

3.0 

2.6 

2.0 

2.1 

3.7 

2.8 

2.6 

2.5 

2.6 

2.1 

2.3 

3.0 

2.1 
3.2 

2.6 

2.8 

2.5 

2.5 

3.5 

3.5 
2.6 
2.1 

2.1 

2.5 

2.8 

3.7 

2.8 

2.3 

2.8 

2.8 

2.3 

3.2 

2.6 

2.5 

2.6 

2.6 

2.1 

2.5 

2.1 

2.5 

2.3 

3.0 
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Table I. Continued. 

Probe set ID Gene symbol Fold change Fold change 2 

204128_s_at 

204510—at 

204767_s_at 

204768_s_at 

205053_at 

205085_at 

205909_at 

206102_at 

208795_s_at 

208808_s_at 

208956_x_at 

209773_s_at 

210983_s_at 

212141_at 

212142 一 at 

216237—s_at 

216508—x—at 

218350_s_at 

221521—s_at 

222036_s_at 

(c) Cell adhesion genes 
205176_s_at 

207029_at 

211124_s_at 

(d) Cell cycle regulation 
genes 

203362_s_at 

203755 j t 

204159_at 

204318_s_at 

209642_at 

209714_s_at 

212533—at 

215509_s_at 

(e) Apoptosis and anti-
apoptosis genes 

202094_at 

202095_s_at 

20453l_s_at 

205176—s—at 

216508 X at 

RFC3 

CDC7 

FENl 

FENl 

PRIMl 

ORCIL 

P0LE2 

GINSl 

MCM7 

HMGB2 

DUT 

RRM2 

MCM7 

MCM4 

MCM4 

MCM5 

HMGBl 
HMGILI 
LOC644380 

GMNN 

GINS2 

MCM4 

ITGB3BP 

KITLG 

KITLG 

MAD2L1 

BUBIB 

CDKN2C 

GTSEl 

BUBl 

CDKN3 

WEEl 

BUBl 

BIRC5 

BIRC5 

BRCAl 

ITGB3BP 

HMGBl 
HMGlLl 
LOC644380 

2.1 

2.0 

2.6 

2.6 

2.1 

2.3 

2.8 

2.6 

2.6 

3.7 

2.1 

2.6 

2.5 

4.6 

3.2 

3.0 

2.3 

2.5 

2.6 
2.8 

2.6 
2.6 

2.8 

3.7 

3.0 

3.2 

2.5 

4.0 

2.3 

2.8 

2.5 

3.5 

4.0 

2.3 

2.6 

2.3 

2.1 

3.0 

2.8 

2.5 

2.3 

2.0 

3.5 

2.6 

3.0 

3.5 

2.0 
2.5 

2.3 

2.6 

2.0 

2.5 

2.1 

2.6 

3.2 

2.6 

2.0 

2.1 

2.8 

3.2 

3.7 

3.5 

3.0 

3.5 

2.5 

3.0 

3.2 

2.6 

3.2 

2.6 
2.0 

2.1 
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Table I. Continued. 

Probe set ID Gene symbol Fold change 1 Fold change 2 

(f) Aberrant mitotic 
spindle response genes 

202094_at BIRC5 3.5 2.6 

202095_s_at BIRC5 4.0 3.2 

203362_s_at MAD2L1 3.7 3.2 

203755_at BUB IB 3.0 3.7 

209642_at BUBl 4.0 3.5 

215509—s_at BUBl 2.5 3.2 

Genes appearing in the two trials with a difference in expression >2-fold were considered to be significant in this microarray analysis. ^Genes 
are related to (a) DNA repair, (b) DNA synthesis, (c) cell adhesion, (d) cell cycle regulation, (e) apoptosis and antiapoptosis, and (f) aberrant 
mitotic spindle. 

MCM7, CDC7, PRIM I , GINSl and GINS2) were over-
expressed. It is assumed that the up-regulation of these genes 
is necessary in order to synthesize new strands during the 
process of repairing DMC-induced DNA lesions (Table lb). 
Similarly, overexpression of the DNA replication initiation 
genes is presumed to be involved in DNA repair with the aim 
of synthesizing new strands. There is supporting evidence for 
the correlation of DNA replication initiation with DNA repair, 
where human Rad51 and Rad52, which participate in HR, 
have been reported to interact with MCM proteins which are 
a component of the pre-replicative complex in DNA replication 
(19). In this regard, RAD51 and MCM2, 4, 5, 6 and 7 were 
found to be up-regulated in this study. 

The microarray data revealed that the expression of 
ITGB3BP and KITLG was elevated, and it is suggested that 
this is essential in order to maintain cell adhesion capacity 
during the slow release of DMC from (/?，/?-DACH)-Pt-(DMC) 
(Table Ic). 

The progression of a cell cycle is promoted by the activity 
of cyclin/cydin-dependent kinase (CDK) complexes, generally 
regarded as engines driving this process, whereas cell cycle 
regulation is controlled by cyclin-dependent kinase inhibitors 
(20). The microarray data indicated that the CDK inhibitor 
genes such as CDKN2C, CDKN3 and WEEl were all up-
regulated, thus blocking the activities of CDK4, CDK2 and 
CDC2, respectively (Fig. 2). Gi arrest should occur as a result 
of the up-regulation of CDKN2C and CDKN3. A reduction of 
the S-phase population is likely to be caused by an over-
expression of CDKN3, while an overexpression of WEEl leads 
to Gj/M arrest. It is reasonable to assume that the release of 
DMC from the (/?,/?-DACH)-Pt-(DMC) complex causes more 
serious DNA damage that results in overexpression of the 
three cyclin-dependent kinase inhibitor genes, leading to the 
reinforcement of cell cycle arrest and subsequent DNA 
repair. The GTS El gene, which induces G j arrest on DNA 
damage (21), was also found to be up-regulated. These obser-
vations are in agreement with our previous results of the cell 
cycle distr ibution where G j arrest , S-phase populat ion 
reduction and G2/M arrest were clearly demonstrated for 

HCT116 cells treated with (/?,尺-DACH)-Pt-(DMC) or DMC 
alone (3). 

A recent study has indicated that the mitotic spindles were 
aberrant after cantharidin treatment (8). From this microarray 
analysis, MAD2L1,BUB1B and BUBl were highly expressed 
in cells treated with Pt (R,R-DACH) (DMC). MAD2L1 and 
BUB IB are components of the mitotic checkpoint complex 
that cause mitotic arrest when defects are present in the spindle 
assembly, and in the bipolar attachment of chromosomes 
(Fig. 2) (22). BUBl is located on the kinetochores during 
mitosis, and recruits other mitotic checkpoint proteins (23). An 
important function of survivin {BIRC5) is to maintain mitotic 
arrest in response to defects in the mitotic machinery (24)， 

and in this study, expression of BIRC5 was found to be up-
regulated. Therefore, it is proposed that DMC can disrupt the 
organization of the mitotic spindles. As a result, genes related 
to the mitotic checkpoint complex are up-regulated. 

A summary of the apoptotic and antiapoptotic genes 
apparently induced by the DMC ligand is shown in Fig. 3. 
Overexpression of several genes [ITGB3BP (25), BRCAl (26) 
and BIRC5 (24)] involved in the antiapoptotic process was 
found. The role of the HMGBl gene in apoptosis remains 
unclear as previous reports have indicated that it may facilitate 
apoptosis by activating p53 (12). However, HMGBl has been 
reported as an antiapoptotic protein (13). 

In conclusion, the influence of the DMC ligand on the gene 
expression in HCT116 cells is multi-faceted, and competently 
demonstrated using microarray technology. For example, the 
increase in the expression of genes related to DNA repair 
was triggered by DNA lesions caused by the DMC ligand 
that is released from the parent complex. The DMC ligand is 
likely to have caused DNA base damage, DNA strand break, 
and nucleotide mismatch as exemplified by the BER, HR 
and MMR genes, respectively, being recruited to repair these 
lesions. Moreover, the ligand may cause an aberrant mitotic 
spindle with a subsequent overexpression of genes related to 
the mitotic checkpoint complex and survivin. Due to further 
damage induced by the DMC ligand, genes related to the 
cyclin-dependent kinase inhibitors and the mitotic checkpoint 
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complex were overexpressed in order to re inforce cell cycle 
a r res t and a l low the ce l l s to r epa i r d a m a g e . F i n a l l y , an t i -
apoptot ic genes were a lso up-regulated and it is p roposed that 
the inherent defense mechanism of the cell is tr iggered. These 
genes m a y con t r ibu te t owards res i s t ance aga ins t apop tos i s 
which is induced by the D M C l igand, a l lowing the cells to 
survive . This s tudy has h ighl ighted the possibility of a dual 
mechan i sm of ant icancer act ion exer ted by the nove l {R,R-
D A C H ) - P t - ( D M C ) complex , but fur ther s tudies are required 
to determine the exact role of D M C . 
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