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The tumor suppressor protein p53 has been implicated in DNA damage-induced 

apoptosis. Previous studies demonstrated that the protein kinase C (PKC) signal 

transduction pathway regulates apoptosis induced by the DNA damaging agent cisplatin 

and is deregulated in cisplatin-resistant cells. The present study examined whether PKC 

influences p53 and, hence, cellular sensitivity to cisplatin. Basal p53 levels were elevated 

in cisplatin-resistant HeLa (HeLa/CP) cells as compared to parental HeLa cells. Cisplatin . 

further increased p53 levels in HeLa/CP, but not in HeLa cells. However, rottlerin, a 

PKC-o inhibitor that prevents cisplatin-induced apoptosis, caused p53 accumulation in 

HeLa cells treated with cisplatin. Rottlerin stabilized p53 in response to cisplatin in 

HeLa cells, whereas cisplatin alone was sufficient to stabilize p53 in HeLa/CP cells. 
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CHAPTER 1 

INTRODUCTION 

Cell proliferation and cell death by apoptosis are essential processes that are 

required for normal development, as well as for maintaining tissue homeostasis ( 6), and 

are regulated by intracellular signaling systems. Signal transduction is ''the process by 

which cells sense extracellular stimuli, amplify localized signals, and integrate 

information" (10). When either cell proliferation or cell death becomes deregulated or 

nonfunctional, conditions such as neurodegenerative disease or cancer may result (7). 

Normal, healthy cells become tumorigenic either by escaping cell death or by undergoing 

uncontrolled cell proliferation. 

The majority of anticancer drugs function by inducing DNA damage, which can 

result in cell death. However, the efficacy of a chemotherapeutic drug depends not only 

on its ability to cause DNA damage, but also on the cell's ability to recognize and 

respond to the damage. Although it was originally thought that DNA damage alone was 

sufficient to kill cells, it is now believed that the signal transduction pathway from the 

induction of DNA damage to cell death plays an important role in apoptosis. DNA 

damage can lead to the activation of caspases, a family of cysteine proteases that 

specifically cleave their substrates after an aspartate residue (2). Although the activation 

of caspases and the downstream events leading to cell death are well characterized, little 

is known about the early steps that occur in response to DNA damage. 
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cis-diamminedichloroplatinum(II) ( cisplatin) is one of the most effective 

anticancer drugs used in the treatment of solid tumors, including testicular, ovarian, and 

cervical carcinomas (8, 9). Although cisplatin interacts with DNA, RNA, and small thiol 

compounds, its toxicity is largely due to the formation of DNA adducts (3, 9). Many 

types of DNA adducts may form, the most common of which are intrastrand crosslinks 

formed by binding two adjacent guanine residues (Diagram 1 ). Intrastrand crosslinks 

between a neighboring adenine and guanine may also form (9). The intrastrand 

crosslinks distort the DNA helix, causing unwinding and kinking, ultimately resulting in 

cell death (3). 

Diagram 1: Intrastrand crosslinks formed by cisplatin (9) 

It was traditionally thought that the anticancer drug cisplatin caused cell death by 

inhibiting DNA synthesis (3). Studies have now shown that cells treated with cisplatin 
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exhibit morphological changes consistent with those observed in cells undergoing 

apoptosis; these changes include DNA fragmentation, the breakdown of cellular 

membranes, and cell shrinkage (3). Although cisplatin therapy is effective in treating 

solid tumors, its success is often compromised by the development of drug resistance (8). 

Several mechanisms of cisplatin resistance have been postulated, including decreased 

intracellular drug accumulation, increased intracellular thiollevels, and increased DNA 

repair (3). 

Protein kinase C (PKC) is a critical element in the growth factor signal 

transduction pathway. It has previously been shown that protein kinase C regulates cell 

death by cisplatin (2). PKC is a family of isozymes that can be grouped based on their 

structures and biochemical properties. The conventional/classical PKCs (a., f:U, f3II, y) are 

Ca2+-dependent and sensitive to diacylglycerol/phorbol esters. The atypical PKCs (t/A., ~) 

are insensitive to both Ca2+ and diacylglycerol/phorbol esters. The novel PKCs (o, 

E, 11, q,) are Ca2+ -independent, but sensitive to diacylglycerollphorbol esters (2). 

Structurally, PKC-J..L resembles novel PKCs, but functionally resembles atypical PKCs 

(24). 

Protein kinase C has been implicated in cell death by apoptosis, but its 

involvement is not without controversy (16, 17). For example, treatment with the PKC 

activator PMA ca\lsed apoptosis in lymphoid cells, but inhibited steroid-induced 

apoptosis in thymic lymphocytes (17). This suggests that PKC plays a cell type-specific 

role in apoptosis and that PKC isozymes may play distinct roles in inducing or preventing 

cell death. For example, several studies have demonstrated that novel PKC-0 induces 
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apoptosis. PKC-o is a substrate for the effector caspase-3 which cleaves PKC-0 to 

produce a 40-kDa catalytic fragment (16, 25, 26). The substrates of activated PKC-o 

include nuclear proteins such as DNA-dependent protein kinase (DNA-PK) and lamin B 

( 16). Phosphorylation of lamin B by PKC-o leads to the breakdown of the nuclear 

lamina, and eventually to cell death by apoptosis. Furthermore, it has been previously 

demonstrated that PKC can regulate the activation of caspases (2). Basu eta/. 

demonstrated that treatment with PKC activators enhanced caspase activation, whereas 

treatment with a PKC-0 inhibitor prevented caspase activation in HeLa cells (2). 

However, it is unclear ifPKC is involved further upstream of caspase activation. 

Although many of the steps that occur in response to DNA damage are unknown, 

it is known that the tumor suppressor protein p53 is activated by DNA damage. p53 may 

also be induced in response to· other cellular stresses, including hypoxia, withdrawal of 

growth factors, viral infections, and a deregulation of cell cycle genes ( 11 ). 

The p53 protein consists of several domains (Diagram 2). The amino terminus of 

p53 consists of a transactivation domain, which contains the murine double minute clone 

2 (Mdm2) (22) binding site (20). Additionally, studies have shown that in many cells, the 

transactivation domain ofp53 is required for apoptosis (11). A proline-rich domain 

located adjacent to the transactivation domain contains SH3 binding motifs, which may 

be important forp53 protein: protein interactions (11, 20). The central portion of the p53 

protein is the sequence-specific DNA binding domain. p53 also has a tetramerization 

domain ( 4), as well as a carboxy-terminal domain, which contains nuclear localization 

signals and a nuclear export sequence (19). The C-terminus ofp53 is able to 
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allosterically inhibit the sequence-specific DNA binding of p53, and therefore, post

translational modifications at the carboxy-terminus are important in relieving this 

inhibition (4). 

Proline-rich domain Tetramerization domain 

Diagram 2: Functional domains of p53 

p53 plays several roles by mediating cell cycle arrest, DNA repair, and apoptosis, 

although much remains to be learned as to how p53 determines which pathway the cell 

will take. The cellular effects of p53 activation likely depend on several factors, 

including cell type, the nature or degree of the apoptotic stimulus, survival factors, and 

downstream gene products ( 4, 11 ). For example, in response to irradiation, diploid 

fibroblasts typically arrest the cell cycle, whereas lymphoid or myeloid cell lines undergo 

apoptosis (4). Similarly, the presence ofiL-3 causes p53-dependent cell cycle arrest in 

Ba/F3 murine leukemia cells while the absence ofiL-3 results in cells undergoing p53-

dependent apoptosis (4). The actions of downstream gene products may also influence 

whether the cell will opt for cell cycle arrest or apoptosis (11 ). 

p53 functions as a transcription factor by binding to DNA and inducing the 

transcription of various regulatory genes, primarily those involved with cell cycle arrest 

or apoptosis. p53 plays an important role in cell cycle arrest by transactivating genes 
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such as p21 waf!cipl, a cyclin-dependent kinase ( cdk) inhibitor that functions to arrest the 

cell cycle in the G1 phase (4). p21 binds to cdk, thereby preventing phosphorylation of 

the tumor suppressor retinoblastoma (Rb) protein. Hypophosphorylated Rb binds the 

transcription factor E2F, which inhibits cells from moving into S phase and replicating 

damaged DNA. Cell cycle arrest allows time for DNA repair mechanisms to be 

activated. Once DNA repair has occurred, the cell cycle can continue. 

p53 functions in apoptosis by regulating the transcription of both pro- and anti

apoptotic genes. For example, p53 can up-regulate pro-apoptotic proteins such as Bax, as 

well as suppress anti-apoptotic proteins, such as Bcl-2 (11). Bax is primarily a cytosolic 

pro-apoptotic protein that translocates to the mitochondria following an apoptotic 

stimulus, whereas Bcl-2 is an anti-apoptotic protein located in the mitochondria. The 

ratio ofBax to Bcl-2 dictates whether a cell will live or die. A decreased Bax:Bcl-2 ratio 

will lead to cell survival and an increased ratio will result in cell death. 

By regulating transcription, p53 can effectively maintain cellular integrity, 

thereby earning the nickname "guardian of the genome" (1). Although the p53 gene is 

mutated, and thus defective, in half of all cancers, there is often a lack of p53 function in 

those cases in which p53 is not mutated (4). The majority of malignant cervical cancer 

cells, including human cervical carcinoma (HeLa) cells, contain wild-type p53. 

However, the E6 gene product of human papillomaviruses (HPV) can interact with p53, 

· resulting in the rapid degradation ofp53 through the ubiquitin-proteasome pathway (14). 

Therefore, although HeLa cells contain a wild-type p53 gene, expression of the E6 
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protein from high-risk HPV can have the same functional consequences as a mutated p53 

gene (14). 

p53 has been shown to be activated in response to cellular stresses. For example, 

there may be increased translation of the p53 mRNA, which likely occurs by relieving the 

translational repression mechanism that operates at the 3 '-untranslated region of mRNA 

(1). Additionally, p53 activation may involve a change in the subcellular distribution of 

p53 (1). Latent, inactive p53 is often cytoplasmic, whereas cellular stresses induce the 

translocation ofp53 to the nucleus, where it is active (1). Although p53 activation may 

occur due to increased translation or translocation of p53, its accumulation is primarily 

due to post-translational modifications (1). Post-translational modifications ofp53, 

including acetylation and glycosylation, have been shown to increase DNA binding (1). 

Moreover, p53 acetylation, which is mediated by acetyltransferases that bind at the amino 

terminus (19), interferes with the interaction between the carboxy terminus and the DNA 

binding domain ofp53, thereby allowing the DNA binding domain to adopt an active 

conformation (4). However, the majority of covalent modifications are achieved through 

the phosphorylation of p53 ( 1 ). 

The most important factor in p53 regulation is the presence of the Mdm2 protein. 

The Mdm2 gene is a transcriptional target ofp53, and once synthesized, the Mdm2 

protein can bind to p53 and inhibit further transcriptional activity (4). Furthermore, 

-binding ofMdm2 to p53leads to the rapid degradation ofp53 through the ubiquitin

proteasome pathway by functioning as an E3 ligase, which conjugates ubiquitin 

molecules to lysine residues within the carboxy terminus ofp53 (1, 19, 20, 22). 
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However, in response to DNA damage, p53 becomes phosphorylated at its amino 

terminus, thereby inhibiting Mdm2 binding (1, 4). As a result, p53 degradation does not 

occur and p53 accumulates. 

Phosphorylation ofp53 does not always cause its accumulation; in some cases, 

p53 phosphorylation may instead lead to its degradation. Several kinases, including 

PKC, can phosphorylate p53, and this phosphorylation may be required for the rapid 

degradation ofp53 (5). PKC is able to phosphorylate p53 at Ser378, located at the 

carboxy-terminal negative regulatory domain (15). 

Since PKC has been shown to regulate sensitivity of He La cells to cisplatin and 

the PKC signal transduction pathway is deregulated in cisplatin-resistant HeLa cells, I 

have examined whether p53 levels are altered in cells that acquired resistance to cisp1atin 

and how PKC modulators influence p53 levels in parental and cisplatin-resistant HeLa 

cells. Because p53 plays a critical role in maintaining cellular integrity, the present study 

was undertaken in order to better understand how key players in the DNA damage

induced signal transduction pathway, including PKC, regulate p53. 
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CHAPTER2 

MATERIALS AND METHODS 

Cell culture: 

Parental (HeLa) and cisplatin-resistant (HeLa/CP) human cervical carcinoma cells were 

maintained in Dulbecco's minimal essential medium (DMEM) supplemented with 10% 

heat-inactivated fetal bovine serum and 2 mM glutamine. The cells were maintained in 

an incubator at 37°C with 95% air and 5% C02• 

Assessment of cell viability: 

Exponentially growing cells (3,000-5,000/well) were plated in a microtiter plate and 

incubated at 37°C with 95% air and 5% C02• Following a 24 hour incubation, cells were 

treated with increasing concentrations of cisplatin. After 24 hours, cell viability was 

determined by a colorimetric assay that utilizes the MIT dye as previously described 

(18). The percentage of cell survival was calculated relative to results obtained in the 

absence of cisplatin. The average percentage of cell survival was based on three 

independent experiments. 
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Immunoblot analyses: 

Cells were treated with or without cisplatin and PKC modulators. The cells were 

collected and washed twice with cold phosphate buffered saline (PBS) and lysed with 

MPER buffer (Pierce) containing protease inhibitors and DTT. Nuclear protein 

extractions were performed using the nuclei isolation buffer, buffer A (10 mM HEPES, 

pH 7.9, 10 mM KCI, 0.1 mM EDTA, 0.1 EGTA, 1 mM DTT, 1 mM PMSF and protease 

inhibitors, and water); 10% Nonidet-40; and a resuspension buffer, buffer C (20 mM 

HEPES, pH 7.9, 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 25% glycerol, 

and water). Briefly, the cells were swelled in buffer A and lysed with Nonidet-40. The 

nuclei were isolated via differeptial centrifugation, resuspended in buffer C, and nuclear 

proteins were extracted through vigorous shaking. Protein was determined by the method 

of Bradford (31) using bovine serum albumin as a standard. Equal amounts of protein 

were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and 

transferred electrophoretically to a poly(vinylidene difluoride) membrane (30). Western 

blot analyses were performed, and in each experiment, the same blot was probed with an 

antibody to control for equal loading. The proteins were visualized using enhanced 

chemiluminescence reagents according to the manufacturer's (Amersham) protocol. 

Assessment of apoptosis by flow cytometric analyses: 

'The cells were treated with or without cisplatin and PKC modulators and incubated at 

37°C with 95% air and 5% C02• Following a 16 hour incubation, the cells were 
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harvested and washed with PBS. The DNA was stained with propidium iodide and cell 

cycle analysis was performed using a Coulter Epics flow cytometer (23). 
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CHAPTER3 

RESULTS 

3.1 Effect of cisplatin on p53 levels in HeLa and HeLa/CP cells 

The tumor suppressor protein p53 is induced in response to DNA damage. The 

effect of cisplatin, a DNA damaging agent, on p53 levels in parental HeLa cells and 

cisplatin-resistant HeLa (HeLa/CP) cells was examined. 
' 

The level of cisplatin resistance was ftrst determined by an MIT assay in which 

cells were exposed to increasing concentrations of cisplatin for 24 hours. As shown in 

Figure 1, cellular sensitivity to cisplatin was increased 3- to 4-fold in HeLa/CP cells as 

compared to parental, drug-sensitive HeLa cells. The IC50 value, the concentration of 

cisplatin required to cause 50% cell death, was 8.3 J.LM in HeLa cells versus 30.9 J.LM in 

HeLa/CP cells. 

HeLa and HeLa/CP cells were then treated with cisplatin for varying time periods. 

As shown in Figure 2, the basal level ofp53 in HeLa cells was quite low, and over time, 

treatment with cisplatin had little effect on p53. However, treatment with the proteasome 

inhibitor Mg 132, either alone or in conjunction with cisplatin, was able to increase p53 

levels (Figure 3). The basal level ofp53 in HeLa/CP cells was 6.5 times higher than in 

HeLa cells. Furthermore, treatment with cisplatin caused a time-dependent increase in 

-p53 in cisplatin-resistant HeLa cells. Cisplatin (either alone or in combination with PKC 

modulators) had little effect on the level of caspase-2, which was detected using a 
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monoclonal antibody from Transduction Laboratories. Therefore, the level of caspase-2 

was used as a control to account for loading differences during electrophoresis . 

. Figure 4 shows the effect of cisplatin concentration on p53 levels in HeLa and 

HeLa/CP cells. As in the time-course study (Figure 2), the basal level ofp53 was 

considerably higher in HeLa/CP as compared to HeLa cells. In HeLa/CP cells, cisplatin 

was able to substantially increase p53 levels, whereas varying cisplatin concentrations 

had little effect on p53 levels in HeLa cells. Treatment with 20 ~and 40 J!M cisplatin 

caused a 5.0- and 5.6-fold increase, respectively, in p53 in HeLa/CP cells (Figure 4 B). 

p53 functions as a transcription factor that induces the transcription of genes 

involved in both apoptosis and cell cycle arrest, such as Bax and p21, respectively. The 

basal levels of Bax and p21 in HeLa and HeLa/CP cells were therefore analyzed by 

Western blotting. As shown in Figure 5, Bax levels were equivalent in HeLa and 

HeLa/CP cells. However, p21levels were approximately 5 times higher in HeLa/CP 

cells as compared to parental HeLa cells. 

This set of experiments demonstrated that the basal level of p53 is substantially 

higher in HeLa/CP cells as compared to parental HeLa cells. Moreover, cisplatin was 

able to further increase p53 levels in HeLa/CP, but not HeLa cells. 

3.2 Effect ofPK~ modulators on cisplatin-induced apoptosis 

The PKC signal transduction pathway influences cell death by cisplatin. Because 

anticancer drugs can induce cell death by either apoptosis or necrosis, apoptotic cell death 

was monitored by the appearance of a hypodiploid peak in a flow cytometer. The 
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hypodiploid peak is representative of DNA fragmentation, a characteristic of cells 

undergoing apoptosis. Therefore, when cells undergo apoptosis, less DNA is stained, and 

this appears in a sub-G 1 peak. Following the treatment of cells with PKC modulators, 

nuclei were stained with propidium iodide and analyzed using a flow cytometer. Two 

structurally and functionally distinct PKC activators were used: PDBu, a widely used 

PKC activator, and bryostatin I, a partial PKC agonist that activates PKC in the 

nanomolar range. Rottlerin, an inhibitor of PKC-o, and a conventional PKC inhibitor, Go 

6976, were also used. This study showed that treatment with a PKC activator or inhibitor 

alone had little effect on apoptosis in HeLa cells (Figure 6). However, PKC activators 

enhanced cell death by cisplatin. While cisplatin alone caused 59% cell death, 

pretreatment with bryostatin or PDBu increased cell death by cisplatin to 88% and 81%, 

respectively. Go 6976 by itself caused less than 10% cell death, but when treated in 

combination with cisplatin, the conventional PKC inhibitor increased cell death to 73%. 

In contrast, pretreatment with the PKC-o inhibitor rottlerin decreased apoptotic cell death 

by cisplatin from 59% to 9%. 

Because rottlerin inhibits apoptotic cell death, cells were treated with rottlerin 

both before and after cisplatin treatment to determine whether rottlerin blocks cell death 

by functioning prior to or subsequent to DNA damage. Flow cytometric analysis 

indicated that 2% of untreated HeLa cells underwent apoptosis, whereas 20% of cells 

.. died following a 12 hour incubation with cisplatin (Figure 7 A and B). When pretreated 

with rottlerin, cell death decreased by 50% as compared to treatment with cisplatin alone 

(Figure 7 C). However, when cells treated with rottlerin and cisplatin were washed and 
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subsequently incubated in drug-free medium, 18% of cells underwent apoptosis (Figure 7 

D), an amount comparable to that in which cells were treated with cisplatin alone. 

Therefore, rottlerin does not block cisplatin uptake, but rather influences cisplatin-

induced cell death by acting at a step subsequent to DNA damage. 

3.3 Effect ofPKC modulators on p53 levels in HeLa cells 

Because p53 is a substrate for PKC, which regulates cisplatin-induced cell death, 

the effect ofPKC modulators on p53 content was examined. Figure 8 shows that while 

cisplatin alone had little effect on p53, treatment with bryostatin or PDBu decreased p53 

levels. Because p53levels were virtually undetectable when treating with PKC 

activators, it was not possible to obtain accurate results of p53 levels from densitometric 

scanning. Cisplatin, either alone or in combination with a PKC modulator, had little 

effect on PCNA levels. Therefore, the level of PCNA was used as a control to account 

for loading differences during electrophoresis. 

The effect ofPKC inhibitors on p53 in HeLa cells is shown in Figure 9. 

Treatment with the PKC-o inhibitor rottlerin alone had little effect on p53 levels; 

however, when treated in combination with cisplatin, rottlerin increased p53 levels 

twelve-fold. To determine if this effect was specific for PKC-0, cells were treated with 

GO 6976 an inhibitor of conventional PKCs. GO 6976 had little effect on p53 levels in 
' " 

- HeLa cells, and it failed to increase p53 levels when treated in conjunction with cisplatin. 

These results suggest that inhibition of novel PKC-o rather than conventional PKCs was 

responsible for the increase in p53 levels in response to cisplatin. 
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3.4 Effect ofPKC modulators on p53levels in HeLa/CP cells 

It has been reported that the PKC signal transduction pathway is deregulated 

during the acquisition of resistance by tumor cells to cisplatin (27, 28, 29). Therefore, the 

effect of PKC modulators on p53 levels in HeLa/CP cells were examined. As shown in 

Figure 10, cisplatin by itself resulted in a three-fold increase in p53levels. Treatment 

with the PKC activator bryostatin alone had little effect on p53 levels as compared to 

control cells, and treatment with PDBu by itself decreased p53 levels by approximately 

80%. The PKC inhibitors rottlerin and G<> 6976 had little effect on p53levels. However, 

p53 levels in cells treated with both cisplatin and either rottlerin, bryostatin, or G<> 6976 

decreased slightly as compared to treatment with cisplatin by itself. p53 levels in cells 

treated with cisplatin and PDBu were comparable to control cells. 

3.5 Stabilization of p53 by rottlerin and/or cisplatin 

Because treatment with a combination of rottlerin and cisplatin caused a 

significant increase in p53 levels in HeLa cells, the effect of rottlerin and cisplatin on the 

stabilization of p53 was examined. HeLa and HeLa/CP cells were pretreated with or 

without rottlerin and then treated either with or without cisplatin. Following a 16 hour 

incubation, de novo protein synthesis was inhibited by treating cells with 10 Jtg/mL 

cycloheximide for the indicated time periods. After drawing a best-fit line, the half-life 

. of p53 in untreated HeLa cells was determined to be approximately 5 minutes (Figure 11 

B). HeLa cells treated with either cisplatin or rottlerin alone had half-lives comparable to 

control cells (approximately 5 and 6 minutes, respectively). However, when HeLa cells 
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were treated with both rottlerin and cisplatin, the half-life ofp53 increased to 34 minutes 

(Figure 11 B). 

Although the constitutive level of p53 in HeLa/CP cells was higher than in HeLa 

cells, the half-life ofp53 was approximately 5 minutes, as determined by drawing a best 

fit line. The p53 in HeLa/CP cells treated with rottlerin by itself exhibited a half-life of 

approximately 6 minutes. Cisplatin alone stabilized p53 in HeLa/CP cells and increased 

its half-life to greater than 60 minutes. Pretreatment of HeLa/CP cells with rottlerin had 

no additional effect on cisplatin-induced stabilization ofp53. Therefore, while cisplatin 

alone was sufficient to decrease the rate of p53 degradation in HeLa/CP cells, both 

rottlerin and cisplatin were required to stabilize p53 in HeLa cells. 
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CHAPTER4 

DISCUSSION 

The p53 tumor suppressor protein is at the core of the DNA-damage induced 

signaling pathway and plays a critical role in determining the cellular outcome of 

DNA damage. Previous studies demonstrated that the protein kinase C signal 

transduction pathway regulates cell death by the DNA damaging drug cisplatin (2). 

For example, activators ofPKC enhanced cellular sensitivity to cisplatin whereas an 

inhibitor of PKC-o suppressed cisplatin-induced cell death. The results from this 

study suggested that PKC regulates p53 content and thereby cellular responses to 

cisplatin. This study showed that an inhibitor of PKC-o, but not conventional PKCs, 

regulated p53 levels in HeLa cells. Furthermore, the PKC-o inhibitor rottlerin 

stabilized p53 in response to cisplatin in HeLa cells, whereas cisplatin alone was 

sufficient to stabilize p53 in HeLa/CP cells. 

The present study demonstrated that the basal p53 levels are substantially 

higher in HeLa/CP cells as compared to HeLa cells. Furthermore, cisplatin was able 

to increase p53 content in HeLa/CP cells, yet had little effect on p53 levels in HeLa 

cells. It is possible that in HeLa cells, cisplatin was unable to increase p53 levels 

because a large amount of cell death had occurred at the time the cells were processed 

. (data not shown). However, this is unlikely because when HeLa/CP cells were 

treated with a concentration of cisplatin that causes a comparable amount of cell 
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death as in HeLa cells, cisplatin was still able to increase p53 levels. Rather, the low 

levels of p53 observed in HeLa cells are likely due to degradation caused by its 

interaction with the E6 protein of the human papillomavirus (HPV) present in cervical 

cancer cells (14). Treatment with the proteasome inhibitor Mgl32 resulted in an 

increase in p53, thereby demonstrating that the low level ofp53 in HeLa cells is 

likely caused by its degradation rather than a lack of p53 induction. 

p53 is primarily regulated through post-translational modifications and 

interaction with the Mdm2 protein. The Mdm2 protein (called Hdm2 in human cells) 

binds to p53, thereby inhibiting further transcriptional activity of p53 and promoting 

the degradation ofp53 through the proteasome pathway (1, 19, 20, 22). The negative 

feedback loop formed by Mdm2 and p53 functions to keep p53 content at an 

appropriate level. However, if the dynamics of the Mdm2/p53 relationship are 

altered, undesirable results may occur. For example, if a functional Mdm2 protein is 

not present, p53 becomes severely deregulated and results in embryonic death (1 ). 

Conversely, excessive Mdm2 expression can cause p53 to be constitutively inhibited, 

thereby promoting cancer (1). Therefore, the ratio ofp53: Mdm2 is critical in 

determining the cellular content ofp53. Phosphorylation can influence the interaction 

between p53 and Mdm2, thereby altering the cellular levels of p53. In response to 

DNA damage, p53, becomes phosphorylated at Ser 15 and 37 (4). This 

~phosphorylation inhibits Mdm2 from binding p53, thus preventing the nuclear export 

and subsequent degradation ofp53. Therefore, it is evident that the interaction, or 
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lack thereof, between p53 and Mdm2 is critical in determining the content of p53 

within the cell. 

Protein kinase Cis also able to regulate p53 by phosphorylation at the carboxy 

terminus of p53 (Ser 3 78). Studies have shown that treatment with a nonspecific 

PKC inhibitor, H7, by itself increased p53levels in mouse [12]1/CA cells (5). 

However, my results demonstrated that rottlerin, which specifically inhibits PKC-o, 

was unable to cause p53 accumulation in HeLa cells. The failure of the PKC-o 

inhibitor to increase p53 levels in HeLa cells may be due to the presence of the E6 

protein ofHPV, which causes p53 degradation. This is unlikely, because treatment 

with the proteasome inhibitor Mg132 by itself was able to accumulate p53, and 

pretreatment with rottlerin had no additional effect (data not shown). However, it is 

probable that treatment with a nonspecific PKC inhibitor such as H7 may be toxic to 

cells, resulting in the induction ofp53. PKC-o specific inhibitor rottlerin had little 

effect on cell death under my experimental conditions and had no substantial effect 

on p53 levels unless cells were treated with cisplatin, in which case the increase in 

p53 levels was dramatic. Chemov et a/. found that treatment with a PKC activator 

was able to inhibit p53 accumulation following DNA damage (5). It was thereby 

determined that PKC-dependent phosphorylation leads to the rapid degradation of 

p53 (5). 

It has been largely unknown as to which PKC isozyme is responsible for the 

regulation ofp53 in HeLa cells. As shown in the present study, cisplatin alone failed 

to increase p53 levels in HeLa cells. Pretreatment with rottlerin caused a significant 
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increase in p53 content, whereas pretreatment with Go 6976 had little effect on p53 

levels .. Therefore, my results suggest that novel PKC-o, not conventional PKCs, was 

responsible for the regulation ofp53 in HeLa cells. In HeLa/CP cells however, 

rottlerin was unable to further increase p53 levels following treatment with cisplatin. 

These results are consistent with previous findings that the PKC signal transduction 

pathway is deregulated in cells that have acquired cisplatin resistance (2, 29). By 

functioning subsequent to DNA damage, rottlerin may be capable of regulating 

several components of the DNA-damage induced signal transduction pathway. 

Stabilization of the p53 protein, and its subsequent accumulation, is important 

in regulating p53 function (20). Previous studies have shown that treatment with the 

PKC inhibitor H7 increased the half-life ofp53 in mouse [12]1/CA cells (5). 

However, my experiments demonstrated that the half-life ofp53 following treatment 

with a PKC-o inhibitor alone was comparable to that of untreated cells. Treatment 

with both cisplatin and rottlerin were required to decrease the rate ofp53 degradation 

in HeLa cells, whereas cisplatin alone was sufficient to stabilize p53 in HeLa/CP 

cells. 

Based on the existing literature and findings from the present study, 

hypothetical models have been proposed to account for differences observed in HeLa 

and HeLa/CP cells (see Diagram 3). It is known that p53 can. bind to one of its 

-transcriptional targets, Mdm2, leading to its degradation. However, in response to 

DNA damage, p53 is phosphorylated at its amino terminus. This phosphorylation 

blocks the binding ofp53 to Mdm2, and therefore prevents p53 degradation. p53 can 
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also be phosphorylated at its carboxy terminus by PKC, which leads to its 

degradation. In the hypothetical model, phosphorylation at the amino terminus as 

well as dephosphorylation at the carboxy terminus ofp53 may be necessary for the 

stabilization ofp53. This can explain why in HeLa cells, both inhibition ofPKC by 

rottlerin, as well as DNA damage by cisplatin are required for p53 accumulation. The 

differential phosphorylation status of p53 will thereby inhibit both the Mdm2- and 

PKC-mediated degradation pathways and allow for p53 accumulation. In HeLa/CP 

cells however, because the PKC signal transduction pathway is deregulated (27, 28, 

29), phosphorylation at the amino terminus in response to DNA damage may be 

sufficient to cause accumulation ofp53. 

Because the tumor suppressor p53 plays such an important role in the cell, 

understanding its regulation is crucial. Although the present study has shed some 

insight into the regulation ofp53 by PKC in HeLa and HeLa/CP cells, additional 

studies aimed at further elucidating the involvement of p53 and PKC should be 

performed. For example, site-directed mutagenesis of the PKC phosphorylation site 

ofp53 may help to corroborate findings from the present study. Moreover, although 

my results demonstrate that inhibition of PKC-o is able to enhance p53 levels in 

response to cisplatin, they do not provide evidence that PKC-o directly influences 

p53. The possibility exists that PKC-o functions farther upstream ofp53, and 

• experiments that examine this hypothesis should be performed. Nonetheless, as 

evident from the present study, the PKC signal transduction pathway can be targeted 

to regulate p53 levels and hence, cell death by cisplatin. 
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CHAPTER6 

FIGURE LEGENDS AND FIGURES 

Figure 1. Comparison of cellular sensitivity to cisplatin in HeLa and HeLa/CP 

cells. HeLa ( •) and HeLa/CP ( • ) cells were treated with increasing concentrations of 

cisplatin for 24 hours. The percentage of cell survival was determined by an MTT 

assay as described in "Materials and Methods." Each symbol represents the mean 

value from three separate experiments; the standard error is shown. 

Figure 2. Effect of duration of exposure to cisplatin on pS3 levels. HeLa and 

HeLa/CP cells were treated with 10 J..LM and 50 J..LM cisplatin, respectively, and 

processed at the indicated times. Western blot analyses were performed using 

monoclonal antibodies to p53 and caspase-2 as described in "Materials and Methods." 

Figure 3. Effect of Mg132 on pS3 levels in HeLa and HeLaiCP cells. HeLa and 

HeLa/CP cells were pretreated with 15 J.LM Mg132 for 15 minutes and then with 20 

J.LM cisplatin for 16 hours. Western blot analyses were performed with monoclonal 

antibodies to p53 and PCNA as described in "Materials and Methods." 

~ Figure 4. Effect of varying concentrations of cisplatin on pS3 levels. He La and 

HeLa/CP cells were treated with increasing concentrations of cisplatin for 16 hours. 
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A) Western blot analyses were performed as described under "Materials and 

Methods." B) Summary of results from Western blot analysis. The bars represent 

mean values from 2-4 separate experiments; the standard error is shown. 

Figure 5. Comparison of the constitutive level of p53 transcriptional targets in 

HeLa and HeLa/CP cells. Western blot analyses were performed on whole cell 

lysates of He La and HeLa/CP cells as described in "Materials and Methods" using 

monoclonal antibodies to p21 and caspase-2 and a polyclonal antibody to Bax. 

Figure 6. Effect of PKC modulators on cisplatin-induced apoptosis. HeLa cells 

were pretreated with a PKC modulator (Bryo, 1 nM; PDBu, 1 J.LM; GO 6976, 5 J.LM; 

Rott, 10 J.LM) and then treated with 15 J.LM cisplatin for 16 hours. Flow cytometric 

analysis was then performed as described in "Materials and Methods". 

Figure 7. Effect of rottlerin on cisplatin-induced apoptosis. A) Untreated HeLa 

cells B) HeLa cells were treated with 30 J.LM cisplatin for 12 hours. C) HeLa cells 

were pretreated with 1 0 J.LM rottlerin for 15 minutes and then with 30 J.LM cisplatin for 

12 hours. D) Cells were pretreated with 10 J.LM rottlerin. After 15 minutes, the cells 

were treated with30 J.LM cisplatin for 12 hours. Following the incubation, the HeLa 

- cells were washed to remove the drugs and then incubated for an additional 12 hours 

in drug-free medium. 
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Figure 8. Effect of PKC activators on pS3 content in BeLa cells. Cells were 

treated with or without cisplatin (20 J.LM) and a PKC activator (PDBu, 1 J.LM; Bryo, 1 

nM) for 16 hours. Nuclear extractions were performed as described under "Materials 

and Methods." Western blot analyses were performed using a monoclonal antibody 

to p53 as described in "Materials and Methods." 

Figure 9. Effect of PKC inhibitors on pS3 levels in BeLa cells. Cells were treated 

with or without cisplatin (20 J.LM) and a PKC inhibitor (Rott, 10 J.LM; GO, 5 J.LM) for 

16 hours. A nuclear extraction was performed as described under "Materials and 

Methods." A) Western blot analyses were performed using a monoclonal antibody to 

p53 as described in "Materials and Methods." B) Summary of results from Western 

blot analysis. The bars represent mean values from 2-4 separate experiments; the 

standard error is shown. 

Figure 10. Effect ofPKC modulators on p531evels in BeLa/CP cells. Cells were 

treated with or without cisplatin (50 J.LM) and a PKC modulator (Rott, 1 0 J.LM; GO 5 

J.LM; PDBu, 1 J.LM; Bryo, 1 nM) for 16 hours. A) Western blot analyses were 

performed using a monoclonal antibody to p53 as described in "Materials and 

Methods." B) Summary of results from Western blot analysis. The bars represent 

• mean values from 2-4 separate experiments; the standard error is shown. 
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Figure 11. Effect of inhibition of protein synthesis on p53 levels in HeLa and 

HeLa/CP cells. HeLa and HeLa/CP cells were treated with 20 J.LM and 80 J.LM 

cisplatin, respectively, and/or 10 J.LM rottlerin for 16 hours. Cells were then treated 

with 1 0 J.LM cycloheximide, and nuclear extractions were performed at the indicated 

times as described in "Materials and Methods." A) Western blot analyses were 

performed with monoclonal antibodies to p53 and PCNA. B) Densitometric 

scanning was performed on Western blots from 2-4 separate experiments. Values 

were plotted as a percentage of the control with standard error bars. 
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