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ABSTRACT

In early 1996, the Fragile Histidine Triad (FHIT) gene was cloned and shown to straddle

the most active of the fragile human chromosome sites at chromosome band 3pl4.2. The

exceptionally large FHIT locus encompasses a hereditary renal carcinoma-associated

chromosome translocation breakpoint. The size of the FHIT gene is about 1 megabase of

genomic DNA, encoding a 1.1 kb niRNA message and a 16.8 kDa protein with

diadenosine triphosphate hydrolase activity.

Early studies of a number of important human tumors such as breast, gastric, renal, and

lung carcinoma and pancreatic adenocarcinoma have revealed that FHIT RNA expression

was frequently altered and these alterations correlated with deletions in the FHIT gene,

suggesting a role for this gene in development of cancer. There has also been a correlation

between complete absence of Fhit protein and the early clinical stages of cancer. Such

observations implicated FHIT as a putative tumor suppressor gene. Nonetheless, several

lines of evidence have called into question the role of FHIT as a "classical" tumor

suppressor gene, and raised the question of whether its apparent involvement simply

reflects its location within an unstable region of the genome. Observation of biallelic

deletions rather than mutations of the FHIT gene in cancers prompted a number of

investigators to reject FHIT as a suppressor gene. In addition, consistent effects of

exogenous FHIT on growth in cultures had not been observed. Additionally, experiments

transfecting wild-type (wi) FHIT into tumor cell lines with FHIT abnormalities have
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produced conflicting results regarding suppression of tumorigenesis in vivo.

The primary objective of this project was to investigate whether the FHIT gene was

indeed a tumor suppressor gene. The goal was to establish a representation of the

underlying molecular and cellular mechanisms of action of FHIT gene in suppression of

tumorigenesis. The results demonstrate that the FHIT gene is indeed a tumor suppressor

gene and that Fhit expression plays a possible role in induction of apoptosis. Our data

indicates that Fhit protein alters the mitochondrial flux and efflux of molecules causing

alterations in the transmembrane potential in the presence of apoptotic stimuli. We

observed that induction of apoptosis in cells expressing the Fhit protein also involved the

release of mitochondrial cytochrome c from the mitochondria and its subsequent

translocation into the cytoplasmic compartment.

This investigation was also aimed at developing and applying novel spectroscopic and

biosensing techniques and protocols designed to provide alternative methods for gene and

protein identification, and defining gene function at the cellular and molecular levels for

applications in biological research and clinical diagnosis laboratories. For the design of

these systems, we took advantage of optical spectroscopy techniques including

fluorescence, and synchronous luminescence spectroscopy, the biochip technology, and

various microscopy methods. These modern technologies, developed at ORNL, have the

potential to be selective, as well as sensitive, in providing information to understand how

gene expression impacts a specific biological system.
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PART ONE

rNTRODUCTION AND OVERVIEW



1.1 Introduction

1.1.1 Historical Perspective

In 1979 a family in which members with an inherited chromosomal translocation,

t(3;8)(p21;q24), were predisposed to renal cancer was described (1). In 1982, direct

cytogenic studies on chromosome preparations of the renal cell carcinoma cells and the

cultured peripheral blood lymphocytes of a patient with familial renal cell carcinoma were

performed. The results revealed a specific, acquired translocations (3p;l Ip) present in the

majority of metaphases of the tumor, indicating that the development of renal cell

carcinoma was associated with a deletion in the proximal end of 3p (2). Later on in 1984,

scientists used high resolution prometaphase G-banding analysis to demonstrate that the

breakpoints occurred at the subbands 3pl4.2 (not 3p21) and 8q24.1 translocation carriers

fi'om the t(3;8) hereditary renal cell carcinoma family. It was clearly illustrated that the

chromosomal rearrangement was reciprocal with breakpoints occurring at the sub-bands

3pl4.2and 8q24.1 (3).

Although the breakpoint of the balanced, reciprocal constitutional chromosome

translocations, t(3;8)(p21;q24), segregating with early onset multifocal renal carcinoma,

was believed to mark the site of an oncogene or a tumor suppressor gene, more recent

speculations suggested otherwise. In 1993 following up on the family reported (1) in

1979, investigators noticed that the tumors from 3 family members consistently showed
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loss of the entire derivative chromosome 8, which bore the segment 3pter-pl4. In

contrast, no genetic change was detected in the derivative chromosome 3 or in normal

chromosomes 3 and 8. One interpretation from these findings was that the breakpoints

in chromosomes 3 and 8, per se, had no relevance to the renal carcinoma (4). Instead,

other observations (1994) suggested that the breakpoint simply supplied a mechanism

for the tumor to lose an allele between 3pl4.2 and 3pter, and that, the occurrence of

renal carcinoma was related to the tendency toward loss of the terminal part of 3p

containing the von Hippel-Lindau gene (VHL). Further research demonstrated that the

VHL gene was mutated in the germline of individuals with familial renal carcinoma

reported by Cohen et al, and that these same tumors retained one copy of a mutated

VHL gene at 3p25 (5).

If the constitutional 3pl4.2 break point had inactivated a tumor suppressor gene, then

the tumors might be expected to lose the normal chromosome 3, to follow the established

paradigm of the retinoblastoma model. This model suggests that a germline suppressor

gene allele be mutated in all cells, so that the familial tumor cell need only mutate, or more

often lose, the remaining normal allele (4-7,9). However, faced with many examples of

chromosome translocations as initiators of tumorigenesis in soft tissues and hematopoietic

cells, these accounts, though not without merit, were not necessarily imposing.

The search continued for a gene affected by the t(3;8) translocation. Positional cloning

of the 3pl4.2 breakpoint in the family reported inl979 was accomplished inl993 (6).
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By positioning a chromosome 3 probe between the t(3;8) breakpoint and an aphidicolin-

induced 3pl4 breakpoint, a subsequent chromosome walk using yeast artificial

chromosome (YAC) and use of a lambda sublibrary allowed isolation of clones spanning

the t(3;8) rearrangement. Screening a kidney cDNA library by incorporation of unique

and evolutionarily conserved DNA sequences, they identified a gene, referred to as

HRCAl (hereditary renal cancer associated 1), that mapped immediately adjacent to

the breakpoint. On the basis of its chromosomal position, HRCAl was considered to be

a candidate tumor suppressor Gene (6,7).

Later inl996, scientists pointed out that a 200-300-kb region of 3pl4.2, including the

fragile site locus FRA3B, closely telomeric to the t(3;8) breakpoint, was deleted

homozygously in multiple tumor-derived cell lines (Fig. 1.1). By use of exon

amplification from cosmids covering this deleted region, and defining of the smallest

region of overlap of these homozygous deletions, they identified a portion of the human

gene called FHIT (Fig. 1.2) for 'fragile histidine triad gene.' The gene was composed of 10

exons (Fig. 1.3) distributed over at least 500 kb, with three 5-prime untranslated exons

centromeric to the renal carcinoma-associated 3pl4.2 breakpoint, with the remaining

exons telomeric to the t(3;8) translocation breakpoint, and exon 5 within the

homozygously deleted fragile region (8,9).

In the same study, aberrant transcripts of the FHIT locus were found in approximately

50% of esophageal, stomach, and colon carcinoma cells (9). Analysis of the FHIT gene

structure and transcription in a large series of normal and cancerous lung tissues inl996,

4



revealed loss of heterozygosity for microsatellite markers internal to, and flanking the

EEIIT locus (10). It was postulated that in these tumors inactivation of the FHIT gene

occurred by a mechanism consisting of loss of one allele and altered expression of the

remaining allele (10). Examination of 26 head and neck cancers (HNSCC) cell lines for

(a) deletions within the FHIT locus, (b) for allelic loss of specific exons of FHIT, and

(c) for integrity of the FHIT transcripts was completed inl996 (11). When the data

were combined, 22 of 26 cell lines showed alterations of at least 1 allele of the FHIT

gene. Thus, it was concluded that loss of FHIT function might be important in the

development and/or progression of head and neck cancers (11). Meanwhile, other

researchers (1996) found that FHIT protein is a 147-amino acid, AP3A hydrolase.

The authors stated that the FHIT preferred substrate, AP3A (diadenosine 5-prime,5-

triple prime-P(l),P(3)-triphosphate), and the AP4A have various intracellular functions,

including regulation of DNA replication and signaling stress responses (12).

1.1.2 Fragile Histadine Triad, FHIT Gene

The Fragile Histadine Triad gene, FHIT, is a putative gene at chromosome 3pl4.2,

which was identified in 1996 by positional cloning. The FHIT gene is transcribed to a

1.1 kb mRNA, which is translated into a 16.8 kDa protein with diadenosine triphosphate

hydrolysis activity (9). The gene encompasses the site of the t(3;8) translocation

breakpoint of familial renal clear cell carcinoma, straddling the fragile site locus FRA3B

(9) which is the most active of the common human chromosomal fragile sites. The
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FRA3B region is susceptible in most or all individuals to formation of apparent

chromosome gaps induced by inhibitors of DNA replication (13,14). Homozygous

deletions within the FHIT locus have been observed in DNAs extracted from cell lines

derived from cancers of the esophagus, stomach, colon, breast, kidney, and lung. Aberrant

FHIT transcripts have also been observed in a spectrum of important human primary

tumors (9,10,15).

The "common" chromosomal fragile sites may be seen on all chromosomes as a constant

feature. Chromosomal fragile sites are loci that are especially prone to forming gaps or

breaks on metaphase chromosomes in cells that are cultured under conditions that inhibit

DNA replication or repair. In addition to forming fragile sites on metaphase chromosomes,

these loci have been shown to display a number of characteristics of unstable and highly

recombinogenic DNA in vitro. These aberrations include chromosome rearrangements,

sister chromatid exchanges and, intrachromosomal gene amplifications (13,14). The

distribution of such gaps in the FRA3B locus, representing DNA breaks or exogenous

DNA integration sites, parallels the positions of neoplasia-associated chromosomal

rearrangements, prompting the hypothesis that fragility disposes to chromosomal

rearrangements (16-19). Implicit in this hypothesis is that genes at the fragile sites can be

altered by chromosomal rearrangements and thus contribute to neoplastic grotvth.

The hypothesis that chromosomal fragile sites may be 'weak links' that result in hotspots

for cancer-specific chromosome rearrangements has been supported by the discovery that

numerous homozygous deletions in cancer cells and a familial translocation, map within

6



the FHIT gene encompassing the common fragile site, FRA3B. By use of sequence

analysis of 276 kb of the FRA3B/FHIT locus, and 22 associated cancer cell deletion

endpoints, it was (1997) demonstrated that this locus was a frequent site of homologous

recombinations. These homologous recombinations between long interspersed nuclear

element (LINE) sequences, probably induced by carcinogen damage at the FRA3B fragile

sites, result in internal deletions in the FHIT gene (20). Additionally, other investigators

(1997) found that FHIT was involved in a translocation-derived fusion with High Mobility

Group Protein Isoform-C (HMGIC), the causative gene in a variety of benign tumors (21).

To investigate the role of the FHIT gene in carcinogen induction of neoplasia, scientists

(2000) inactivated one of the FHIT alleles in mouse embryonic stem cells to produce F1

mice with an inactivated FHIT allele (+/-). FHIT +/+ and +/- mice were treated

intragastrically with nitrosomethylbenzylamine and observed for 10 weeks posttreatment.

In 25% of the +/+ mice, adenoma or papilloma of the forestomach developed, whereas

100% of the +/- mice developed multiple tumors that were a mixture of adenomas,

squamous papillomas, and invasive carcinomas of the forestomach, as well as tumors of

sebaceous glands. The visceral and sebaceous tumors, which lacked Fhit protein, had

characteristics similar to the Muir-Torre familial cancer syndrome (22).



1.1.2.1 Deletions in the FHIT Gene

Alterations such as hemizygous and homozygous deletions in the FHIT gene, in parallel

with loss of heterozygosity (LOH), associated with absent or reduced Fhit protein

expression, has been observed in a high percentage of human tumors and tumor derived

cell lines, such as breast (23,24), pancreas (25), esophagus (26), blood (27) and lung (28)

cancers (29,30). An interesting preliminary observation has been that the most commonly

deleted region in the fragile sites at the FRA3B region is identified to be a 200 kb region

located within introns 4 and 5 of the FHIT gene, which flanks the first FHIT coding exon.

Analysis of this region in the cancer cell lines (15) demonstrated that this region contained

only one of the 10 FHIT exons, while four other 5' untranslated exons mapped

centromeric, and exons 6-10 mapped telomeric, to this commonly deleted region.

However, homozygous deletions that are entirely contained within the FHIT gene and

which target the same region of the gene are unusual. Another puzzling point has been

that some cell lines appear to have homozygous deletions that do not include any of the

FHIT exons (9). These observations have called into question the role of FHIT as a tumor

suppressor gene, and raised the question of whether its apparent involvement simply

reflects its location within an unstable region of the genome. The above mentioned points,

however, can be addressed partially by the probability that most frequent tumor break

points correspond to sites of breaks in this most active of the fragile regions, directly

flanking exon 5 (29). It has also been observed that these breaks (18) or integrations

8



(17,19) in the mapped fragile sites are frequently accompanied by deletions. Some cell

lines have exhibited at least two different FHIT deleted alleles where the deletions, which

include different exons, overlap in the distal intron 5, hence the homozygously deleted

region. Independent deletions in two FHIT gene alleles, in the same cell, are also unusual.

Researchers (20) believe that the mechanism of inactivation of FHIT will almost always

involve deletions rather than mutations because breaks and deletions in this fragile gene

are more frequent events than mutations. The inactivation occurs due to either, deletions

within both FHIT alleles, or deletion of an entire FHIT locus plus some loss within the

other. In a supporting study assessing the extent of homozygous deletion by evaluating,

more than 100 FHIT alleles, an amazing variety of missing or rearranged exons were

identified, but no mutations were observed in these tumor cell lines.

1.1.2.2 FHIT Transcription and Protein Expression

Because the gene exhibits several of the hallmarks of a tumor suppressor gene, the

transcription of its message and expression of its protein in tissues have been well

characterized. Studies using northern blot analysis have demonstrated FHIT as a gene that

has been broadly expressed in a spectrum of tissues. It has been demonstrated that the

transcripts are absent, diminished or altered in some tumor cell lines with the homozygous

deletions (30). Further analysis using reverse-transcription polymerase chain reaction (RT-

PCR) has revealed tumors and tumor cell lines with (/) a mixture of normal and aberrant
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products; (if) with only aberrant, shorter than normal, products; or (Hi) no product. These

aberrant products have been found to be missing single or various exons, or contain small,

unique or repetitive, insertions (9-11,31,32).

These aberrant RT-PCR products and the absence of Fhit protein expression in tumor

derived cell lines and in primary tumors have been correlated with lesions at the DNA

level (33). If the aberrant products are indicators of the presence of DNA lesions, then

the mixture of normal and aberrant products would indicate that the originating cells

containing one intact and one deleted allele or that the tumors are a mixed population of

cells with different FHIT gene configurations. It has been demonstrated in many of these

cell lines, where normal product was mixed in with the aberrant product, that at least one

or both of FHIT alleles did not remain intact and that this heterogeneity persisted in tissue

culture (11).

Results of these investigations on the integrity of the FHIT locus in many tumor types has

pointed to some intriguing differences between FHIT gene profiles in tumor cells and the

types of alterations found in nearly all tumor suppressor genes studied up to this point.

Even though, FHIT does not fit the Knudson tumor suppressor paradigm, which proposes

that individuals will develop cancer if they either inherit one mutated gene and incur a

second mutation, or if they incur two mutations afler conception, absence of Fhit protein

has been prominent in cells with deleted coding or non-coding regions.
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1.2 Hypothesis

1.2.1 Issues and Problem Statement

Germline alteration of one allele in familial cancer and deletions within the gene in

sporadic cancers are hallmarks of tumor suppressor genes. The preponderance of evidence

suggests that the FHIT gene could indeed act as a tumor suppressor gene. Early studies

of a number of important human tumor types such as breast, gastric, renal, and lung

carcinoma and adenocarcinoma of pancreas have revealed that FHIT RNA expression

frequently is altered (9,34,35). Alterations of RNA expression have since been shown to

correlate with deletions in the FHIT gene (30), suggesting a role for this gene in

carcinogenesis. Various investigators have implicated FHIT as a putative tumor

suppressor gene (9,36). It has been suggested that inactivation of FHIT may promote cell

cycle progression at Gl/S by virtue of higher diadenosine oligophosphate levels (37). Of

significant interest, there has been a correlation between complete absence of FHIT and

the GI morphological grade and early clinical stages of cancer (38). FHIT inactivation

is suggested, therefore, to be a likely early event in stage 1 tumors and may be associated

with progression in stage 2 and stage 3 tumors (38).

Despite these observations, some DNA and RNA alterations exhibited by the FHIT gene

in cancers have shown features not previously encountered for known tumor suppressor

genes, prompting a number of investigators to reject FHIT as a suppressor gene. They
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(39-40) suggest that alterations in the gene are due to its location at the FRA3B active

fragile site and that is why only allelic deletions are observed rather than mutations. In

addition, no consistent effect of exogenous FHIT on cellular growth in cultures has been

observed. These investigators have argued that FHIT alterations are not functionally

important in tumorigenesis but simply result from its coincident location at an active

fragile site (39). This "innocent bystander" hypothesis is plausible since most of the

reported data are derived from human tumor cell lines. Aberrant FHIT transcripts

observed in such cell lines may be an in vitro artifact in some cases. Indeed, aberrant

FHIT transcripts have been observed in non-tumor tissues and are more common in

aging cells (40).

Conversely, the frequent loss of heterozygosity at 3pl4 in premalignant conditions

argues for a role for FHIT in tumorigenesis (35). Experiments transfecting wild-type (wt)

FHIT into tumor cell lines with FHIT abnormalities have produced conflicting results.

Some investigators have found that stable overexpression of wt FHIT did not alter cell

morphology, inhibit colony formation, or inhibit cell proliferation in vitro (41). In addition,

overexpression of wr FHIT did not lead to altered cell cycle kinetics in dividing cells (41).

Nevertheless, other studies have shown that reestablishment of wt FHIT expression in

several FHIT negative tumor cell lines does suppress tumorigenesis in vivo. These studies

have resulted in reduction of the frequency and smaller size of tumors developing after

their transfer into nude mice (42).
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1.2.2 Objective and Specific Goals

The objective of this project is to answer the question of whether the FHIT gene could

be classified as a tumor suppressor gene. The specific goals of this study included:

(i) Establishing a representation of the underlying molecular and cellular

activity of the FHIT gene.

(ii) Applying novel spectroscopic and biosensing techniques and protocols for

biological research and clinical diagnosis

1.3 Experimental Design

1.3.1 Generation of the Working Model

For analysis of the FHIT tumor suppressor activity, a model consisting of both in vitro

and in vivo systems, each with subgroups with the ability to express or not to express the

Fhit protein was established. There were two criteria for selection of cancer cell lines to

be used in this study. First, the cell lines exhibit homozygous deletion of FHIT coding

exons, and no detectable Fhit protein expression. Second, the chosen cell lines had to

be tumorigenic in nude mice. The gastric carcinoma derived MKN74 cell lines (43),

MKN/FHIT (transfected with a DNA fragment containing the human FHIT cDNA) and
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MKN/E4 (containing the null vector) were kindly provided by Dr. Kay Huebner, Kimmel

Cancer Center, Thomas Jefferson University. The parental MKN74 cell line forms tumors

rapidly in nude mice (42). It had also been tested for deletion within the FHIT gene by

PCR amplification of FHIT locus markers, encompassing mid intron 4 to distal intron 5,

where homozygous deletion of markers in intron 5 had been observed. Control cell lines

included 293 normal embryonic kidney cells which express Fhit protein and the AGS

gastric cancer cell, which do not express Fhit protein were also incorporated in this study.

Balb/c nude mice that were inoculated with the Fhit-expressing cells and Fhit-negative

cells were employed to further investigate the role of Fhit protein in cancer development

and to investigate mechanisms for a selective growth advantage of Fhit-negative tumors.

The models allowed data acquisition via applications of conventional and novel biosensing

technologies and provided systems to demonstrate their performance feasibility as

detection tools.

1.3.2 Technical Approach

In this study, unique properties of advanced spectroscopy, biosensor and microscopy

technologies along with proven conventional biological techniques have been employed.

Designing the technical approach I incorporated an optical spectroscopy technique, the

synchronous luminescence spectroscopy, which has the potential to be selective as well as

sensitive with respect to detection of various molecular species (44,45). I used this

technology for detection of the enzymatic activity of the Fhit protein. Biochips,
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incorporating biochemical compounds such as DNA and antibodies as the sensing

elements, have been applied for molecular identification and selective measurement of

biochemical quantities in biological matrices. In this study, light, ultra violet, confocal and

electron microscopy techniques evolved from qualitative imaging tools (46,47) to probes

of critical dimensions for visualization and investigations of submicron, dynamic properties

of biomolecules inside living cells.

1.3.3 Project Overview

The current section of this. Part 1, thesis has introduced and presented a comprehensive

background, including a historical perspective leading to the discovery and cloning of the

FHIT gene. Also, included in this section are the design of the working model and the

incorporation of the novel and conventional detection technologies that were used for the

assessment of the tumor suppressor activity of the FHIT gene (presented in Parts 2-5).

In Part 2, the suitability of the working model for the proposed research was analyzed by

confirming the presence of the FHIT gene and the expression of the Fhit protein in cell

lines using the biochip detection technology. In this study, the performance and feasibility

of the biochip as a potential detection technology for biological applications was

evaluated. Measurements were designed to; (a) detect the presence of FHIT DNA and

develop a calibration curve in PCR amplified genomic DNA, (b) verify the expression and

quantify the concentration of the Fhit protein in cellular lysates, and (c) simultaneously
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identify both the FHIT gene and protein on the same sampling platform.

Analysis of the Fhit protein function, using synchronous luminescence (SL) spectroscopy

is described in Part 3. The ability of the SL technique to analyze the hydrolysis of the

Ap4A substrate by the Fhit protein, through identification of reaction byproducts was

investigated. An additional goal of this study was to develop a simple, yet highly sensitive

spectrometric technique for detection of enzymatic activity of proteins without the need

for use of radioactively modified or fluorescently labeled substrates.

Part four of this investigation deals with establishing the in vivo and in vitro tumor

suppressor activity of the Fhit protein. This part provides an analysis of the effects of

FHIT gene function and Fhit protein expression on cell cycle kinetics, structural

modifications, and disease manifestations at both organism and cellular levels. The

outcome of this study pointed to a probable proapoptotic role for the FHIT gene.

In Part five the apoptotic activity of the FHIT gene is further demonstrated. The results

implicated the involvement of the mitochondria as an early event in the programmed cell

death process. The proapoptotic role of the FHIT gene on disruption of the inner

mitochondrial transmembrane potential (A^m) and the release of apoptogenic cytochrome

c protein into the cytoplasm, as characteristic biochemical events in the apoptotic program

were evaluated.
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Finally in part six, a summary of the results of this investigation and the conclusions that

have been drawn from these observations along with future research direction regarding

inhibitory effects of FHIT function in carcinogenic manifestations are presented.

1.3.4 Significance of Proposed Research

It is estimated that cancer affects three out of four families in the United States. In 2001,

an estimated 1,268,100 people in the United States will be diagnosed with cancer (Table

1.1) and 553,400 will die of these diseases (48). Cancer is not only one but many diseases

arising from changes in genes and their functioning within cells. The disease causes

substantial mortality and morbidity, prompting intense interest in the exact changes cells

undergo as they become malignant (49). In the last decade biologists have sorted through

an ensemble of genes, as well as their expressed mRNAs and proteins to evaluate specific

problems. However, our knowledge of components and events leading to carcinogenesis is

not complete. It is therefor necessary to enhance our understanding of this devastating

disease. Studies such as this, focused on dissecting the mechanism of the disease biology,

will provide a much better understanding of the complex process of carcinogenesis at the

molecular level by identifying more of the internal factors affecting the process.

Advances in our understanding of the complexity of these molecular alterations have

provided an opportunity to enhance or alter the way research in human disease is carried

out (50). Much of my interest in the biotechnology development stems from this explosive
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increase in information and tremendous potential for diagnostics and therapy. Additionally,

for sustained advancement of science, continued development of new and/or improved

technologies for evaluation of large numbers of molecular alterations is extremely

necessary. Glrounded in scientists' rapidly evolving grasp of how alterations in the

molecules within cells may lead to cancer, is the foundation for the design of these

proposed technologies and methodologies.

These technologies aim to facilitate the evaluation of the relative contribution of specific

molecular alterations to cancer and other disease processes. The novel technologies and

protocols developed here have the potential to be applied to mutation detection at the

gene and chromosomal level, and to evaluate gene expression, protein function, and

assessment of many structural changes at both in vivo and in vitro levels. These

technologies will initially be applicable in molecular and cellular biology research

investigations and ultimately, would enable physicians to scan the human body for

molecular changes that foreshadow diseases and detect early cellular changes typical of

cancer. It is the hope of this study that these technologies ultimately will be appropriate

for automation and adaptation to high-throughput applications in both research and

clinical settings.
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1.3.5 Contributions to Future Research

The most effective way to eradicate cancer is to prevent their occurrence. Individuals can

significantly reduce their risk of cancer mortality through screening, early detection and

monitoring of cancer (51,52). This search for answers on how to devise better ways to

accomplish better detection presents exciting and intellectually rewarding challenges. This

research was centered primarily on understanding the role of the FHIT gene in

carcinogenesis and design, development and application of new detection devices.

These new tools and methods were designed and applied at various steps in the

experimental lay out of this research. Used in place of or along with the conventional

biological methods, these novel approaches have assessed the success of FHIT gene

transfer, detected molecular level differences in protein expression, function and structure

of FHIT transfected cells in vivo and in vitro. Elucidation of such differences might

identify differences related to in vivo or in vitro expression of FHIT protein that might be

contributing to its contradictory tumor suppressor activity in the two different systems.

Along with providing information regarding the tumor suppressor activity of the FHIT

gene which is of great importance in cancer studies, these series of newly developed

techniques and applications indicated the significant impact that state-of-the-art analytical

techniques can have on understanding biology, from structure elucidation to probing

biomolecular interactions. Development of these innovative technologies for diagnosis and
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monitoring purposes of various transformations was intended to make contributions to the

field of human health research in the clinical process. This study helps to realize the

tremendous potential of these novel technologies as efficient, cost effective, sensitive tools

at both in vivo and in vitro levels, to permit simultaneous, rapid evaluation of the spectrum

of molecular alterations in single cells, tissue specimens, and whole organism.
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Figure 1.2 Fragile Histadine Triad, FHIT gene, DNA and
protein sequences.

Source: http://www.ncbi.nlm.nih.gov/LocusLink/refseq.html
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are numbered 1 through 10, coding exons are in black. Positions of
viral integration sites and t(3;8) translocation are marked with
arrows. Gaps in the lines represent FHIT locus in the tumor cell
lines demonstrate deletions.

Source: Ohta, M, etal. (1996) Cell, 84(4), 587-597
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Table 1.1

Estimated new eancer cases and deaths for 2001, all races, by ease

Estimated ISew Cases
i"

■■mis

Estimated Deaths

Total Males Females Total Males Females

1,268,100 643,000 625,000 553,400 286,100 267,300

Source: Cancer Facts & Figures - 2001, American Cancer Society (ACS),
Atlanta, Georgia, 2001. Excludes basal and squamous cell skin and

in situ carcinomas except urinary bladder. Incidence projections
are based on rates fromthe NCI SEER Program 1979-1997.
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PART TWO

SIMULTANEOUS DETECTION OF THE TUMOR SUPPRESSOR FHIT GENE

AND PROTEIN USING THE MULTIFUNCTIONAL BIOCHIP



2.1 Abstract

The tumor suppressor gene, FHIT, fragile histidine triad, encompasses the most common

human chromosomal fragile site at 3pl4.2. Detection of the FHIT gene is important in

cancer diagnostics since its alterations have been associated with several human cancers.

In this work, we used a unique multi-functional biochip for simultaneous detection of

FHIT DNA and Fhit protein on the same platform. The biochip system design takes

advantage of the miniaturization of photodiodes, where the functioning of multiple

optical sensing elements, amplifiers, discriminators, and logic circuitry are integrated on

a single integrated circuit (IC) board. The performance of the biochip is based on

biomolecular recognition processes using both DNA and protein as bioreceptors, Cy5-

labeled probes and laser excitation. Using the biochip system, we detected FHIT DNA in

polymerase chain reaction (PCR) amplified genomic DNA and Fhit protein in cellular

lysates. The linearity of response of the biochip necessary for quantitative and qualitative

measurements of protein and DNA molecules at very low concentrations in different

matrices was also demonstrated. Additionally, application of the biochip for concurrent

detection of ligands which bind to various immobilized target DNA molecules (FHIT,

tuberculosis DNAs), protein molecules (Fhit, p53 proteins) and multiplex of DNA and

protein molecules (FHIT DNA, Fhit protein) spotted on the same microarray was

accomplished. Levels of the background fluorescence signals were low and uniform in

intensity providing an excellent baseline. These results demonstrated the utility of the

multi-functional biochip as a useful detection technology with applications in biological

research laboratories and in clinical settings.
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2.2 Introduction

The recently cloned human tumor suppressor, Fragile Histidine Triad (FHIT) gene, spans

a megabase of genomic region at chromosome band 3pl4.2. The gene encompasses the

most active of the common human chromosomal fragile regions, FRA3B (1). The FHIT

gene includes 10 exons, and encodes a 1.1 kb transcript for a 16.8 kDa protein which has

demonstrated dinucleoside 5', 5"'- Pi, Pn - polyphosphate hydrolase activity in vitro (2,3).

In some systems, reconstitution of normal FHIT expression in FHIT-negative tumor cells

abrogates their tumorigenicity in vivo and in vitro (4).

The human FHIT gene has recently received increasing interest among cancer

researchers. A multitude of genetic aberrations within the FHIT gene have been observed

in cancer cell lines, uncultured tumors, and even in preneoplastic lesions of a variety of

cancers (5). Alterations such as hemizygous and homozygous deletions in the FHIT gene

in parallel with loss of heterozygosity (LOH), associated with reduced FHIT expression,

have been observed in a high percentage of human tumors, including breast (6,7),

pancreas (8), esophagus (9), leukemia (10) and lung cancers (11). FHIT inactivation can

occur as either an early event, as observed in the development of esophageal carcinoma

(12), or as a late event possibly associated with progression to more aggressive neoplasia.

Interestingly, loss of Fhit protein has been indicated to be the most frequent alteration in

some cancers, occurring independently and more frequently than the p53 overexpression

(11). Such observations, indicating reduced overall frequency of Fhit protein expression
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or FHIT inactivation in premalignant and malignant tissues, suggest a potential use of

this gene as a valuable biomarker for detection of FHIT associated cancers (13).

Recently, several optical biomarker detection technologies have been developed for

clinical applications. The function of these immune and DNA- based diagnostic

biosensing techniques has been based on direct monitoring of biomolecular recognition

processes. Some of these biosensing devices include; single-target, fiber optic based

biosensors (14,16), sol-gel-based biosensors for patient treatments (17) and planar array

immunosensors for the detection of toxic agents (18). Our laboratory has recently

developed a biochip, based on integrated circuit microchip technology with applications

in medical diagnosis (19,20). A detailed description of the design of this integrated

electro-optic system, developed at Oak Ridge National Laboratoiy, has been published

previously (21). Briefly, this highly integrated biochip system is a self-contained

fluorescence-detecting device, based on miniaturized phototransistors and photodiode

array technology. This apparatus has multiple optical sensing elements, amplifiers,

discriminators and logic circuitry that are fabricated on a single IC board. Size,

performance, fabrication, analysis, and low production cost due to its integrated optical-

sensing microchip are the principal advantages of this biochip over the currently available

biosensor systems. The available detection technologies, for instance a confocal

microscope, use external imaging systems such as photomultipliers, or charge-coupled

devices (CCD) which greatly add to the size and dimensions of the instrument.
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In the present study, we evaluated the performance of the biochip to quantitatively and

qualitatively detect both targets, FHIT DNA and Fhit protein, immobilized on a single

platform. Measurements were designed to (a) detect the presence of FHIT DNA and

develop a FHIT DNA calibration curve in PCR amplified genomic DNA, (b) verify the

expression and quantify the concentration of the Fhit protein in cellular lysates, and (c)

simultaneously identify both the FHIT gene and the Fhit protein on the same sampling

platform.

2.3 Materials AM) Methods

2.3.1 Cell Lines

Two cell lines, MKN74-PRC-FHIT A66 (MKN/FHIT) and MKN74-PRC-E4 (MKN/E4)

were kindly provided by Dr. Kay Huebner (Kimmel Cancer Center, Philadelphia, PA).

These cell lines, derived from the same parental cell line, the MKN74 gastric carcinoma,

were transfected either with a vector for expression of the FHIT gene, MKN/FHIT, or

with null vectors, MKN/E4 (5). G418 resistant cultures were maintained at 37°C and 5%

CO2 in Dulbecco's modified Eagle's medium (DMEM) medium supplemented with 10%

fetal bovine serum (FBS) and 200 pg/ml of geneticin (GIBCO/BRL, Grand Island, NY).
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2.3.2 Fhit Protein Extraction and Quantification

Both cell lines were grown to about 75% subconfluent levels in several T175 tissue

culture flasks, washed twice with phosphate buffered saline (PBS) and trypsinized using

Ix trypsin-EDTA (Sigma immunochemicals, St. Louis, MO) for 7 minutes. Harvested

cells were then suspended in 10 parts (v/v) lysis buffer (0.5 % NP-40 in PBS

supplemented with 10 pg/ml leupeptin and 10 p,g/mL PMSF (Sigma, St. Louis, MO)).

Lysates were prepared by probe sonicating the cell suspensions for 30 sec, (Sonicator

XL2020 Heat Systems, Inc.). The lysates were transferred into eppendorf tubes and

centrifuged for 10 minutes at 10,000 rpm at 4° C to remove cellular debris. Protein

concentration was determined using Pierce BCA Protein assay reagent (Rockford, IL) per

manufacturer's instructions. Mouse ascities fluid containing monoclonal antibody to wild

type p53 was obtained from Sigma immunochernicals (St. Louis, MO). Synthesized

human p53 blocking peptide was obtained from Santa Cruz Biotechnologies (Santa Cruz,

CA). Rabbit anti-goat IgG antibody and goat IgG along with human serum from clotted

male blood were purchased from Sigma immunochemicals (St. Louis, MO).

2.3.3 Coomassiee Brilliant Blue Analysis

The pure Fhit protein (kindly provided by Dr. Charles Brenner, Kimmel Cancer Center,

Philadelphia, PA) and 15 pi (50 pg/lane) of each cell lysate were separated by

electrophoresis on a 14% SDS-polyacrylamide (SDS-PAGE) gel (Novex, San Diego,
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CA). Separated polypeptides were fixed and stained in a 0.25% solution of Coomassiee

brilliant blue in methanol-water-glacial acetic acid (45:45:10). Protein bands were

detected after overnight destaining in methanol-water-glacial acetic acid solution.

2.3.4 Western Blot Analysis

Cellular lysates containing 25 pg (15 pi) of proteins were treated with SDS-reducing

sample buffer, boiled for 5 min, and separated on a 14% SDS-PAGE gel (Novax, San

Diago, CA) by electrophoresis. Proteins were transferred onto nitrocellulose membranes

(Schleicher & Schuell, Keene, NH) using transfer buffer (25 mM Tris, 192 mM glycine,

20% v/v methanol, pH 8.3) at 100 V, 350 mA for Ihr. Membranes were then blocked for

one hour in 10 ml of Blotto (5% nonfat dry milk (Kroger Co, Cincinnati OH) and 0.1%

Tween-20 (Sigma, St. Louis, MO) in PBS) at rooih temp. Blots were further incubated in

10 ml of Blotto containing 1 pg/ml Fhit polyclonal antibody (Santa Cruz

Biotechnologies, Santa Cruz, CA) for 2 hrs. After this primary antibody treatment,

immunoblots were washed extensively in PBS/0.05% Tween-20, before incubation in a

Blotto solution containing 1/1000 HRP-conjugated rabbit anti-goat IgG for 2 hrs at room

temp. Membranes were again washed as in the PBS/0.05% Tween-20 and the Fhit

proteins were detected using the Pierce DAB Super Signal System (Rockford EL) as

described by the manufacturer.
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2.3.5 FHIT Gene Amplification, Purification and Quantification

Genomic DNA contents of the two cell cultures, MKN/FHIT and MKN/E4, were

extracted using DNAzol reagent (GIBCO/BRL, Grand Island, NY) by following the

manufacturer-suggested protocol. Using 100 ng of extracted genomic DNA as the

template and 50 pM of primers corresponding to nucleotides 2 to 18 of the FHIT

sequence, 5'-GTG GGA TCC ACA TGI CGT TCA GAT TTG GC-3' and nucleotides

445-427 of the FHIT sequence 5'-CCG CTC GAG TCA CTG AAA GTA GAG CCG-3'

(Oligos etc., Wilsonville, OR), the exon 5 of the FHIT gene was PGR amplified. Thirty

cycles of amplification were performed in a Perkin Elmer Getus thermal cycler

(Glearwater, MO) at 94° G for 60 sec, 55° G for 60 sec., and 72° G for 45 sec after an

initial 5 min 95° G denaturation step. Picogreen dsDNA quantitation kit (Molecular

Probes, Eugene, OR) was used for determination of DNA concentrations of PGR

amplified products. The oligonucleotide sequence, 3'-ACT GGT GAG GTA GGG ACT

AG-5' corresponding to a sequence in the Tuberculosis gene and its fluorescently labeled

probe 5'-Gy5-TGA GGA GTG GAT GGG TGA TG-3', were obtained from Oligos etc.

(Wilsonville, OR).

2.3.6 Fluorescent Labeling of Proteins

Polyclonal antibody to the Fhit protein and the p53 blocking peptide were fluorescently

labeled with the Fluorolink Gy-5 Reactive Dye Pack (Biological Detection Systems, Inc.,
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Pittsburgh, PA). The water soluble, bifunctional NHS-ester, Cy5 dye binds to the free

amino group of the proteins, producing an intense fluorescence signal in the far-red

region of the spectrum (Absorbance max = 649 nm and Emission max = 670 nm).

Proteins were dissolved in a solution of 0.1 M sodium carbonate bicarbonate buffer (pH

9.3) to a final concentration of 1 mg/ml. A 1-ml aliquot of this protein solution was

transferred to a vial containing 100 nM of the Cy5 dye and incubated for 30 min at room

temperature. Labeled proteins were separated from the unconjugated dye using a

Sephadex G-50 column. Optimal labeling occurred at pH 9.3 and increasing the protein

concentration enhanced labeling efficiencies. Final concentrations of labeled proteins

were determined by measuring absorbance at 280 nm.

2.3.7 Microarray Sample Platform

A WPI-PV830 pneumatic pico pump (World Precision Instruments, Sarasota, FL) was

programmed and used for dispensing target molecules, both antibody and DNA, as

microspot arrays on the membranes. Each membrane was secured on the nanopositioning

stage of a Burleigh 6000 controller (Burleigh, Fisher, NY) in order to allow two-

dimensional (XY) movements. Using a capillary-dispensing tip, a volume of 0.1 pi of a

solution containing the selected target molecules was deposited on the membrane to

generate an individual spot. The translational stage was then programmed to move so as

to achieve a 4 x 4-microarray spot arrangement dispensed in a 0.8-cm^ area of the

membrane with a constant, center-to-center, distance of 1.1 mm maintained between the

spots in each row and column. The 4x4-array arrangement allowed positioning of spots
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on the membrane to exactly match the spacing and arrangement of the 4x4 sensing

elements on the biochip detection platform.

2.3.8 Biochip Protein Assay

Protein microarrays were generated on a surface modified, nylon, Immunodyne ABC

membrane (Pall Corporation, Port Washington, NY), which has reactive groups that

covalently bind the amino group of proteins. After spotting, protein arrays were allowed

to stabilize by incubation at 25°C for 5 min, then unreacted sites were blocked in 4 ml of

the blocking solution containing 2 mg of bovine serum albumin (BSA) (Sigma, St. Louis,

MO) in 1 ml of phosphate buffered saline (PBS). After 30 min of the blocking procedure,

the membranes were rinsed 3 times in PBS solution and further incubated for 1 hr at

room temperature in the Cy5-labeled protein solution (250 pg/ml of either Cy5-labeled

Fhit and/or Cy5-labeled p53 antibodies in PBS). Membranes were then washed twice for

1 minute each in 10 ml of washing solution (0.1% triton X-100 in PBS v/v) at room

temperature to reduce background fluorescence signals. This step was followed by

another rinse in 10 ml of PBS for 1 min and storage in PBS at 4°C until signal

measurement.

2.3.9 Biochip DNA Assay

After generation of the microarray on Zeta probe membranes (BioRad Laboratories,

Hercules, CA), DNAs were immobilized by 1 min of UV dimerization. Membranes were
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then blocked in 5 ml of prehybridization solution (5X SSC, 1% Carnation non fat dry

milk, and 0.02% sodium dodecyl sulfate (SDS)) for 1 hr at 37°C. The Cy5- labeled DNA

probes (Oligos etc. Wilsonville, OR) were added to the prehybridization solution (100

«g/ml) and incubated at 37°C for 16 hrs. Membranes were then washed in 5 ml of wash

solution (5X SSC, and 0.1% SDS) for 15 min at room temperature, followed by two 1-

minute water rinses before detection.

2.3.10 Biochip Protein-DNA Assay

After generation of the DNA-protein array on the ABC Immunodyne membrane, samples

were allowed to stabilize for 5 min at 25° C and then UV dimerized. The membrane was

then blocked in 5 ml of prehybridization solution (6X SSC, 1% BSA and 0.02 % SDS)

for 1 hr at 37°C and the Cy5- labeled FHIT DNA probe and Cy5 labeled Fhit antibody, as

previously mentioned concentrations, were added simultaneously to the prehybridization

solution. The ensuing steps, as in the DNA detection protocol, were followed.

2.3.11 Instrumentation

2.3.11.1 Biochip Signal Detection System

A schematic diagram of the biochip concept is presented in Fig. 2.1. The integrated

electro-optic system of the biochip has been described previously (20). A basic biochip

includes (1) an excitation source with its associated optics, (2) fluorescently labeled
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probe molecules, (3) target molecules immobilized on a sample platform, (4) optical

detectors and (5) signal amplification/processing systems. In these experiments, a

Helium-Neon laser (632.8 nm, 6.4 mW, Spectra-Physics, Eugene, OR) was used as an

excitation source. The laser light was passed through a Corion laser band pass filter

(Franklin, MA), a collimating lens (Newport Optics; Irvine, CA), a 4 x 4 optical

diffractive element and subsequently focused on the microarrays on the membranes.

Membranes were placed directly above the photodiode detection element and

fluorescence signals from the excited Cy5 labeled probes were passed through a Graded

Index of Refraction (GRIN) lens, and a 650 nm-band pass filter onto the detectors.

Optical filters were used to isolate the background membrane fluorescence and to filter

out any scattered laser light from reaching the detectors. Direct quantification of the

fluorescence intensity of signals was performed by the integrated components of the

biochip and the photocurrent of each sensing element was transmitted to a digital

multimeter for instant data recording.

2.3.11.2 Photometric Charge-Coupled Device (CCD)

Whereas the biochip is the device used for actual measurements, we also used a

photometric charge-coupled device (CCD) with a Pentax 50-mm lens equipped with a

Vivitar macro teleconverter (Japan) in order to record the intensity of fluorescence

signals of the DNA microarrays. A Coherent Innova 70, Krypton laser (Palo Alto, Ca),

was employed as the excitation source and a Raman holographic filter (Kaiser Optical
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systems, San Jose, CA) and Corion filters (Franklin, MA) were utilized for beam

alignment. The systems own software, CCDOPS performed the image analyses.

2.4 RESULTS AND Discussion

Deletion mapping studies of various primary carcinomas have localized common regions

of deletion to the 3pl4.2 region where the putative tumor suppressor gene, FHIT, has

been mapped. Previous studies have demonstrated allelic losses, reduced or aberrant

FHIT transcripts and decreased or absent Fhit protein expression in a large percentage of

cancer-derived cell lines and primary carcinomas (1-13). These observations suggest that

analysis of FHIT, either at the genetic level or at the protein level, could serve as a useful

marker in cancer detection or for cancer screening. In this series of experiments, we have

evaluated the detection capabilities of the integrated biochip for either individual or

simultaneous identification and quantification of the Fhit protein and the FHIT DNA.

As an initial step, it was important to determine the level of background fluorescence

which is inherent to the biochip system itself, in combination with the fluorescence

induced as a result of nonspecific adsorption of the Cy5-conjugated probes to the

membrane. For this study, a membrane incubated in the blocking solution was incubated

in a solution of Cy5-conjugated goat IgG, and contributions of the fluorescence signal

fi-om the optical setup and from the membrane were measured using the biochip. Results

illustrated in Fig. 2.2 demonstrated that the sum of the inherent fluorescence signals from

the biochip dark noise with that of the membrane fluorescence background were uniform
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in nature, thus providing an excellent baseline. This study also demonstrated that

exposure of the membranes to the Cy5-labeled probe resulted in only a 1 - 2 % increase

in the background fluorescence signal (corresponding to signal incurred using < 2.5 pg of

immobilized target molecules) when compared to control membranes incubated in

solutions containing only BSA (data not shown).

2.4.1 Analysis of Fhit Protein Expression

2.4.1.1 Characterization of Exogenous Fhit Expression in the Transfected Cell Lines

The biochip was used to differentiate cells of the MKN/FHIT cell line that have been

transfected with vectors containing the FHIT gene from the MKN/E4 cell line carrying

the control vector, not containing the FHIT gene. The cell lines were tested for expression

of the exogenous Fhit protein using both conventional biological methods and the novel

biochip system. The Coomassiee blue staining procedure (Fig. 2.3 a) and the immunoblot

analysis of stable transfectant cell lysates, using anti-Fhit polyclonal antibody (Fig. 2.3 b)

showed presence of a band, the same position as the position of the band, expected for the

Fhit protein. This band was only detectable in the lysates prepared from the MKN/FHIT

cell line. Conversely, no band indicating Fhit expression was detected in the lane for the

MKN/E4 cell line (Fig. 2.3 a,b). Protein markers were used in these studies for protein

size estimations, along with inclusion of the pure Fhit protein, as the positive control

sample in the Coomassiee blue stained gel.
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The feasibility of the biochip to detect Fhit protein was evaluated. To ensure optimal

immobilization, stabilization, and detection, 4x4 arrays of the MKN/FHIT and the

MKN/E4 cell lysates were spotted on Immunodyne ABC membranes. Membranes were

then processed, probed with the Cy5-labeled Fhit antibody, and the induced fluorescence

signal from arrayed protein spots were individually detected using the biochip. Results

for the specifically bound Cy5-labeled antibodies, scored by counting discrete fluorescent

signals, arising from the fluorescently active spots are presented in Fig. 2.4. The data

demonstrated expression of the Fhit protein in the MKN/FHIT transfected cell line (row

1) and lack of the Fhit protein expression in the MKN/E4 cell line (row 4) as detected by

the biochip. Fluorescence signals from the MKN/E4 spots were as low as the background

fluorescence. The 4x4-array configuration in these experiments, with each specific target

molecule being dispensed four times in a row, provided quadruplicate measurements of

the same sample for enhanced data collection and analysis. Fluorescence signals

generated using the biochip technology correlated well with results obtained using

Western blotting and Coomassiee blue staining techniques.

Three observations were made from the results of these experiments. First, the

fluorescence detection capability of the biochip to detect complex formation between the

Fhit protein and its complementary Cy5-labeled anti-Fhit antibody was demonstrated.

Second, the affinity and the selectivity of the Cy5-labeled Fhit antibody to identify its

target molecule, the Fhit protein, were also demonstrated. Lastly, the absence of cross-

reactivity between the Cy5-labeled Fhit antibody and other proteins present in the lysate
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of the MKN/E4 cell line was illustrated. These results clearly demonstrate the feasibility

of the biochip as a new protein chip detection technology.

2.4.1.2 Analysis of Multiplex Protein Microarrays

Simultaneous detection of multiple protein molecules would be a valuable feature in a

detection technology to be used in a clinical or research laboratory. We next evaluated

the performance of this immuno-biochip to serve potentially as a selective and sensitive

detection tool by simultaneously detecting multiple and independent immunoassays on

the same sampling platform. We evaluated the capability of the biochip to concurrently

detect the p53 antibody along with the Fhit protein on the same membrane. Subsequent

to demonstration of the absence of cross-reactivity between the Fhit and the p53

antibodies to each other's target proteins (data not shown), a multiarray containing

sample spots of the p53 antibody on row 1, MKN/FHIT lysate on row 3, and MKN/E4

lysate on row 4 was produced. The membrane was then incubated in a solution

containing both the Cy5-labeled p53 blocking peptide and the Cy5-labeled Fhit antibody

probes. The results of the study, illustrated in Fig. 2.5, show fluorescence signals detected

from both the MKN/FHIT spots dispensed on the third row, and the p53 antibody spots

dispensed on the first row of the microarray. Again, no fluorescence signal over the

background signal was detected in the MKN/E4 row of spots.

The biochip device allowed simultaneous detection of both immobilized target antibodies

on the same membrane when using a probe solution containing more than one Cy5-
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labeled probe, each complementary to only one of the target proteins. These results

demonstrated the potential of the biochip for use with many different complementary

antibody/antigen complexes. This valuable feature of the biochip should provide for a

more comprehensive and versatile clinical diagnostic technology. Such observations

demonstrate that as an impending detection technology, the biochip could become

extendable to immunoassays employing a battery of different antigens and

complementary antibodies each labeled with different and unique fluorescent labels.

2.4.1.3 Quantitative Fhit Protein Analysis

To serve as an effective detection technology, it is crucial for the biochip to have the

capability for quantitative analysis of the protein of interest. To establish the ability of the

biochip to discriminate between different concentrations of the Fhit protein, we carried

out a quantitative calibration. A membrane spotted with Fhit protein solutions containing

different concentrations of the Fhit protein ranging from 0 to 200 ng/ml was probed with

Cy5-labeled Fhit antibody. The relative fluorescence signals obtained in response to

changes in the concentration of the immobilized target protein are presented in Fig. 2.6.

The magnitude of fluorescence signals detected by the biochip increased with the

increase in the concentration of the membrane immobilized Fhit protein. The non-linear

portion of the curve could be attributed to (a) surface saturation resulting in self

absorption caused by vibrational dampening of the energy, (b) saturation of detectors and

finally, (c) interaction between the molecules effecting the geometry of the binding sites.

However, considering the linear portion of the curve. These results further demonstrated
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the biochip to be a sensitive and effective technology for quantitative analysis, where

evaluation of the information on increased expression of tumor marker proteins of

interest is important in clinical analysis.

2.4.2 Analysis of FHIT DNA

The detection of exon 5 of the FHIT gene is important in early cancer diagnosis since

alterations in this gene have been observed in several tissue types in humans. FHIT DNA

is also a recently discovered serological parameter in individuals with lung cancer since

in a study 61% of cases showing tumor alterations also displayed a change in Fhit plasma

DNA (22). The convergence of these findings highlight new possibilities for early tumor

detection based on analysis of FHIT genetic changes in cells and in plasma DNA.

2.4.2.1 Analysis of FHIT DNA in the Transfected Cell Lines

In this study we evaluated the performance of the biochip for detection of the FHIT

tumor suppressor gene (exon 5) in the MKN/FHIT and the MKN/E4 cell lines in solution

and in human serum. Using DNAzol, a guanidine-detergent lysing solution that

selectively precipitates DNA, genomic DNA was isolated from MKN/FHIT and

MKN/E4 cells (Fig. 2.7 a) and subsequently used as template for PGR amplification of

exon 5 of the FHIT gene. An intact FHIT DNA was not detected in the MKN/E4 cell line

as demonstrated by low fluorescence signal obtained from the MKN/E4 spots. However,

in the MKN/FHIT cell line, presence of the FHIT DNA was established by increased
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fluorescence signal over the signals obtained from the MKN/E4 cell line (Fig. 2.7 b). In

a similar study, were the PGR amplified DNA from the two cell lines where diluted in

human serum, similar results were observed (Fig. 2.7 c). The present study demonstrated

the feasibility of the biochip as a useful DNA-based analytical system for the detection of

specific genes in the entire human genomic DNA in biological solutions and in human

serum. These findings highlighted new prospects for future applications of this new

biochip in noninvasive gene screening procedures.

For comparison purposes, specific target molecules arrayed on the membrane were also

analyzed using the widely used laboratory-based CCD imaging device, which is about 20

times larger in size than the biochip system. Active membranes were placed on a

microscope slide and positioned on the imaging platform of the CCD camera. The

krypton laser beam, transmitted through a fiber and passed through a filter, was then

focused on the active area of the membrane for generation of fluorescence signals. The

fluorescence intensity of signal peaks obtained from spots of MKN/FHIT cell lysates

were higher than the intensity of the MKN/E4 lysates spotted on membrane (Fig. 2.8 a,

b). The biochip obtained information corroborated extensively with real-time quantitative

CCD captured images and histograms.

2.4.2.2 Simultaneous Analysis of Multiple DNA Targets

In diagnosis of human diseases or in genetic screening procedures, it is at times desirable

to obtain information on the status of more than one gene that might be involved in

53



manifestation of a disease or diseases. Specific examples include detection of different

biomarkers associated with carcinogenesis in different human organs such as breast, lung

and pancreas (23-27). Therefore, simultaneous detection of multiple DNA molecules

would be a valuable feature in a detection technology to be used in clinical or research

laboratories. We evaluated the capability of the biochip to detect concurrently the FHIT

DNA and the tuberculosis (TB) DNA immobilized on the same membrane. A multiarray

containing sample spots of TB DNA on the first row and the MKN/FHIT DNA on the

third row along with the MKN/E4 DNA on the fourth row was generated and

simultaneously probed with Cy5-labeled oligonucleotide probes for both the TB DNA

and the FHIT DNA.

Results of the study illustrated in Fig. 2.9 showed fluorescence signals detected from the

TB DNA dispensed on the first row and the MKN/FHIT DNA spotted on the third row.

In contrast, the level of the induced fluorescence signal on the fourth row, where the

MKN/E4 DNA was spotted, was as low as the background fluorescence. The biochip

device allowed simultaneous detection of both immobilized targets, the TB DNA and the

FHIT DNA from the non-target MKN/E4 DNA, using a probe solution containing more

than one Cy5-labeled DNA. These results demonstrated the potential of the biochip for

detection of a variety of distinct gene/DNA probe molecules. This valuable feature of the

biochip should provide for a more comprehensive and versatile clinical diagnostic

technology.
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2.4.2.3 Quantitative Analysis of FHITDNA

To evaluate the capability of the biochip to generate a concentration curve of FHIT DNA

in solution, aliquots of different concentrations of PGR amplified FHIT DNA ranging

fi-om 0-400 ng/ml were spotted and UV dimerized onto the membranes. Results showed

an increase in the fluorescence signal output in response to increased concentration of the

FHIT DNA (Fig. 2.10 a). The ability of the biochip to develop a concentration curve for

FHIT DNA in human serum was also demonstrated in a study where the induced

fluorescence signal increased in accordance with the increase in the concentration of the

FHIT DNA, ranging from 0-60 ug/ml, in human serum (Fig. 2.10 b). These findings are

in agreement with detector-generated output signals, and therefore the sensitivity of the

biochip, with respect to increases in the concentration of the target molecule. These

observations substantiated the biochip as an effective technology for quantitative DNA

analysis in biological solutions and in human serum.

2.4.3 Simultaneous FHIT Gene and Protein Multiplex Detection;

The Multifunctional Biochip

Genome analysis to monitor specific changes in gene activation is possible using the

biochip technology. However, knowing the genetic sequence encoding a protein is not

sufficient to predict the biological nature of a protein. This can be particularly important

in cancer research where post-translational modifications of a protein can specifically

lead to disease. As demonstrated in this study, immunoassay-based detection of proteins,
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employing this biochip has been achieved. In this study, we combined the DNA and

protein detection capabilities of the biochip to accomplish both gene detection and

protein expression detection simultaneously.

To achieve this goal, we developed a novel and unique protocol, a "South-Western"

assay, for simultaneous detection of proteins and DNA immobilized on the same

substrate platform. The design of this bioassay involved a unique adaptation of traditional

DNA and protein detection biochemistry. In a preliminary study, Fhit protein and FHIT

DNA spots were generated in a microarray format and using this new protocol, the

membrane was incubated in a solution containing both Cy5-labeled FHIT DNA probe

and the Cy5-labeled complementary Fhit antibody. Successful detection of the

fluorescent-signals induced in the different targets, the FHIT DNA and the Fhit protein,

spotted on the first and the fourth rows of the same membrane are presented in Fig. 2.11.

The fluorescence signal detection, afforded by the biochip in conjunction with the South

western assay, enabled the immune- DNA assay to be carried out on multiplex samples,

allowing simultaneous analyte detection with reliable sensitivity. These investigations

illustrated the potential of the multifunctional biochip with an unprecedented capability

for diverse molecule detection for applications in cancer diagnostics.

2.5 Conclusion

Cancer research would greatly benefit from innovative technologies that allow

simultaneous screening of several unknown genes and proteins involved in
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carcinogenic manifestations. The aim of development of this biochip was to design a

dual modality, cancer diagnostic device, that performs processes that are currently

carried out in biological research or clinical laboratories. These processes would require

less initial sample and reagents, and would provide a reliable resolution of detection and

specificity, all at a lower expense. The design of this highly efficient fluorescence

detection technology with the capability for simultaneous DNA-protein detection is based

on microelectronic fabrication and miniaturization technologies. The fluorescence-based,

non-radioactive, detection method is convenient and inexpensive, permitting sensitive,

selective and direct measurements of a variety of antigen-antibody complexes and double

stranded DNA formations.
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Figure 2.1 Schematic diagram of a biochip concept. Light from a
6.4 mW, He-Ne laser (632.8 nm) was transmitted through a laser band
pass filter, a collimating lens, a 4 x 4 optical diffractive element and
focused onto sample spots situated directly above the phototransistor
detection elements. The 4x4 sensing array is comprised of 16
individual photodiodes arranged in a square with 900-pm edges and 1-
mm center-to-center spacing between them. A GRIN lens, and a 650 ±
10 nm band pass filter was situated between the detector elements and
the sample substrate to isolate the fluorescence of interest. The
photocurrent of each sensing element of the amplifier/ phototransistor
microchip was transmitted to a digital voltmeter linked to a multimeter
for data recording.
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Figure 2.2 Study of nonspecific binding effect.
Background fluorescent signal inherent to the biochip
optical set up and the membrane platform were measured.
Levels of background fluorescence signals are low and
uniform in intensity providing an excellent baseline.
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Figure 2.3 The MKN/FHIT and MKN/E4 gastric
carcinoma cell lines were tested for expression of the Fhit
protein. Coomassiee blue staining (Fig.2.3 a) and Western
immunoblot analysis of cell lysates using anti-Fhit polyclonal
antibody (Fig.2.3 b) show expression of detectable Fhit
protein only in the MKN/FHIT cell line. Conversely, no
exogenous Fhit expression was detected in the MKN/E4 cell
line (Fig.2.3 a,b). Pure Fhit protein was included as positive
control in the Coomassiee stained gel along protein markers
in both gels.
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Figure 2.4 Biochip fluorescent signal measurement
and analysis for detection of Fhit protein. Using Cy5-
labeled polyclonal antibody against Fhit protein, fluorescent
signals were detected from MKN/FHIT lysate row of spots.
No significant fluorescence was observed from MKN/E4
lysate spots.
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Figure 2.5 Simultaneous detection of multiple
protein molecules was achieved using the biochip.
Fluorescence signals were detected from MKN/FHIT
spots on the third row and the p53 spots on the first row
of the microarray. No signal was observed from MKN/E4
row of spots.
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Figure 2.6 Fhit protein quantitative analysis. Biochip
capability for quantitative analysis of different concentrations
of the Fhit protein is demonstrated. The relative fluorescence
signal detected by the biochip increased in response to
increases in concentration of immobilized target MKN/FHIT
lysate immobilized on the microarray in a curvelinear
fashion.
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Figure 2.7 Genomic DNA was isolated from MKN/FHIT and
MKN/E4 cell lysates using a guanidine- based lysing solution
detected by gel electrophoresis (a). Extracted genomic DNAs were
PGR amplified using sequence-specific primers for the FHIT gene
and subjected to detection using fluorescently labeled FHIT DNA
probes. As determined by the biochip, the MKN/FHIT cell line,
PGR products, demonstrated significantly increased fluorescence
signal over background as a result of retaining the FHIT gene.
Presence of an intact FHIT gene did not present itself in the
MKN/E4 cell line and the observed fluorescence signal was at the
same level of the backgroimd fluorescence (b). Gomparable
biochip measurements were observed where targets where mixed
with human serum (c).
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Figure 2.8 Application of CCD system for detection of FHIT
DNA. The CCD captured histogram of the row corresponding to
the immobilized MKN/FHIT DNA (a) displayed a higher
fluorescence signal as compared to MKN/E4 DNA spots (b). The
CCD imaging results correlated well with the results from the
biochip study and reconfirmed the absence of the FHIT gene in
MKN/E4 cell line genomic extracts.
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Figure 2.9 Application of the biochip for concurrent
detection of various DNA molecules on the same microarray
was accomplished. The biochip system simultaneously
detected both immobilized target DNAs, the FHIT DNA and
tuberculosis DNA (TB) on the same membrane using Cy5-
labeled oligonucleotide probes for detection of both genes.
Meanwhile, no fluorescence was detected from non-target
MKN/E4 DNA row of spots. These results demonstrated the
potential of the biochip for detection of a variety of distinct
gene/ DNA probe molecules at one time.
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Figure 2.10 FHIT DNA quantitative analysis. Biochip
capability for quantitative analysis of FHIT DNA was
illustrated by a relative increase in the signal output in
response to increases in concentration of the membrane
immobilized, FHIT DNA.
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Figure 2.11 Study of multi-target detection. Biochip
device permitted simultaneous detection of immobilized
MKN/FHIT lysate protein and PGR amplified FHIT DNA
target molecules spotted in the same microarray using Cy5
labeled polyclonal Fhit antibody, and fluorescently labeled
FHIT DNA probe. Biochip measurements demonstrated
significant fluorescent signals from MKN/FHIT lysate spots
row and the row where PGR amplified MKN/FHIT DNA
were dispensed.
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PART THREE

ANALYSIS OF HYDROLYSIS ACTIVITY OF THE FHIT PROTEIN;
APPLICATION OF SYNCHRONOUS LUMINESCENCE

SPECTROSCOPY



3.1 Abstract

Human Fhit tumor suppressor protein has been shown to have dinucleoside 5', 5"'- Pi, Pn -

polyphosphates hydrolysis activity. The enzymatic activity of Fhit has been demonstrated

on Ap„A (n = 3-6) substrates with adenosine monophosphate (AMP) always being one of

the reaction products. The use of Synchronous Luminescence (SL) Spectroscopy as a

sensitive yet simple method for detection of the enzymatic activity of the Fhit protein was

investigated. The SL methodology is based on synchronous excitation, in which both

excitation (k ex) and emission (A, em) wavelengths are scanned simultaneously, while a

constant wavelength interval (AA,) is maintained between the excitation and the emission

monochromators. The results presented illustrate the ability of the SL technique to identify

the constituents of the hydrolysis mixture (the Fhit protein and the Ap4A substrate) and

demonstrate production of the AMP. Using SL spectroscopy we detected increased

fluorescence intensity of the AMP peak as a result of increased substrate concentration.

Additionally, inhibition of hydrolysis activity by zinc chloride was demonstrated. These

findings demonstrated the ability of the SL technique as a rapid detection method for

identification of specific fluorescent compounds for analyzing enzymatic activity of

proteins without the need for use of modified substrates.
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3.2 Introduction

The recently cloned human tumor suppressor Fragile Histidine Triad (FHIT) gene

encompasses the most fragile site in the human genome, the FRA3B region. The

approximately 1-megabaseFHIT gene includes 10 exons, encoding a 1.1 kb mRNA

transcript and a 16.8 kDa, 147 amino acid protein. Human Fhit protein has recently

assumed significant interest since studies have shown loss of heterozygosity and

homozygous deletions within the FHIT gene, and absence of expression of Fhit protein

occurring in several common cancers (6,7) (Fig. 3.1). Fhit protein is a member of the

recently discovered Histidine Triad (HIT) family of nucleotide-binding proteins with high

specific hydrolyzing activity for diadenosine 5', 5"'- Pi, ?„ - polyphosphate (ApnA), where

n = 3-6 (3). Catabolic activity of Fhit on the diadenosine tetraphosphate (Ap4A) substrate

has been observed repeatedly with adenosine monophosphate (AMP) always being one of

the reaction products (2,3). Methods currently employed for determining the enzymatic

activity of the Fhit protein and quantification of the byproducts of the hydrolysis reaction

involve using either radioactively modified substrates in chromatographic assays, or

fluorescently labeled substrates in conventional spectroscopic assays (1,4,5).

The goal of this study was to develop a simple, yet highly sensitive spectrometric

technique without the need for use of modified substrates. Conventional luminescence

spectrometry uses either a fixed excitation or a fixed emission wavelength to measure the

luminescence intensity of different fluorescent compounds. In the synchronous
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Luminescence (SL) methodology both excitation and emission wavelengths are scanned

simultaneously while a constant wavelength interval (AX) is maintained between the two

monochromators throughout the measurement (8). Excitation, emission and SL spectra of

tryptophan are illustrated in Fig. 3.2. Resulting SL spectrum has more resolved structures

and more readily identifiable peaks than the conventional luminescence spectrum. The

ability of SL to offer better peak resolution makes it a highly selective analj^ical technique

for detection of various compounds (9). SL has been extensively used to obtain spectral

fingerprints of complex biological and chemical samples (8-11). We investigated the ability

of the SL technique to analyze specific protein-substrate enzymatic activity, hydrolysis of

the Ap4A substrate by the FHIT protein through identification of the reaction byproducts.

3.3 Materials and Methods

3.3.1 Fhit Hydrolysis Assay

A typical assay for Ap4A hydrolase activity by the Fhit protein involved co-incubation of

both the enzyme and the substrate in the hydrolysis solution (50 mM Hepes-NaOH, pH

6.8, and 0.5 mM MnCL (Sigma Chemical Co, St. Louis, MO)). A complete reaction

mixture was prepared by incubation of 20 pM Ap4A substrate (Sigma Chemical Co, St.

Louis, MO) and 1 ng of the Fhit protein (a gift from Dr. Charles Brenner, Kimmel Cancer

Center, Philadelphia, PA) in 100 pi of hydrolysis solution at room temperature (4). A

purification protocol for the active dimeric human Fhit protein has been described (3).
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3.3.2 Synchronous Luminescence Spectroscopy

The SL technique is characterized by the simplicity of its instrumentation. All

spectroscopic measurements were performed using a single integrated workstation

spectrofluorimeter (Perkin Elmer, Model LS SOB, Norwalk, CT) with computer

interfacing capabilities (Fig. 3.3). This commercial instrument has two monochromators

that can be interlocked and scanned simultaneously and allows spectral correction for both

excitation and emission spectra. Spectroscopic measurements of the reaction mixtures

were performed in Stama quartz sub-micro cuvettes having 1-cm path lengths

(Atascadero, CA). The FL WinLab software (Perkin Elmer, Norwalk, CT) was employed

for instrumental control and fluorescent signal analysis.

3.4 Results and Discussion

3.4.1 Selection of Wavelength Interval

The choice of AX, interval was critical for successful analysis. It was optimized through the

following procedure. The SL spectra of the individual components of the hydrolysis

reaction, the Fhit protein, and the Ap4A substrate and reaction byproduct were scanned

with AX, intervals ranging from 5-100 nm, in 5-nm increments. From these measurements,

it was determined that an interval of AX, = 50 nm was the most suitable wavelength
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interval. The obtained spectra using this wavelength interval provided the best spectral

differentiation allowing for (/) identification of the individual reaction components, (ii) the

byproducts of the reaction, and (iii) assessment of the hydrolysis activity of the Fhit

protein. Additional data obtained from these preliminary assays indicated a rapid

hydrolytic reaction. Total hydrolysis of 20 pM of Ap4A by 1 ng of the Fhit protein was

achieved in < five min. Enzymatic activities of the complete reaction mixtures were

followed over an extended period of time to determine any changes in the hydrolysis

reaction mixture. Samples were measured in 5-minute intervals for the first hr and then

hourly for the next 5 hrs and finally at 19, 24 and 27 hrs. Except for some degradation of

the Fhit protein, no change in fluorescence of the mixture was noticed (data not shown).

3.4.2 Fhit Hydrolysis Reaction

A representative SL spectrum (AX = 50 nm excitation wavelength) for individual

components of the hydrolysis reaction (hydrolysis solution, Fhit, Ap4A) (a-c), the

complete reaction (d) and confirmation of byproduct formation (e) as a result of the

breakdown of Ap4A by Fhit protein (< 5 min) are presented in Figure 3.4. The

fluorescence spectrum of the hydrolysis solution (a) demonstrated absence of any

distinguishable peaks. The spectrum of Ap4A substrate (b) however, exhibited low

fluorescence intensity with two broad peaks at 320 nm and 360 nm. The spectrum of Fhit

protein (c) had a higher fluorescence intensity than the Ap4A substrate with two broad

peaks at 285 mn and 370 nm. Addition of the Fhit protein to an Ap4A containing solution
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resulted in a spectrum profile different from the profiles of either the Fhit protein or the

Ap4A substrate. Synchronous detection of the enzymatic activity associated with the Fhit

protein is illustrated in Fig. 3.4 d. There was a noticeable change in the ratio of the first

peak at 285 nm to that of the second peak at 370 nm when compared to the fluorescence

scan of Fhit protein alone (c).

This observation suggested the presence of other compounds in the reaction mixture since

the simple summation of the fluorescence intensities of the Ap4A and the Fhit in the

sample cannot account for these changes in the fluorescence profile. Furthermore, we had

previously determined that the synchronously measured SL peak for AMP (AX = 50 nm)

occurred at about 285 nm (Fig. 3.5).

To correlate the 285-nm peak with the presence of reaction byproducts, a 10-pM aliquot

of AMP solution was added to the same reaction vial. The spectrum obtained (Figure 3.4

e) exhibited an increase only in fluorescence intensity of the peak at 285 nm, where the

peak for the compound of interest, AMP, was located. The enhancement of the second

peak at 370 nm, which was probably associated with the spectrum of Fhit protein, was not

observed. Evaluation of fluorescence intensity distribution of SL profiles in Fig. 3.4

provided strong evidence for the presence of newly formed byproduct(s) in the reaction

mixture as a result of enzymatic function of Fhit Ap4A hydrolase activity.
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A great advantage of the synchronous scanning technique is the ability to show small

changes that come from variety of parameters including band narrowing effect, overlap of

excitation and emission spectra, optical filter effect and solvent effect. These parameters

are often difficult to observe in conventional fixed-excitation spectroscopy but are greatly

enhanced in synchronous scanning.

3.4.3 Quantitative Analysis of the Hydrolysis Assay

The quantitative ability of the SL technique to measure the fluorescence intensity

associated with AMP production, at a constant Fhit protein concentration and increasing

concentrations of Ap4A, ranging from 10-50 pM in 100 pi of the assay solution was

investigated. The reactions were allowed to stand for 5 minutes at room temperature

before carrying out the SL scans (140 s). Results of this quantitative analysis are

illustrated in Figure 3.6. The increase in the fluorescence intensity of the 285-nm peak

correlated well to the increasing concentrations of the Ap4A ranging from 10-50 pM in the

experimental samples.

The intensity of the SL fluorescence signal can be expressed in the following equation (9);

IsL (^ex, = KcbEx ( Zex) E„ (Aem) (1)

with

AA = Aex- Xem = COYlSt. (2)
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where c is the concentration of the analyte, b is the thickness of the sample, Ex (Xex) is the

excitation spectrum, Em (Kn) is the emission spectrum, and ̂  is a constant that includes

the instrumental geometry factor and related parameters. Therefore, since the relative

luminescence intensity of the synchronous peak is a direct function of the concentration of

the compound in the assay mixture, this increase in fluorescent intensity of the 285-nm

peak could prove useful for determining the concentration of the byproducts.

Using the following mathematical equations the specific activity (nmol of products formed

per min'^ mg"^) could be calculated.

Specific Activity = [PJ/TM (3)

Where [P]t is the concentration of the newly formed reaction byproducts (nmol) during T

the time of reaction (min) at a given amount of protein massM(mg). [P]t can be

expressed as;

[P]t/[Ap4A]o=lj/lT (4)

Where the total concentration of the substrate (nmol) at time 0, [Ap4A]o, is a function of

the relative fluorescence intensity of the products formed, /p, divided by the total

fluorescence intensity of the reactant. It, during the reaction.
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3.4.4 Inhibition of the Enzymatic Reaction in Presence of ZnClz

Data have been previously reported on the inhibitory effect of Zn^^ on the enzymatic

activity of Fhit protein (1,4,5). To investigate this phenomenon, synchronous

measurements of the hydrolysis solution containing (a) Fhit protein, (b) Fhit protein and

AP4A substrate, and (c) Fhit, AP4A, and ZnCh (100 jjM) were obtained. The data are

presented in Figure 3.7 as the ratio of the fluorescent intensity of 285 nm peak to the

fluorescence intensity of the second peak. The intensity of the first peak does not increase

relative to that of the second peak in the presence of ZnC^. This change in the

fluorescence profile was expected if the Fhit protein had maintained its activity in the

presence of Zn^"^. The absence of activity of the Fhit protein in the presence of Zn^"^

supports the previously reported data.

3.5 Conclusion

In conclusion, SL offered a simple, sensitive and rapid analytical technique with

inexpensive instrumentation that allowed the study of hydrolysis activity of the Fhit

protein. The results established the SL technique as a rapid detection technology

(140 s/scan) with the ability to detect the hydrolysis function of the Fhit, human tumor

suppressor protein on break down of the AP4A substrate by indicating presence of the

reaction byproducts. This versatile technique eliminated the need for the use of relatively

undesirable and expensive radioisotopes or fluorescently modified reaction compounds
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and does not require further identification of the products through other analytical

techniques such as various forms of chromatography.
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Figure 3.1 Deletions within the FHIT gene and absence of
expression of Fhit protein occur in several common cancers.

Source: http://dgl.microsoft.coni/mgo 1 en/eula.asp
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Figure 3.4 A representative SL spectrum (AX = 50 nm) for
individual components of the hydrolysis reaction (a-c), the
complete reaction (d) and confirmation of AMP formation (e)
as a result of AP4A hydrolysis by Fhit protein are presented.
The fluorescence spectrum of the hydrolysis solution (a)
demonstrated absence of any distinguishable peaks. The
spectrum of AP4A substrate (b) exhibited low fluorescence
intensity with two broad peaks at 32.0 nm and 360 nm. The
spectrum of Fhit protein (c) had higher fluorescence intensity
than the AP4A substrate and two broad peaks at 285 nm and 370
nm. Addition of Fhit protein to an AP4A containing solution
resulted in (d) a spectrum profile where there was a noticeable
increase in the ratio of 285 nm to 370 nm, when compared to
the fluorescence scan of Fhit alone. Addition of AMP to the
same reaction vial (e) exhibited an increase only in the
fluorescence intensity of the by-product peak at 285 nm.
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the 285 nm peak did not increase relative to the intensity of the
second peak in presence of ZnClj. This alteration in the
fluorescence profile was expected if Fhit protein had maintained
its hydrolysis activity in the presence of Zn^^.
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PART FOUR

INVESTIGATION OF TUMOR SUPPRESSOR ACTIVITY

AND APOPTOSIS-RELATED PROCESSES

IN FHIT TRANSFECTED CELLS



4.1 Abstract

The candidate tumor suppressor gene, FHIT, includes both the common human

chromosomal fragile site at 3pl4.2 and the hereditary renal cancer translocation

breakpoint. The structure and expression of the FHIT gene are altered frequently in

tumors, and primary or cultured tumor cell lines. DNA structure alterations, due to loss

of heterozygosity within the FHIT alleles, lead to aberrant exons and concomitant

absence of full-length FHIT transcript and Fhit protein. Inference from such observations

has been that an abnormality in the FHIT gene provides a selective advantage for the

tumor cell, pointing to a tumor suppressor function for the FHIT gene. However, it has

been argued that alterations in the FHIT gene may simply be a reflection of its inclusion

in a fragile region, rendering it highly susceptible to breakage. In the present study, the

tumor suppressor activity of the FHIT gene was investigated in cell lines that have been

transfected with exogenous FHIT gene. First, the extent of cellular proliferation of these

cells was determined by using the trypan blue, dead cell exclusion assay. The process of

apoptosis in the cells was assessed by detection of annexin-V protein using flow

cytometry, and the terminal deoxynucleotidyl transferase labeling of DNA fragments and

identification by UV fluorescence microscopy. Morphology of the apoptotic cells was

studied using electron microscopy. In apoptotic cells, alterations in the mitochondrial

transmembrane potential (ATm) was detected by rhodamine 123 staining using confocal

microscopy and the degree of rhodamine 123 incorporation was measured by means of

synchronous fluorescence spectroscopy. Data from these observations demonstrated

reduced cell growth where Fhit protein was expressed. The tumor suppressor activity
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of the FfflT gene was demonstrated in an animal model by reduced size of induced

tumors, and observation of altered cell cycle kinetics of the tumor-derived cells in tissue

cultures in the presence of Fhit protein expression. These data also provided direct

evidence for involvement of the FHIT gene in induction of a mitochondria-dependent

apoptotic pathway.

4.2 Introduction

The FHIT gene at chromosome 3pl4 was identified initially by positional cloning in

1996 (1,2). The discovery of the FHIT gene, frequently exhibiting exon deletions or

intron sequence insertions (1,3-5), drew great attention in the cancer research community.

This interest was due to recognition of the loss of DNA sequences from chromosome 3p

(6) as being one of the most frequent genetic and cytogenetic abnormalities in a broad

range of solid tumors. Abnormalities with the FHIT transcripts have been observed in a

variety of solid tumors, including cancers of the lung, stomach, breast, cervix, and the

head and neck (6-8). These aberrant transcripts have been concordant with deletions of

DNA within the FHIT gene and the lack of detectable Fhit protein in tumors or cell lines

analyzed (6-9). Stable FHIT-transduced cells expressing exogenous wild-type FHIT,

isolated after transfection of various cell lines with inactivated endogenous FHIT, show

reduced colony-formation efficiency in vitro and inhibition of tumor development in

nude mice (20). Observations such as these prompted some investigators to suggest that

the FHIT gene might function as a tumor suppressor gene (6-15).
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However, soon after the gene was reported as a candidate tumor suppressor, evidence

began to accumulate against the hypothesis. Genomic deletions did not always affect

exons of the gene and were not always associated with a lack of detectable full-length

FHIT messenger RNA. Inactivating mutations were not commonly observed in the

remaining FHIT allele in tumors and in cell lines. In some studies, genomic alterations

were present in only a small fraction of the cells (7). In two reports, altered transcripts

could not be consistently observed using polymerase chain reaction (PGR) analysis

instead of the nested PGR (multiple rounds of amplification using different sets of

primers spanning two introns), arguing that aberrant transcripts observed by nested PGR

in some studies might represent an artifact of the PGR process (10,11). Some

investigators have noted that aberrant FHIT transcripts could be observed in many non-

tumor tissues (12,13) and that they also became more obvious in aging cells (14). These

observations suggest that FHIT abnormalities are not tumor specific, but represent the

result of randomly occurring deletion events at a fragile site. In addition, overexpression

of FHIT did not suppressed anchorage-independent growth or tumorigenicity of cervical

carcinoma cell lines (15). Finally, overexpression of the sense or antisense FHIT DNA

constructs have not affected cell proliferation, cell cycle distribution or apoptosis in

human kidney cells carrying the FHIT gene (16).

However, observations of aberrant transcripts in nontumor tissues and in aging cells may

indicate that loss of FHIT is a very early genetic event in tumorigenesis or reduced RNA-

splicing fidelity in aging cells. In fact, frequent loss of heterozygosity (LOH) at 3pl4 was

observed in oral premalignant lesions (17) and in normal-appearing bronchial
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epithelia of smokers (18). These findings support the notion that loss of the 3pl4 region

occurs early and frequently in tissues exposed to carcinogens. It is also possible that

FHIT inactivation may be important in early tumor progression since stable

overexpression of FHIT had no obvious effect on the tumorigenic properties of cervical

carcinoma cell lines or on a lung carcinoma cell line reported previously by others to be

suppressed by FHIT (15,16). The fact also remains that most tumor cell lines and primary

tumors with FHIT abnormalities do not express or express only low levels of Fhit protein

(6,8). The reasons for decreased expression remain to be elucidated, but one could

hypothesize that aberrant transcripts might inhibit protein translation (post-translational

modifications, i.e. methylation) or trigger protein degradation (post-translational signal-

sequence i.e. ubiquitin-dependent proteolysis). To this end, frequent abnormalities have

been observed with the FHIT gene (6,9), suggesting that at least some of these

abnormalities are functionally important.

Because of these puzzling findings, the direct role of the FHIT gene and the

consequences of Fhit protein loss-of-function in tumorigenesis needed further

exploration. To investigate possible mechanisms for a selective growth advantage of

FHIT-negative cells and tumors, we have examined the phenotypes of the FHIT-

expressing cells relative to the FHIT negative parental cells both in in vitro and in vivo

systems. Cell proliferation rates and cell cycle kinetics in vitro and tumor suppressor

activity of the FHIT gene in a mouse model were analyzed. The possible role of FHIT

gene in apoptosis was studied through evaluations of an early apoptotic event

(extemalization of phosphatidylserine), a late apoptotic event (DNA fragmentation),
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and identification of ultrastructural alterations (formation of apoptotic bodies). Functional

changes that occurred in apoptotic cells were assessed by studying alterations in the inner

mitochondrial transmembrane potential in vitro. Our data indicates that Fhit expression is

correlated with functions, which regulate cell growth in vitro and in vivo.

4.3 Materials and Methods

4.3,1 Cell Culture

The FHIT-negative gastric carcinoma-derived MKN74 cells (19) that had been

transfected with 15 pg of either pRcFHIT (MKN74/FHIT cell line) or control plasmid

(pRcCMV) DNA (MKN74/E4 cell line) were kindly provided by Dr. Kay Huebner

(Thomas Jefferson University, Kimmel Cancer Institute, Philadelphia, PA). Briefly, for

construction of these cells, plasmids comprised of wild-type FHIT cDNA (excluded for

construaion of the MKN74/E4 control plasmid) ligated in-frame to a fusion protein tag,

FLAG octapeptide coding sequence, and under the control of the immediate early human

cytomegalovirus (CMV) promoter (Eastman Kodak, Rochester, NY), had been cloned

into the Hindlll and Xbal sites of the pRcCMV vector by using the calcium phosphate

method (GIBCO/BRL, Grand Island, NY). Clones had then been selected in the presence

of 200-400 pg/ml G418 (geneticin; GIBCO/BRL, Grand Island, NY) (20). Human cell

lines, AGS (human stomach carcinoma) and the 293 (transformed human embryonic

kidney cells), were obtained from the American Type Culture Collection (ATCC,

Rockville, MD). These two cell lines have also been characterized previously for
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structure and expression of endogenous FHIT alleles (7). The 293 cells express Fhit

protein, whereas AGS stomach cancer cells exhibit homozygous deletions within the

FHIT gene and do not express Fhit protein. The AGS culture was maintained in F-12K

medium and the 293 cell line was maintained in DMEM medium. All of the above

mentioned culture media were supplemented with 10% fetal bovine serum (FBS) (Sigma,

St. Louis, MO), 1 ml of a 50 mg gentamicin/ml of water solution (GIBCO/BRL, Grand

Island, NY), 1 % each of non essential amino acids (Sigma, St. Louis, MO), hepes buffer

(Sigma, St. Louis, MO), L- glutamine (Sigma, St. Louis, MO) and sodium pyruvate

(Sigma, St. Louis, MO) and maintained at 37°C and 5% CO2.

4.3.2 Western Blot Analysis

Preparation of cell lysates and their subsequent analysis by Western blotting have been

described previously (21). Briefly, tissue culture cells or the tumors were harvested,

suspended in 10 parts (v/v) lysis buffer (0.5 % NP40 in phosphate-buffered saline (PBS)

supplemented with 10 pg/ml leupeptin and 10 [xg/mL PMSF (Sigma, St. Louis, MO)),

and sonicated for 30 sec (Branson sonifier, Danbury, CT). Cellular debris was removed

by a 10-min centrifugation at 8,500 x g at 4°C and the protein concentrations were

determined using the Pierce BCA Protein assay (Rockford, IL) per manufacturer's

instructions. Equal quantities of proteins were resolved on 14 % sodium dodecyl sulfate

(SDS)-PAGB gels (Novax, San Diago, CA), transferred onto nitrocellulose membranes

(Schleicher & Schuell, Keene, NH) and blocked with Blotto (5% nonfat dry milk (Kroger

Co, Cincinnati, OH) and 0.1% Tween-20 (Sigma, St. Louis, MO) in PBS) for Ihr.
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The membranes were then treated with a solution of 1 |ig/ml FHIT polyclonal antibody

(Santa Cruz Biotechnologies, Santa Cruz, CA) in blocking buffer, for 2 hrs at room

temperature. Protein bands were visualized using a horseradish peroxidase-conjugated

secondary antibody (BioRad Laboratories, Richmond, CA) and a chemiluminescent

substrate (Pierce DAB super signal system, Rockford, IL) as described by the

manufacturer.

4.3.3 Biochip DNA Analysis

The genomic DNA of the two cell lines, MKN/FHIT and MKN/E4, were extracted using

DNAzol reagent (GIBCO/BRL, Rochester, NY) following the manufacturer-suggested

protocol. Using 100 ng of extracted genomic DNA and 50 pM of primers corresponding

to the FHIT exon 5 (Oligos etc., Wilsonville, OR), the FHIT gene was PCR amplified (5

Units/ ml polymerase and 25mM MgCL (GeneAmp, Perkin Elmer, Branchburg, NJ)).

Thirty cycles of amplifications were performed in a Perkin Elmer Cetus thermal cycler at

94''C for 60 sec, 55°C for 60 sec, and 12°C for 45 sec after an initial 5-minute 95°C

denaturation step (2). Biochip technology was employed to detect the FHIT DNA

sequences in these PCR products. The procedure has been described previously in detail

(21-23). In short, PCR products were immobilized on the Zeta probe membranes (BioRad

Laboratories, Hercules, CA) by 1 min of UV dimerization. Membranes were then

blocked in 5 ml of prehybridization solution (5X SSC, 0.02% sodium dodecyl sulfate

(SDS) andl% Carnation non-fat dry milk) for 1 hr at 37°C. This step was followed by 16

hrs of incubation in hybridization solution (prehybridization solution plus 100 ?7g/ml
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Cy5-Iabeled DNA probes (Oligos etc. Wilsonville, OR) at 37°C. Membranes were then

washed in 5 ml of wash solution (5X SSC, and 0.1% SDS)) for 15 min at room

temperature, followed by two 1-minute water rinses and analyzed using the biochip

detection device.

4.3.4 Growth Kinetics Analysis

For determination of growth rate, the cells were seeded and maintained in 6-well plates in

the growth medium. Every 24 hrs, the cells from three wells were trypsinized and

counted using the trypan blue exclusion assay. The number of cells in each of the three

wells was then averaged and used for analysis. To study the population doubling in

apoptotic cells, the cells were seeded in the growth medium containing 60 pM of

mitomycin c (MMC) (Sigma, St. Louis, MO) for 20 hrs before harvest as described

previously. Growth kinetic analysis was also performed on cells treated with a known

mutagen, ethyl methanesulfonate (EMS, Eastman Kodak, Rochester, NY), at 50 pg/ml of

growth media.

Statistical analysis using general linear model (within subject factors), multivariate tests

(tests within subject effects and within subject contrasts) and univariate analysis of

variance (tests between-subjects factors and between-subjects effects) for significant at

the .05 level was performed using SPSS for windows computer package.
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4.3.5 Murine Model for Tumorigenicity Assay

The MKN/FHIT and the MKN/E4 cells were each grown in tissue culture flasks,

harvested, and counted. Cells from each group were resuspended at 10^ cells/ml in PBS

solution. A volume of 0.2 ml of each cell suspension was injected subcutaneously into the

right flank of 6-week-old female nude Balb/c mice (n=5) (Taconic, Germantown, NY).

Control group of mice (n=5) was mock treated with 0.2 ml of PBS. All groups were

monitored twice a week for tumor formation for 10 wk after inoculation. Using a linear

caliper, tumor dimensions were measured and tumor growth rates were calculated from

tumor volume data. On termination of experiment, tumors were excised and assessed for

presence of the FHIT gene and expression of the Fhit protein. Histological evaluations

were performed also on formalin-fixed paraffin-embedded tissues by hematoxylin/eosin

(Sigma, St. Louis, MO) staining.

4.3.6 Analysis of DNA Content for Cell Cycle Progression

The MKN/FHIT and the MKN/E4 cells were harvested and 1x10^ cells were fixed

overnight in ice-cold 70% ethanol. Before flow cytometry analysis, cells were washed

with PBS to remove the ethanol and treated with 100 |ig/ml RNase A (Sigma, St. Louis,

MO) and 50 mg/ml propidium iodide (PI) (Sigma, St. Louis, MO) for 30 min. The stained

cells were analyzed using a FACStarPlus flowcytometer (Becton-Dickinson, San Jose,

CA) with Becton-Dickinson CellQuestS software to determine percentage of cells in the

GO/Gl, S, and G2/M phases of the cell cycle as a function of their DNA content.
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4.3.7 Analysis of Early Apoptotic Events

Apoptotic changes in plasma membrane phospholipids and transport function were

probed by a combination of fluoresceinated annexin-V and DNA fluorochrome 7-

aminoactinomycin D. To induce apoptosis, flasks of MKN/FHIT and MKN/E4 50%

confluent cells were treated with MMC for 20 hrs as previously described. The cells were

then harvested and suspended at 1x10® cells/ml in binding buffer (10 mMHEPES, pH

7.4, 140 mMNaCl, 2.5 mM CaC12), with 5 pi of phycoerythrin (PE)-conjugated annexin-

V (Pharmingen, San Diego, CA) as recommended by the manufacturer and 0.125 pg/ml

of 7-amino actinomycin D (7-AAD) (Sigma, St. Louis, MO) for 15 min at room

temperature. These cells were analyzed by flow cytometry with a FACStarPlus

flowcytometer (Becton Dickinson, San Jose, CA) where flurochromes, PE-annexin-V and

7-AAD, were excited by a laser tuned to 488 nm and emissions were detected at 575 and

650 nm, respectively. Data for 20,000 cells from each sample were next analyzed with

the CellQuestS software (Becton Dickinson, Franklin Lakes, NJ).

4.3.8 Analysis of DNA Fragmentation for Late Apoptotic Events Evaluation

Percentages of apoptotic MKN/FHIT and MKN/E4 cells were determined after MMC

treatment, using the terminal deoxynucleotidyl transferase-mediated dUTP-biotin nicked-

end labeling (TUNEL) technique per manufacturer's instructions. In situ detection of

apoptotic cells was performed on adherent cells, cultured on chamber slides by using the
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Fluorescein FragEL DNA fragmentation detection kit (Oncogene, Boston, MA). Image

acquisition was performed with a Nikon Diaphot 300 fluorescence microscope (Japan)

equipped with a 485-nm, B-IE, filter cube.

4.3.9 Analysis of Production of Apoptotic Bodies

MKN/FHIT and MKN/E4 cells were seeded and grown for 48 hrs on 0.45 um filter

membranes housed at the bottom of 6 well tissue culture plates (Falcon, Lincoln Park,

NJ). The adherent cells were treated with MMC to induce apoptosis as described

previously. These cells, along with untreated MKN/FEQT and MKN/E4 cells, also grown

on the membranes, were fixed in the fixative culture medium composed of cacodylate

buffered 3% glutaraldehyde (Sigma, St. Louis, MO) for Ih at room temperature. The

fixative was then drawn off the membranes and the cells were post-fixed in cacodylate

buffered 2% osmium tetroxide (Sigma, St. Louis, MO) for Ih at room temperature.

Samples were then dehydrated in an ethanol step gradient, followed by a final propylene

oxide (Sigma, St. Louis, MO) dehydration step. These samples were then embedded in

Epon resin (Sigma, St. Louis, MO), cut into 100 nm cross-section pieces and post-stained

with uranyl acetate (Sigma, St. Louis, MO) and lead citrate (Sigma, St. Louis, MO).

Sections were viewed with a Hitachi H-600 transmission electron microscope (TEM,

Tokyo, Japan).
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4.3.10 Alterations in the Mitochondrial Transmembrane Potential

Alterations in the mitochondrial membrane potential (AY/w) of the apoptotic cells were

determined by mitochondrial uptake of rhodamine 123 (R123) using confocal

microscopy. MMC-treated and untreated MKN/FHIT and MKN/E4 cells (as described

previously) were washed twice with PBS and incubated in growth media containing 10

mg/ml R123 at 37 °C for 30 minutes. ALeica TCS SP2 spectral confocal and

multiphoton system (Deerfield, IL) was used for visualization of mitochondrial

fluorescence in apoptotically treated and untreated cells.

4.4 Results and Discussion

Two criteria need to be met for a gene to be considered a tumor suppressor gene. First

genetically, both alleles of a gene need to be inactivated directly through mutations,

deletion, or epigenetic modifications such as methylation, in neoplastic counterparts of

otherwise normal cells. Second, functionally, a tumor suppressor gene is a gene whose

product can restrict tumorigenic and metastatic processes (1,2,7,11, 20). In 1996, the

FHIT gene was cloned and shown to encompass the FRA3B common fragile site,

numerous cancer cell-specific homozygous and hemizygous deletions, and a familial

renal cancer chromosome translocation break (1,20). Early studies of a number of

important human tumor types showed that altered FHIT RNA expression (13,5,24)

correlated frequently with deletions within the FHIT gene plus the lack of detectable Fhit

protein in tumor-derived cell lines (6). Homozygous deletions in a gene in cancer
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cells and lack of expression of the protein product are hallmarks of tumor suppressor

genes (1,20), so from many perspectives the FHIT gene was a strong candidate for a

tumor suppressor gene. However, (a) occurrence of small homozygous deletions within

large FHIT introns, apparently not affecting FHIT exons, (b) occurrence of apparent full-

length FHIT transcripts accompanied by aberrant transcripts in cancer-derived cell lines

and tumors, and (c) lack of point mutations in remaining FHIT alleles in cancer-derived

cell lines, argue against a tumor suppressor role for the FHIT gene. A gene can be

positively categorized as a tumor suppressor when its pattern of inactivation, or loss-of-

function, meet the classical genetic and functional parameters set for tumor suppressor

genes. To enhance our understanding of the role of FHIT gene in carcinogenesis, using

our in vitro and in vivo models, we further analyzed its possible tumor suppressor

function.

4.4.1 Status of the FHIT Gene and Fhit Protein Expression in Cells

As a required step for these experiments, presence of the transfected FHIT gene and

expression of Fhit protein in the MKN/FHIT and their absence in the null transfected,

MKN/E4 cell lines was determined. First, the extracted genomic DNAs from both cell

lines were employed to attempt to amplify the FHIT DNA using primers flanking FHIT

exon 5. Fluorescent DNA products were analyzed by specific hybridization on the

biochip. Results showed fluorescence signal from the MKN/FHIT samples to be

significantly higher than background fluorescence, indicating presence of FHIT exon 5

DNA product (Fig. 4.1). On the other hand, signals from the MKN/E4 samples were
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about the same level as the background fluorescence, and significantly lower than that

obtained from the MKN/FHIT samples. Results indicated that exon 5 was not present in

the template DNA of the MK[Sr/E4 cells.

Next, we evaluated these cell lines for expression ofFhit protein. We also included the

AGS cell line, which inherently lacks FHIT gene (24,25), and therefore Fhit protein and

the 293 cell line (24,25), with demonstrated endogenous Fhit expression, as controls for

this study. Immunoblot analysis of cellular lysates using anti-Fhit antibody, are illustrated

in Fig. 4.2. As expected, the observed protein bands at about 17 kDa demonstrated that

the MKN/FHIT and the 293 cell lines expressed a protein the size of the Fhit protein.
t

Conversely, absence of a similar size protein band in the MKN/E4 and the AGS cell lines

was indicative of the absence of the Fhit protein expression in these cell lines. These

results reconfirmed the status of the FHIT gene and the Fhit protein expression in the cell

lines used in the present study.

4.4.2 Phenotypic Effects of FHIT Expression on Cell Proliferation In vitro

To determine if expression of exogenous or endogenous wild-type FHIT effects the

ability of the cells to grow, cell proliferation assays were conducted. The MKN/FHIT and

the MKN/E4 cell lines along with the AGS and the 293 cells were seeded and grown

continuously in their appropriate growth media. To investigate the consequences of

expression of FHIT on cell proliferation in unfavorable, mutation inducing, growth

conditions, the same cell lines were grown in media supplemented with mitomycin C
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(MMC) or Ethyl methane sulfonyl (EMS). We found no statistically significant

differences in the growth rate of the MKN/FHIT and the 293 cells (+Fhit protein

expression) when compared to the growth rate of the MKN/E4 and AGS cell lines (-Fhit

expression) cultured under similar conditions (Fig. 4.3 a,b) (considering the lower plating

efficiency of MKN/FHIT compared to MKN/E4 cell line). However, when the

MKN/FHIT and the 293 cells, were grown in media supplemented with MMC or EMS,

they demonstrated a significant decrease (p<0.05) in their doubling time as compared to

the growth rate of the MKN/E4 and the AGS cells maintained under similar conditions

(Fig. 4.3 a,b). In addition, no significant (p<0.05) difference in the growth rate of the

MKN/E4 and AGS with their MMC treated counterparts was observed in this study.

From the information gathered here we concluded that in these cell lines, the in vitro cell

proliferation rates changed significantly (p<0.05) as a result of FHIT DNA presence and

Fhit protein expression.

4.4.3 Cell Cycle Kinetics

Using flow cytometry technique, we constructed DNA histograms of MKN/FHIT and

MKN/E4 cell populations, which measures the proportion of cells in each phase of the

cell cycle as a function of DNA content of cells. The position of a cell along the mitotic

cell cycle is strictly related to its DNA content. A cell in GO/Gl phase has 2N DNA

content, a cell in the G2/M phase has 4N DNA content and a cell in the S phase has a

DNA content between 2N and 4N. The percentage of propidium iodide stained

MKN/FHIT and MKN/E4 cells in the GO/Gl, S, and G2/M phases of the cell cycle
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was determined (Fig. 4.4 a,b). Using Becton-Dickinson CellQuestS software the DNA

profiles showed that approximately 41.3% +/- 2.4 of the MKN/FHIT cells were in the

GO/Gl phase, 55.7% +/- 3.3 in the S phase and 3.2% +/- 1.2 in the G2/M phase.

Histogram of the MXN/E4 cell varied distinctly from the MKN/FHIT histogram, having

only 27.3% +/- 2.9 of the cells in the GO/Gl phase, which represents a decrease of about

14%. The population of MKN/E4 cells in the S phase was about 69.3% +/- 3.9, 13.6%

increase over the MKN/FHIT, S phase population. Despite alterations in the number of

cells in the GO/Gl, and the S phases of the cell cycle profiles, the subpopulation of the

cells in the G2/M phase in both cell lines was approximately 3-4% +/- 1.2 (Table 4.1).

Overall analysis of the cell cycle-phase distribution indicated specific GO/Gl arrest of

FHIT positive cells suggesting a possible role for FHIT expression which could be

related to regulation of cell cycle.

4.4.4 Tumor Suppressor Activity of the FHIT Expression In vivo

We tested FHIT positive and FHIT negative cell lines for growth in balb/c nude mice.

We inoculated flanks of 6-wk-old female nude mice with 5x10^ MKN/ FHIT or MKN/E4

cells. Four of the five mice injected with the MKN/E4 cells developed tumors within 1

wk after injection, with the average size of tumors reached approximately 1.25 cm after

8 wk and 2.25 cm^ by 10 wk. In contrast, only 2 of the 5 mice injected with MKN/FHIT

cells developed any tumors. These tumors were smaller and grew more slowly than the

MKN/E4 tumors (Fig. 4.5 a). By wk 5, the average size of the FHIT expressing tumors

(0.1 cm^) was about 75% smaller than the, the average size of MKN/E4 tumors (0.4
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cm^) at the same time. Tumor size differences were larger at termination of the study; the

MKN/FHIT tumors were about 20% of the size of MKN/E4 tumors. Histologically all

tumors were similar, having undifferentiated phenotypes (Fig. 4.5 b). Presence of the

FHIT gene and expression of the Fhit protein were assessed in the excised MKN74/FHIT

and MKN/E4 tumors as described previously. The results, presented in Fig. 4.6 (a,b)

indicated the presence of the FHIT DNA and expression of the Fhit protein only in the

MKN/FHIT tumors as compared with the MKN/E4 tumors.

The nude mice tumorigenicity results corroborated with cell growth rate obtained from

the in vitro analysis. The FHIT DNA positive MKN74 gastric carcinoma cell line

produced fewer and smaller tumors than did the FHIT DNA negative MKN/E4 cells.

These results suggest that FHIT inactivation provides a selective advantage for growth

expansion in vivo. In light of these results, it was crucial to improve our understanding of

the mechanisms underlying activity of the FHIT gene.

4.4.5 Potential Role of FHIT Gene in Apoptosis

The biological mechanism of FHIT activity and the cellular pathways associated with its

tumor suppressor function are yet unknown. Recently, Sard et al. (25) and Ji et al. (24)

have suggested the possible involvement of the FHIT gene in induction of apoptosis.

Apoptosis is a highly regulated form of physiological cell death. Morphological changes

associated with apoptosis include cell shrinkage, condensation of the nuclear chromatin,

fragmentation of the nucleus, cleavage of chromosomal DNA and, formation of
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apoptotic bodies that are engulfed by phagocytosis (26). Sard et al (25) showed altered

phase distribution in cell cycle profiles and a significantly higher rate of apoptosis

induction, in cells carrying the Fhit DNA, as compared to cells with negative Fhit

expression in vitro. Studying the effects of FHIT overexpression on cell proliferation, cell

cycle kinetics, apoptosis and tumorigenicity, Ji et al. (24) proposed that the FHIT gene

functions as a tumor suppressor, both in vitro and in vivo, with a possible role in

induction of apoptosis (24). In contrast, the results obtained by Guo et al. (16) indicated

that expression of FHIT is not involved in cell cycle regulation and that the tumor

suppressor activity of the FHIT gene may be independent of an effect on the cell cycle

and apoptosis mechanisms. Also, Wu et al. (15) reported that stable overexpression of

Fhit had no effect on the anchorage-independent growth and tumorigenicity in nude mice,

using two cervical carcinoma cell lines and a lung carcinoma cell line, previously

reported to be suppressed by Fhit expression.

We investigated the possible involvement of FHIT in induction of apoptosis in vitro by

focusing on different stages of programmed cell death. One of the earliest events in

programmed cell death is the externalization of phosphatidylserine, a membrane

phospholipid, normally restricted to the inner leaflet of the lipid bilayer, providing a

recognition signal for engulfment of the apoptotic cells by phagocytes (27,28). Annexin-

V, an endogenous human protein with a high affinity for membrane bound

phosphatidylserine, has been used to detect apoptosis in vitro before other well described

morphologic or nuclear changes occur (29,30). Detection of externalized

phosphatidylserine by annexin-V was used in flow cytometry assays for
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identification of apoptotic, MKN74/FHIT and MKN/E4, cells. Initially, MKN/FHIT and

MKN/E4 cells were treated with MMC for 20 hrs to induce apoptosis. These cells were

then comparatively analyzed, using staining profiles of PE-conjugated annexin-V, which

identified early apoptotic cells, and the 7-AAD staining profiles which identified the dead

cells. Flow cytometry data showed a much higher percentage of apoptosis-positive

MKN/FHIT cells (number of annexin-V positive cells located in the upper right quadrant)

as compared to the FHIT minus MKN/E4 cells (Fig. 4.7).

Flow cytometry data were confirmed by the results of TUNEL assay that detects DNA

strand breaks in cells and tissue sections and allows quantification of apoptotic cells by

fluorescence light microscopy (25). Results of fluorescence microscopy analysis revealed

that a higher number of condensed and fragmented nuclei from the MKN/FHIT cell

populations incorporated the fluorescein-labeled dUTPs, thus indicating a higher ratio of

apoptosis-induced DNA strand breaks, whereas MKN/E4 cells showed a considerably

lower level of apoptotic nuclei (Fig. 4.8 a,b). Percentage of apoptotic MKN/FHIT cells

was 31% +/- 3.6 (percentage of fluorescently labeled cells in total cell population) as

compared to 16% +/- 2.5 for the MKN/E4 cells and 9% +/- 2.4 and 7% +/- 2.5 for the

PBS treated MKN/FHIT and MKN/E4 cells, respectively (Table 4.2).

4.4.6 Morphologic Analysis of Apoptosis

Morphologic hallmarks of apoptosis include chromatic margination, nuclear

condensation and fragmentation, and condensation of the cell with preservation of
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organelles (26-31). The process is followed by fragmentation of the cell into membrane-

bound apoptotic bodies, which undergo phagocytosis by nearby cells without associated

inflammation (31). Since apoptosis was defined originally by morphologic criteria, the

biomolecular-defined (flow cytometry) data gathered here, were confirmed by further

morphologic examination. This quality assurance measurement of the ultrastructural

features of the apoptotic cell morphology was provided by electron microscopy to

specifically identify the presence of apoptotic bodies as a typical late occurrence in the

apoptotic pathway. After 20 hrs of culture in the presence of MMC, a substantial number

of MKN/FHIT cells underwent programmed cell death. Typical apoptotic bodies,

composed of plasma membranes containing cell fragments such as broken pieces of

chromatin together with small portions of the cytoplasm, were visualized in the

MKN/FHIT cell line using transmission electron microscopy (TEM, Fig. 4.9).

Quantitative evaluations (800 total cells) revealed approximately 30% +/- 3.4 of MMC

induced MKN/FHIT cells showing ultrastructural signs of programmed cell death.

Treatment of the MKN/E4 cells with MMC, apoptotically modified the morphology of

about 16% +/- 2.3 of the cells (Table 4.3). Therefore, observation of the enhanced cellular

degradation in the MKN/FHIT cells over the MKN/E4 cells implicated the FHIT gene as

possibly having a specific role in the programmed cell death pathway.

4.4.7 Alterations in the Inner Mitochondria! Transmemhrane Potential

Previous research has implicated mitochondrial physiology in the initiation and

progression of apoptosis of cells in culture and in tissue environments (32,33). Early
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apoptosis is invariably accompanied by a disruption of inner mitochondria!

transmembrane potential (A^?w). The sensitivity and specificity of rhodamine 123 (R123)

dye to monitor the AT'/w in apoptotic cells has been established (16,35). This indicator

dye is a lipophilic cation, which is accumulated by the mitochondria in proportion to

AY/m (36). For functional characterization of involvement oftheFHIT gene in

programmed cell death, Fhit-induced modulations of mitochondria! AT^/w in apoptotic

MKN/FHIT and MKN/E4 cells, using R123 indicator dye were evaluated. Populations of

the two cell lines, both MMC treated and untreated, and incubated in R123 containing

media were subsequently imaged using confocal laser scanning microscopy (CLSM).

CLSM captured fluorescence images illustrated a clear overall tendency of the MMC-

treated MKN/FHIT and the MKN/E4 cells, over the untreated cells, for increased

mitochondria! incorporation ofR123, where they displayed a significant loss ofA^m

(Fig. 4.10 a,b,c,d). However, the fluorometric analysis of the MMC-treated MKN/FHIT

cells showed a noticeably higher mitochondrial accumulation of R123 over that observed

in the mitochondria of the similarly treated, MKN/E4 cells (Fig. 4.10 b,d). These

observations could possibly be explained by the MKN/E4 cells having a higher threshold

than the MKN/FHIT cells for apoptotic induction due to the absence of Fhit protein

expression. The outcome lends further support to the previously stated view that, the

expression of the Fhit protein might have a possible role in the activation of the death

program.
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4.5 Conclusion

FHD[T molecule has been shown to play an important role in carcinogenesis.

Apoptotic signals are activated by various stimuli and converge toward a common death

pathway. These data indicate that the observed tumor suppressor activity in cells with

FHIT expression could be related to a regulatory effect of the Fhit protein to facilitate

apoptosis.

In this study, we demonstrated that the FHIT gene transfer into gastric cancer cell line

lacking endogenous Fhit protein expression resulted in reversion of tumorigenicity in

vivo, and caused modifications of cell cycle kinetics in vitro. Analysis of early and late

events of apoptosis using a variety of techniques revealed a high rate of apoptotically-

induced cells in the presence of Fhit protein expression. These in situ results were

confirmed by functional analysis showing alterations of mitochondrial transmembrane

potential in the Fhit-expressing apoptotically-induced cells. In light of these observations,

and since the therapeutic interest in FHIT as a molecular target of anticancer intervention

could benefit greatly from a better understanding of its apoptotic capability, elucidating

FHIT-mediated apoptosis is all the more pressing.
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Figure 4.1 Stable transfection of FHIT gene. Genomic
DNAs isolated from MKN/FHIT and MKN/E4 cell lysates
were PGR amplified using sequence-specific primers for the
FHIT gene and subjected to detection using fluorescently
labeled FHIT DNA probes. As determined by the biochip the
MKN/FHIT cell line demonstrated significantly increased
fluorescence signal over the background as a result of
retaining the FHIT gene. Presence of an intact FHIT gene did
not present itself in the MKN/E4 cell line and the observed
fluorescence signal was at about same level as background
fluorescence in the MKN/FHIT cell line.
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Figure 4.2 Fhit protein expression in cell lines. The
MKN/FHIT, MKN/E4,293 and AGS cellTines were tested for
expression of the Fhit protein. Western immunoblot analysis of
cell lysates using anti-Fhit polyclon^ antibody showed
expression of detectable Fhit protein only in MKN/FHIT and
293 cell lines. Conversely, no exogenous Fhit expression was
detected in MKN/E4 or AGS cell lines.
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Figure 4.3 Effects of Fhit expression on the ability of cells to proliferate.
MKN/FHIT transfected cell line and FHIT-positive 293 cell line along with Fhit-
miniiR MKN/E4 and AGS cell lines were maintained continuously in their growth
media. Significant difference in growth rates of each of the four cell lines were
found. The MMC-treated (a) and EMS-treated (b) cells with stable Fhit
expression demonstrated decreased proliferation rates as evidenced by their
increased doubling time compared with FHIT-minus cells grown under the same
conditions.
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MKN/E4

MKN/FHIT

Figure 4.4 Distribution of nuclear DNA content
measured by flowcytometry. Distribution of nuclear DNA
content in MKN/FHIT cells (a) and MKN/E4 cells (b) grovm
under normal tissue culture conditions harvested 3 days after
seeding. Different DNA contents and variation in percentages
of cells in each stage of the cell cycle were observed.



Table 4.1

Percentages of cells in different stages of the cell cycle

Cell Cycle Phase Gl G2

MKN/FHIT 41.3+ 2.4 3.2+/1.2 55.5+/-3.3

MKN/E4 27.3+/-2.9 3.5+/-1.2 69.2+/-3.9
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Figure 4.5 (a) Demonstration of in vivo tumor suppressor
activity of the FHIT gene. Transfected cells from MKN/FHIT
and MKN/E4 cultures were harvested by trypsinazation and
resuspended in PBS at 2.5 x lOVml. A population of 5 x 10®
cells in 0.2 ml of PBS were injected subcutaneously into the
right flank of 6-week-old female nude mice, five mice per cell
line. A group of 5 control mice were injected only with 0.2 ml
of PBS. Inoculated animals were monitored twice weekly for
tumor formation. Stable Fhit wild-type expression in
transfected cancer cell clones suppressed tiunor growth in
nude mice, (b) The H&E stained tumors excised from mice.
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(a) Fhit Protein Detection (b) FHIT Gene Identification

Figure 4.6 Representative MKN/FHIT and MKN/E4 tumors
were excised from mice. Western immunoblot analysis of
MKN/FHIT and MKN/E4 tumor lysates demonstrated presence
of Fhit protein only in MKN/FHIT tumors (a). Genomic DNA
was isolated from these tumors and PGR amplified for the FHIT
gene. Using the hiochip, presence of the FHIT gene in the
MKN/FHIT tumors and its absence in the MKN/E4 tumors was

demonstrated (b).
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Figure 4.7 Apoptosis among transfected MKN cells
were analyzed by staining profiles of PE-eonjugated
Annexin-V for identifieation of early apoptotic eells and
7-AAD for identifying dead cells. Flow eytometric
comparisons among the MKN/E4 eells (a) and
MKN/FHIT eells (b) indieated a signifieantly higher
number of apoptotic cells in MKN/FHIT cells.
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Figure 4.8 In situ TUNEL staining of MKN/FHIT and
MKN/E4 cells. Higher percentage of MKN/FHIT cells than
MKN/E4 cells showed condensed and fragmented nuclei
illustrated by higher number of MKN/FHIT cells incorporating
the fluorescein-labeled dUTP. This indicates a higher ratio of
apoptosis-induced DNA strand breaks in these cells.
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Table 4.2

Percentage of the MMC induced MKN/FHIT and MKN/E4
apoptotic cells analyzed by TUNEL assay.

Cell Lines MMC PBS

MKN/FHIT 31+/-3.6 9+/-2.4

MKN/E4 16+/-2.5 7+/-2.5
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Figure 4.9 Transmission electron micrograph of MMC-treated
MKN/FHIT cells. Formation of typical apoptotic bodies that contain
intact intracellular organelles is demonstrated (x 5000).
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Table 4.3

Observed percentage of apoptotic cells in MMC-induced
MKN/FHIT and MKN/E4 cell lines determined by
transmission electron microscopy.

C ell L in es M M C

M KN/FHIT 30 +/- 3.4

M KN/E4 16 +/- 2.3
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Figure 4.10 Confocal microscopy of MKN/FHIT and
MKN/E4 cells incubated in media containing rhodamine 123.
Increased in the mitochondrial uptake of rhodamine 123 by
MMC-treated MKN/FHIT is observed.
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PART FIVE

IMPLICATION OF MITOCHONDRIAL INVOLVEMENT IN APOPTOTIC

ACTIVITY OF THE FHIT GENE



5.1 Abstract

The fragile histidine triad (FHIT) putative tumor suppressor gene includes the common

human chromosomal fragile site at 3pl4.2, and the hereditary renal cancer translocation

breakpoint. The structure and expression of the FHIT gene are frequently altered in many

cancers. We and others have demonstrated that FHIT has properties of tumor suppressor

activity, potentially involving induction of cellular apoptosis. Data here in, implicates the

involvement of mitochondria in the apoptotic activity of the FHIT gene. A number of

morphological and biochemical events are recognized as characteristic features of the

apoptotic progress. Among these, the disruption of the inner mitochondrial

transmembrane potential (ATm) and the release of apoptogenic cytochrome c protein into

the cytoplasm appear to be early events in many systems. In this investigation, we studied

the proapoptotic activity of the FHIT gene by investigating the loss of in

mitochondria and translocation of the cytochrome c as consequences of the presence of

active Fhit protein. Synchronous luminescence spectroscopy was applied to measure

mitochondrial incorporation of rhodamine 123 for direct analysis of alterations in the

mitochondrial transmembrane potential. Immunoblotting was used to determine cytosolic

translocation of cytochrome c. These findings suggested an enhanced loss of A*Fm in

apoptotically induced FHIT expressing cells, relative to the FHIT negative cells treated in

the same manner. Translocation of cytochrome c from the mitochondria into the

cjdoplasmic compartment in the FHIT expressing cells as an early event during induction

of the apoptotic pathway was also demonstrated. This loss of AT'm was restricted in the

presence of the apoptotic inhibitor; cyclosporin A. Expression of the Fhit protein may
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maintain apoptotic function by altering the mitochondria] transmembrane potential and

enhancing cytochrome c efflux from the mitochondria to the cytoplasm.

5.2 Introduction

The tumor suppressor FHIT (fragile histidine triad) gene at chromosome 3pl4 was

identified by positional cloning in 1996 (1,2). The discovery of the FHIT gene, which

frequently displays a variety of DNA and RNA level alterations (1,3-8), captivated the

attention of the cancer research community. This interest was due to recognizing the loss

of DNA sequences from this region as one of the most frequent genetic abnormalities in a

broad range of cancers (9,10). The biological mechanism of the tumor suppressor activity

of the FHIT gene and the cellular pathways associated with its function are not

completely understood. However, analysis of the data obtained from in vitro and in vivo

studies, investigating the tumor suppressor activity of the Fhit expression have suggested

a strong link to apoptosis (11-13).

Apoptosis is a tightly regulated form of physiological cell death, which is dependent on

the expression of cell-intrinsic suicide machinery. Prominent morphological changes

include cell shrinkage, condensation of the nuclear chromatin, fragmentation of the

nucleus, cleavage of chromosomal DNA and formation and release of membrane-bound

apoptotic bodies (14). Recent developments in the area of apoptosis research have

demonstrated mitochondria and death receptors as two key regulators of critical signaling

events in programmed cell death (15-18) (Fig. 5.1).
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Mitochondria may induce apoptosis by releasing cytochrome c from its intermembrane

space to the cytosol (19-21). In the presence of adenosine triphosphate (ATP), cytosolic

cytochrome c interacts directly with apoptotic protease activating factor 1 (APAF-1) and

procaspase 9 to form the apoptosome. An apoptosome is a macromolecular complex that

cleaves procaspase 9 to active caspase 9, which, in turn, cleaves procaspase 3 to active

caspase 3 (19). Mitochondria also release other proteins during apoptosis, e.g., apoptosis-

inducing factor (AIF), which does not activate caspases but translocates directly into the

nucleus and induces DNA fragmentation (20), and the second mitochondria-derived

activator of caspase protein (Smac), which blocks the inhibitors of apoptosis proteins that

inhibit caspases (21) (Fig. 5.2).

Apoptosis can also be induced by activation of death receptors (22,23). Binding of

extracellular ligands, such as Fas ligand or tumor necrosis factor (TNF), to their

respective receptors induces receptor trimerization, which, in turn, recruits adaptor

molecules such as Fas receptor-associated death domain protein, TNF receptor-associated

death domain protein, and procaspase 8. This signaling complex activates procaspase 8,

and the downstream events including activation of procaspase 3 and the release of

cytochrome c, which is mediated by cleavage of the Bid protein. Both the mitochondrial

and the death receptor pathways thus converge on cleavage of procaspase 3. Activation of

caspase 3 results in DNA fragmentation after activation of caspase-activated

deoxyribonuclease or the DNA fragmentation factor (24-26) (Fig. 5.1).
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In this study, we investigated whether FHIT associated apoptosis involves changes in the

mitochondria] activity. Since apoptotic events could involve a mitochondria] permeability

transition and release of cytochrome c (27-29). Effects of Fhit protein expression on: (/)

the AWm loss in the mitochondria of apoptotically induced cells, (/7) the translocation of

cytochrome c from the mitochondria into the cytosolic compartment,, and (iii) Impedance

of the ATm loss in mitochondria due to presence of apoptotic inhibitors were studied.

These criteria were examined using conventional biological approaches and a unique

spectroscopic method, the synchronous luminescence (SL) spectroscopy.

5.3 Materials and Methods

5.3,1 Cell Culture

FHIT-negative gastric carcinoma (MKN74) cells (30), that had been previously

transfected with vectors containing either the pRcFHIT gene (MKN/FHIT cell line) and

the neomycin resistance gene, or only the neomycin resistance gene (MKN/E4 cell line)

were employed in this study. Whereas the MKN/FHIT cell line expresses the Fhit

protein, the MKN/E4 cells lack Fhit protein expression (2). These two cell lines were

kindly provided by Dr. Kay Huebner (Thomas lefferson University, Kimmel Cancer

Institute, Philadelphia, PA). Construction of these cells has been described previously in

detail (31). In short, using the calcium phosphate method (GIBCO/BRL, Grand Island,

NY), plasmids comprised ofw/-FHIT cDNA ligated in-ffame to a FLAG octapeptide

coding sequence, and under control of the immediate early human cytomegalovirus
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(CMV) promoter (Eastman Kodak, Rochester, NY), had been cloned into the Hindlll and

Xbal sites of the pRcCMV vector. Selection of the clones was performed in the presence

of 200-400 pg/ml G418 (geneticin; GIBCO/BRL, Grand Island, NY). The cells were

cultured in Dulbecco's modified eagle's medium (DMEM), supplemented with 10% fetal

calf serum (Life Technologies, Inc., Gaithersburg, MD), 1 ml of a 50 mg gentamicin/ml

water solution (GIBCO/BRL, Grand Island, NY), and 1 % each of non essential amino

acids, hepes buffer, L- glutamine and sodium pyruvate (Sigma, St. Louis, MO). These

cultures were maintained in a humidified atmosphere of 95% air and 5% CO2 at 37 °C.

5.3.2 Apoptosis Assay

As an essential preliminary step, the status of the presence of the FHIT gene and

expression of Fhit protein were determined in the MKN/FHIT and MKN/E4 cell lines

(32-34). To induce apoptosis, 50% confluent MKN/FHIT and MKN/E4 cells, grown on

chamber slides, were incubated in a medium containing 60 pM of mitomycin c (MMC)

(Sigma, St. Louis, MO) (35) for 20 hrs. In order to detect apoptotic cells, the MMC

treated cells were analyzed by an in situ terminal deoxynucleotidyl transferase labeling

(TUNEL) assay according to the protocol recommended by the Fluorescein FragEL DNA

fragmentation detection kit (Oncogene, Boston, MA). Percentage of apoptotic

MKN/FHIT and MKN/E4 cells was determined by fluorescence imaging using a Nikon

Diaphot 300 microscope (Japan) equipped with a 485 nm, B-IE filter cube.
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5.3.3 Visualization of Altered Mitochondrial Activity

Confocal and fluorescence light microscopy were used to visually demonstrate alterations

in the mitochondrial activity of the cells. MMC-treated (60 pM) and untreated

MKN/FHIT and MKN/E4 cells were washed twice with phosphate buffered saline (PBS)

and incubated in medium containing 5 uM R123 at 37 °C for 30 min. A Leica TCS SP2

spectral confocal and multiphoton system (Deerfield, IL) and a Nikon Diaphot 300

fluorescent microscope (Japan) were used for image acquisitions.

5.3.4 Evaluation of the Alterations in the Mitochondrial Membrane Potential

For assessment of A^m alterations in the mitochondria, MKN/FHIT cells were MMC-

treated (60 p.M), rinsed twice with PBS and subsequently incubated in a medium

containing 5 uM R123 for 30 min at 37 °C. The cells were then washed 3 times with

PBS, harvested and counted. These cells (1x10^) were placed in a plastic disposable

cuvette (Stama, Essex, England) with a 1-cm path length, and the inner AT'm was

determined using Synchronous Luminescence spectroscopy (SL) (57-59). The

synchronous spectra were collected in a 400-600 nm range with a 5 nm interval

maintained between the 2 monochromators. Additionally, the excitation spectra were

collected with the emission wavelength set to 510 nm and the emission spectra were

taken with the excitation wavelength set at 535 nm. All spectroscopic measurements were

recorded at 25°C using a single integrated workstation, JobinYvon Spex

spectrofluorimeter (Edison, NJ), with computer interfacing capabilities. This
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commercial instrument has two monochromators that can be interlocked and scanned

simultaneously. Bandwidths for excitation and emission were set at 1 nm each.

Manufacturers software was employed for instrumental control and fluorescent signal

analysis.

5.3.5 Evaluation of the Effects of Cyclosporin A

The MKN/FHIT cells were seeded and maintained in 6-well plates (Falcon, Oxnard, CA).

Cell proliferation rates were analyzed in 3 groups of; untreated, MMC treated and

simultaneously MMC and cyclosporin A (CsA) treated groups of cells. A group of

untreated cells were used as control. To prepare apoptotic cells, the MKN/FHIT cells

were treated with MMC (60 pM) for 20 hrs before harvest as described previously. In the

third group, the inhibitory effects of CsA on apoptosis were investigated on cells

simultaneously treated with MMC (60 pM) and 200 nM CsA. Every 24 hrs for 48 hrs

from the time of treatments, the cells from three wells in each group were trypsinized and

counted using trypan blue to exclude dead cells.

5.3.6 Inhibitory Effects of Cyclosporin A On Loss of Transmembrane Potential

A population of the MKN/FHIT cells was treated for 20 hrs with MMC before harvesting

as previously described. Another population of the same cells was treated simultaneously

with both MMC and 200 nM of CsA, while the third group of cells was maintained under

normal tissue culture conditions. Effects of CsA treatment on mitochondrial
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permeability were assessed using SL by measuring the dependent uptake of R123

as the previously described.

5.3.7 Cytochrome c Translocation, and Western Blot Analysis

Preparations of cell lysates and Western blot analysis have been described previously in

detail (11,33,34). Briefly, 4 x 10^ cells were harvested and suspended in 10 parts (v/v)

lysis buffer (0.5 % NP40 in PBS supplemented with 10 pg/mL leupeptin and 10 pg/mL

PMSF (Sigma, St. Louis, MO) and sonicated for 30 sec (Branson sonifier, Danbury,CT).

Cellular debris was removed by a 10-min centrifugation at 8,500 x g at 4° C.

In order to obtain mitochondria-free cytosol, 3x10^ cells were harvested via scraping

into 500 ul of CLB/5mM EDTA/PI (10 mM HEPES, 10 mM NaCl, 1 mM KH2PO4, 5

mM NaHCOs, 1 mM CaClj, 0.5 mM MgCl2, 1 mM PMSF, 10 ug/ml aprotinin, 10 ug/ml

leupeptin, 1 ug/ml pepstatin (Sigma, St. Louis, MO)) solution. The cells were allowed to

swell for 5 to 10 min. The swollen cells were then homogenized using a tight-fitting

glass-teflon Dounce-type pestle (clearance: 0.0005-0.0025 in, Bellco Glass, Vineland,

NJ). The suspension was centrifuged at 5500 x g for 5 min. The supernatant, consisting of

cytosol plus plasma membranes, was removed and further centrifuged in a SW41 rotor at

25,000 rpm for 30 min to obtain the cytosolic fraction. Protein concentrations were

determined using the Pierce BCA Protein assay by following the manufacturer's

instructions. Equal quantities of protein (20 pg) were loaded onto 14% polyacrylamide

gels (Novax, San Diago, CA) containing sodium dodecyl sulfate (SDS), subjected to
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electrophoresis and transferred to nitrocellulose membranes (Schleicher & Schuell,

Keene, NH). The blots were blocked with Blotto (5% nonfat dry milk (Kroger Co,

Cincinnati, OH) and 0.1% Tween-20 (Sigma, St. Louis, MO) in PBS) for 60 min. Blots

were incubated for 2 hrs at room temperature in the primary antibody solution containing

1 p-g/ml cytochrome c polyclonal antibody (Santa Cruz Biotechnologies, Santa Cruz, CA)

in the blocking buffer. Immunocomplexes were visualized by chemiluminescence using

horseradish peroxidase-conjugated secondary antibody (1:500) (BioRad Laboratories,

Richmond, CA) and chemiluminescent substrate (Pierce DAB super signal system,

Rockford, IL) as described by the manufacturer.

5.4 Results and Discussion

Recent investigations have demonstrated the tumor suppressor function of the FHIT gene.

Studies on a number of important human tumors (1,22,39,40) and cancer-derived cell

lines (10,41) have frequently shown altered FHIT RNA (5,17,30,36-38), that correlated

with deletions within the FHIT gene and lack of detectable Fhit protein. Genetic changes,

such as these, involving oncogenes and tumor suppressor genes, may contribute to the

deregulated expansion of malignant cells. While some of these changes result in

increased proliferation, others contribute to increased cell numbers by inhibiting

apoptosis (programmed cell death) (42,43). Impairment of apoptosis function, due to lack

of Fhit expression, has been implicated by us and by others (11-13) as a possible

mechanism of action for the tumor suppressor activity of FHIT gene.
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Induction of apoptosis can be divided into three stages: (1) interaction of the inducing

signal with the cell, (2) biochemical transduction of the death signal, and (3) execution of

apoptosis (44). During the biochemical transduction phase of apoptosis, two major

changes in the mitochondrial membrane permeability have been observed. On the one

hand, the electrochemical gradient built up on the mitochondrial inner membrane

dissipates early during apoptosis (45). On the other hand, apoptogenic proteins that

normally are sequestered in mitochondria are released via the outer mitochondrial

membrane. Such proteins include cytochrome c (46) and AIF (47,48) leading to

activation of caspase 3 and execution of apoptosis (49,50).

5.4.1 Characterization of the In vitro Model System

To enhance our understanding of the apoptotic mechanism of action of the FHIT gene an

in vitro model consisting of the FHIT positive MKN/FHIT and the FHIT negative

MKISf/E4 cell lines was used. These cell lines have previously been analyzed and the

presence of the FHIT gene and expression of the Fhit protein in the MKN/FHIT and their

absence in the MKN/E4 cell lines have been confirmed (32-34). The apoptotic activity of

the FHIT gene has been assessed using the TUNEL assay, which detects DNA strand

breaks in apoptotic cells (11-12). Initially, the MKN/FHIT and MKN/E4 cells were

MMC treated. Twenty hours later the cells were harvested and analyzed by TUNEL

(n=900 cells). A higher number of condensed and fragmented nuclei from the

MKN/FHIT cells incorporated the fluorescein-Iabeled dUTPs, thus indicating apoptosis-

induced DNA strand breaks, whereas MKN/E4 cells displayed a significantly lower
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level of labeled, condensed nuclei (Fig. 5.3). The staining profiles of the apoptotic-

positive cells, obtained from this study, indicated about 30% +/- 3.5% apoptotic

MKN/FHIT cells as compared to 15% +/- 2.6% apoptotic MKN/E4 cells and 9% +/-

2.3% and 6% +/- 2.5% for the PBS-treated MKN/FHIT and MKN/E4 cells, respectively.

5.4.2 Alterations in the Inner Mitochondrial Transmembrane Potential

Previous research has implicated mitochondrial physiology in the initiation and progress

of apoptosis of cells in culture and in tissue environments (51-52). Early apoptosis is

invariably accompanied by a disruption and collapse of the inner mitochondrial

transmembrane potential (AT'/w) (53). To further elucidate whether expression of the Fhit

protein had a direct effect on enabling the cells to initiate programmed cell death upon

exposure to an apoptotic stimulus, we looked into MMC-induced modulations of

mitochondrial AT'/w in MKN/FHIT and MKN/E4 cells by staining with rhodamine 123.

Subpopulations of MKN/FHIT and MKN/E4 cells were treated with MMC. These cells

along with cells grown under normal tissue culture conditions were incubated in media

containing rhodamine 123. R123 fluorescent dye is a lipophilic cation that is taken up by

mitochondria in proportion to the ATm (54). R123 uptake was confirmed visually by

fluorescent light microscopy (Fig. 5.4) and laser scan confocal microscopy (CLSM) (Fig.

5.5) (55). Untreated cells in both MKN/FHIT and MKN/E4 groups showed comparable

mitochondrial membrane potential by a similarly small R123 uptake, indicating a low

AT'm in both groups (Fig. 5.4 a,b). However, in the MMC-treated groups, the

MKN/FHIT cells were stained in a much stronger fashion than the FHIT negative
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MKN/E4 cells that showed little change in the mitochondrial membrane potential (Fig.

5.4 c,d) when compared to the untreated MKN/E4 group. This observation confirmed our

previous finding that Fhit expression correlates with higher apoptotic induction,

propelling the cells to lose their mitochondrial membrane potential. Similar results were

obtained with the CLSM where the fluorescence images also showed a clear tendency for

higher incorporation of R123 in the MKN/FHIT cells after induction of programmed cell

death, where they displayed an increase in R123 uptake indicating loss of AYw (Fig. 5.5

a). Fluorometric analysis of the MMC-treated MKN/E4 cells, showing less incorporation

of R123 in their mitochondria (Fig. 5.5 b), led to the conclusion that these cells might

have higher resistance to apoptotic induction than the MKN/FHIT cells due to the

absence of the Fhit protein expression. The outcome lends further support to the view

that the expression of the Fhit protein in these cells potentially has a role in activation of

a mitochondrial-dependent death program pathway.

We further analyzed apoptosis-induced alterations in the AT'/w of the MKN/FHIT cell

lines using SL. This unique methodology provides a simple, yet sensitive, alternative

approach for fluorescence detection. In recent years, SL has been used extensively to

obtain spectral fingerprints of complex biological and chemical samples (56-59).

Application of SL to analyze mitochondrial R123 uptake provided a means for a more

detailed investigation of the changes occurring in the mitochondria of apoptotic cells.

Conventional luminescence spectrometry uses either a fixed excitation or a fixed

emission wavelength to measure the luminescence intensity of different fluorescent

compounds. Excitation and emission spectra of the R123 taken up by mitochondria of
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the cells are presented (Fig. 5.6 a,b). In the SL methodology, both excitation and

emission wavelengths are scanned simultaneously while a constant wavelength interval

(AX.) is maintained between the two monochromators throughout the measurement (56).

The SL ability to offer better peak resolution makes it a highly selective analytical

technique for detection of various compounds (57). The SL spectrum of a PBS solution

containing R123, demonstrating a SL peak at 510 nm, is presented (Fig. 5.7 a). The

resulting SL spectra of R123 uptake by the mitochondria of the MMC-treated and the

untreated MKN/FHIT as the consequence of alterations in the mitochondrial membrane

potential are illustrated (Fig. 5.7 b). The spectrum of the MMC treated cells has a readily

identifiable peak at 510 nm corresponding to the expected peak for R123. This R123

uptake suggests occurrence of a change in the mitochondrial AYm of MKN/FHIT due to

their induction for apoptosis. The relationship between loss of AT'/m in mitochondria of

MMC treated cells as a function of time was also investigated (Fig. 5.8 a). A steady

increase in the concentration of R123 in the MMC treated cells was noticed for the first

30 min of the assay after which it remained steady (Fig. 5.8 b).

5.4.3 Possible Involvement of Mitochondrial Pores and Channels

Mitochondrial transmembrane potential is an electrical potential across the inner

membrane, which is created by H+ pumping during electron transfer and plays a key role

in mitochondrial bioenergetics (60,61). The AT'm collapse is an important event in

MMC-induced apoptosis (45,51). Pharmacologic and functional studies have suggested

that ATm collapse can be attributed to the opening of mitochondrial permeability
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transition pores or mitochondrial megachannels, which are formed by multiprotein

complexes at the contact sites between the mitochondrial inner and outer membranes

(62). Opening of a high conductance permeability transition (PT) pore in mitochondrial

inner membrane abruptly increases permeability of the mitochondrial inner membrane to

allow solutes of molecular mass up to 1500 Da to equilibrate across the inner membrane

(63-64). It has been proposed that mitochondrial apoptogenic factors might be released

through pores during apoptosis (47). In fact, a mitochondrial protein, apoptosis-inducing

factor, which has the ability to induce apoptotic changes of the nucleus in vitro and the

activation of caspases, has been shown to be released through pores (65).

Cyclosporin A (CsA), a transition pore blocker and thereby an inhibitor of mitochondrial

locks this mitochondrial permeability transition (66-69). To investigate the details

of the apoptotic mechanism ofFhit expression, effects of CsA treatment on induction of

apoptosis and loss of mitochondria A^^ of the MKN/FHIT cells were examined. Effects

of expression of exogenous Fhit protein on the ability of the cells to proliferate under

apoptotic conditions were investigated. The MKN/FHIT cells were maintained in (a)

growth media, (b) growth media supplemented with MMC and (c) growth media

containing both MMC and CsA. A significant decrease in the growth rate of the MMC-

treated MKN/FHIT cells as compared to the cells grown in regular media was found (Fig.

5.9). However, the doubling time of the MKN/FHIT cells grown in the media containing

both, MMC and CsA, was comparable to the rate of proliferation of the untreated cells

(Fig. 5.9). Results demonstrated that in this cell line, the subsequent apoptosis induction

of MMC treatment was blocked by the effects of the megachannel antagonist CsA.
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Using SL, the AYm-dependent uptake of R123 was assessed in MMC treated MKN/RHIT

cells, treated or untreated with CsA. CsA treatment abolished the MMC-induced as

it had been previously shown to decrease the MMC-evoked, apoptotic cell death in these

cells (Fig. 5.10). Results were also confirmed visually using fluorescence microscopy

(Fig. 5.11). As demonstrated, the observed increase in R123 uptake by the mitochondria

of the MMC treated MKN/FHIT cells (Fig. 5.11 a,b) was abolished in the presence of

CsA (Fig. 5.11 c). These results suggest that the MMC-induced apoptotic process, in the

FHIT expressing cells, was mediated by a CsA-sensitive pathway promoting the idea of

involvement of both mitochondria and mitochondrial pores in this cell death program.

5.4.4 Cytochrome C Translocation

Cytochrome c protein is encoded by a nuclear gene and translated by cytosolic ribosomes

as apocytochrome c (58). Apocytochrome c is subsequently translocated into the

mitochondria where a heme group is attached covalently to form holocytochrome c.

Cells undergoing apoptosis were found to have an elevation of cytochrome c in the

cytosol and a corresponding cytochrome c decrease in the mitochondria (70). Here, we

confirmed the translocation of the cytochrome c from the mitochondria into the cytosolic

compartment by protein immunoblot analysis (Fig. 5.12). The FHIT-positive MKN/FHIT

and the FHIT-negative MKN/E4 cell lines were treated with 60 pM mitomycin c for 20

hrs. Whole cell lysates and mitochondria free cell lysates were subjected to gel

electrophoresis and western blot analysis for the presence of cytochrome c.
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As expected, cytochrome c was detected in the whole cell lysates of both MKN/FHIT and

MKISr/E4 cells (Fig. 5.12 lanes 1 and 3). These results demonstrated similar total cellular

expression of the cytochrome c in both cell lines. However, detection of the cytochrome c

in sonication prepared cellular lysates does not indicate translocation of the protein from

the mitochondria into the cytoplasm since during the course of lysate preparation, the

mitochondria could have ruptured and released their internal cytochrome c protein into

the cytosolic pool. This is only a measure of total cytochrome c expression. To assess the

true concentration of the translocated cytochrome c from the mitochondria into the

cytosol, we removed whole mitochondria from the cellular lysates after MMC treatment

and before western analysis. As demonstrated in Fig. 5.12 lane 2, treatment of the

MKN/FHIT cells with MMC resulted in the detection of the cytochrome c into the

cytosol. This was indicated by the similarly comparable concentrations of the cytochrome

c in the cytosol, where mitochondria was present (lane 2), or where it was removed from

the cytosolic compartment (lane 1). However, in the case of the MKN/E4 cells, the

highest amount of the detectable cytochrome c was retained in the mitochondria. This

was indicated by the diminished protein band in the mitochondria-free cytosolic

compartment (Fig. 5.12 lane 4) as compared with the lane, containing total expressed

cytochrome c (Fig. 5.12, lane 3), which showed a significantly stronger cytochrome c

band. Cytosolic fractions, prepared at various time points after MMC treatment, were

used for immunoblot analysis of cytochrome c presence.
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5.5 Conclusion

Knowledge of the complex biochemical pathways, involved in the regulation of apoptosis

in FHIT expressing cells, is expanding. This study has focused on demonstrating different

aspects of cellular alterations in the FHIT expressing cells with particular relevance to

changes occurring in the mitochondrial inner transmembrane potential, the release of

mitochondrial cytochrome c, and its subsequent translocation into the cytoplasmic

compartment after treatment with MMC. Obtained data indicate that in the presence of

apoptotic stimuli, Fhit protein expression alters the mitochondrial flux and efflux of

molecules, causing alterations in the transmembrane potential. It was found that

cyclosporin A treatment inhibited the MMC-induced cell death and abolished alterations

of mitochondrial permeability transition, thereby preventing disruption of transmembrane

potential. Cytoplasmic migration of cytochrome c, which is one of the key events in the

molecular apoptotic pathway involving mitochondria was also demonstrated. However,

apoptosis is a complex physiological process, which is dependent on the integrated

functioning of a large number of gene products. Elucidation of the precise mechanisms

involving FHIT in apoptotic killing of cells is a major topic for future research.

New strategies designed for detection of apoptotic signals is of great value in cancer

research. In this study, a unique application of SL spectroscopy for use in biological

laboratories was also investigated. This methodology proved effective for selective and

sensitive detection of hodaminel23, which is a widely used fluorescence marker in

apoptosis studies.
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Figure 5.1 Mitochondrial and death receptor pathways are
the two major apoptotic pathways that converge on cleavage of
the cell death effector procaspases.
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Figure 5.2 Mitochondria induce apoptosis by releasing
cytochrome c from the intermembrane space to the cytosol.
Cytosolic cytochrome c interacts with apoptotic protease
activating factor 1 and procaspase 9 to form the apoptosome.
In the presence of ATP, the apoptosome cleaves procaspase 9
to the active form caspase 9 ,which, in turn, cleaves
procaspase 3 to active caspase 3.
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Figure 5.3 Expression of FHIT significantly inhibited
apoptosis induced by MMC treatment for 20 h and analyzed
by in situ TUNEL staining. Comparison of staining profiles of
the MKN/FHIT (a) expressing Fhit protein with that of
FHlT-minus MKN/E4 cells indicated a higher percentage of
apoptotic MKN/FHIT with condensed and fragmented nuclei
incorporating fiuorescein-labeled dUTP.
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Figure 5.4 Apoptotically-induced and untreated
MKN/FHIT and MKN/E4 cells were incubated in growth media
containing rodaminel23 which is a mitochondria specific
lipophilic cation fluorescent dye. The dye is taken up in
proportion to AT'm. The increase in rhodamine 123 uptake by
MMC-treated cells was visually confirmed by fluorescent light
microscopy (c,d) over untreated cells (a,b). However, MMC-
treated MKN/FHIT cell staining (c) was significantly enhanced
as compared to staining of FHIT-negative MKN/E4 cells (d).
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Figure 5.5 Confocal microscopy of MKN/FHIT and MKN/E4
cells incubated in media containing rhodamine 123 after induction
of programmed cell death. Loss of mitochondrial membrane
potential was demonstrated by inereased uptake of rhodamine 123
by MKN/FHIT over MKN/E4 cells.
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Figure 5.6 Excitation (a) and emission (b) spectra
of rhodaminel23 which was taken up by mitochondria
of MKN/FHIT cells.
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Figure 5.7 Excitation, emission and eynchronous
spectra of R123 in PBS with a peak at 510 nm (a), and
Synchronous spectra of cellular R123 uptake as a result of
alterations in mitochondrial membrane potential of the
MMC-treated and imtreated MKN/FHIT (b) are illustrated.
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Figure 5.8 Loss of A^m in the mitochondrial
transmembrane of apoptotically-induced cells as a function
of time (a). A steady increase in the cellular uptake of
R123 was observed for the first 30 min after which the
cells reached a steady state of equilibrium (b).
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Figure 5.9 Effects of Fhit protein expression on
ceil proliferation in presence or absence of apoptotic
inhibitor was investigated. The proliferation rate of
MKN/FHIT cells maintained in growth media
supplemented with MMC (second group of bar graphs)
was significantly decreased (p < 0.05) in comparison
with the growth rate of cells cultured in the
unsupplemented growth media (first group of bar
graphs). Effects of the megachannel antagonist CsA
blocked decrease in the doubling time of cells (third
group of bar graphs) (c).
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Figure 5.10 Synchronous luminescence spectroscopy
revealed prevention of AT^-dependent uptake of R123 in
apoptotically induced MKN/FHIT cells treated with CsA.
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Figure 5.11 Ultraviolet fluorescence microscopy of
MKN/FHIT cells after rhodamine 123 incubation. MMC

treatment (b) induced loss of membrane potential in
mitochondrial organelles and increased rhodamine 123
uptake over untreated cells (a). Cyclosporin A inhibited
loss of membrane potential as indicated by a lower level
of rhodamine 123 uptake by cells.
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Figure 5.12 Protein immunoblot analysis of cytochrome c
expression in lysates of apoptotically induced MKN/FHIT and
MKN/E4 cells. Samples of whole cell lysates or mitochondria
extracted lysates were subjected to PAGE electrophoresis,
western blotting, cytochrome c antibody probing and
chemiluminesence visualization. Cytochrome c was detected in
whole cell lysates of both MKN/FHIT and MKN/E4 cells (lanes
1 and 3). However, treatment of the MKN/FHIT cells with
MMC resulted in translocation of cytochrome c from the
mitochondria into the cytosol (lane 2), indicated by equivalent
concentration of cytochrome c in the sample where
mitochondria was present in the cytosol (lane 1). Detectable
cytochrome c in MKN/E4 cell lysate did not translocate into the
cytoplasm as indicated by diminished protein band in the
mitochondria removed lane (lane 4) as compared with the lane
containing total expressed cytochrome c (lane 3).
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PART SIX

SUMMARY AND CONCLUSION



6.1 Summary

6.1.1 FHET Gene

Human chromosomal fragile sites map to chromosome bands that are nonrandomly

altered by translocations or deletions in human neoplasms (1). The recombinant nature of

fragile sites, possibly enhanced by environmental carcinogens, has been linked to altered

expression of oncogenes or tumor suppressor genes at these regions (2). This finding

implies that alterations of expression of genes at fragile sites could trigger clonal

expansion of preneoplastic and neoplastic cells. Fragile histidine triad, the FHIT gene,

spanning the most inducible human common fragile site, FRA3B, at chromosome 3pl4.2,

is thus far the only example of a frequently altered gene at a constitutive fragile region

and it shows hallmarks of a tumor suppressor gene (3).

The FHIT gene is altered by deletions in a large fraction of cancer, including lung, breast,

head and necks, cervical, bladder, esophageal, stomach and pancreatic cancer (2, 4).

FHIT is also interrupted by an inherited translocation in a family with predisposition to

the development of renal carcinomas. Immunohistochemical studies and immunoblot

analysis of human malignancies have demonstrated that tumors and cell lines expressing

altered FHIT transcripts, with genomic rearrangements of the FHIT locus, either do not

express the Fhit protein or express it at reduced levels (4-7). Given that both FHIT alleles

are altered frequently in human tumors, and that the translocation associated with

hereditary kidney cancer disrupts one FHIT allele, it is reasonable to consider FHIT
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as a tumor suppressor gene (3).

Nonetheless, several lines of evidence garnered over the past few years have called into

question the role of FHIT as a classical tumor suppressor gene, and have raised the

question of whether its apparent cancer involvement simply reflects its location within an

unstable region of the genome (Part one). The paradigm of FHIT emphasized that

confirming its role as a tumor suppressor gene was essential.

Tumor suppressor genes are genes whose protein products are important for the normal

regulation of the balance between cell growth and differentiation. Tumor suppressor

genes are recessive, evolutionarily conserved genes that are defined by the impact of their

absence. Mutation, inactivation or deletion of such genes, resulting in a loss of

homozygosity through allele elimination, causes a loss in cell function and confer genetic

predisposition to increased risk of tumor development. To verify the tumor suppressor

activity of the FHIT gene it was necessary to evaluate effects of Fhit protein expression

on i) cell proliferation in vitro, ii) tumor formation efficiency in vivo, and iii) cell cycle

kinetics. To investigate mechanisms for a possible selective groAvth advantage of FHIT-

negative cells, we obtained an in vitro model for expression of Fhit protein in cancer-

derived cells. The experimental model consisted of a human stomach cancer cell line,

which originally lacked Fhit expression. This cell line was transduced with FHIT cDNA

and stable Fhit protein expressing clones were derived. Phenotypes of such exogenous

Fhit-expressing cells relative to the parallel vector/neo transfected but Fhit-negative cells,

both derived from the common gastric carcinoma parental cell line were examined.
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As a prerequisite for these studies, the stability of the FHIT gene transfection and the

status of expression of Fhit protein in these transfected gastric carcinoma cell lines were

investigated by using the biochip detection technology and western blot analysis,

respectively (Part two).

Fhit-related proteins have been found in mammals and yeasts (8,9) and constitute a

branch of the histidine triad (HIT) superfamily of proteins (10). The Fhit branch includes

the Schizosaccharomycespombe diadenosine tetraphosphate hydrolase [dinucleoside 5,5-

Pl,P4-tetraphosphate (Ap4A) hydrolase] (11,8) to which Fhit is fimctionally similar.

Here, we have shown that in vitro, Fhit protein behaves as a typical dinucleoside 5,5-Pl,

P3-tetraphosphate (Ap4A) hydrolase. We used synchronous luminescence spectroscopy

for analyses of substrate breakdown by the Fhit enzyme and detection of the byproducts

of the hydrolysis reaction (Part three).

To determine if expression of exogenous wild-type Fhit affected the ability of the stable

transfectants to grow, the transfected cells were tested for growth in liquid medium

supplemented with 10% FBS, in presence and absence of mutagens and apoptosis

inducing stimuli. The results demonstrated a decrease in cell proliferation oftheFHIT-

positive cells over the rates observed in the FHIT-negative cells. The cellular kinetics and

the cell cycle progression of the FHIT-positive cells were found to be different than in

those cells not expressing the Fhit protein. The re-expression of Fhit, inhibited cell

growth, induced apoptosis and resulted in accumulation of cells in the S phase of the cell

cycle (Part four).
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To demonstrate that FHIT is a bona fide tumor suppressor, the Fhit-expressing cells and

cells with no detectable Fhit expression were implanted into nude mice and analyzed for

their ability to form tumors. In these experiments, the size and frequency of tumor

induction were reduced in mice inoculated with the FHIT expressing cells. Taken

together, results of the in vitro and in vivo studies imply the tumor suppressor activity of

FHIT gene in cancer development (Part four).

Although the precise mechanism of the FHIT activity remains unclear, the role of FHIT

as a tumor suppressor gene has been experimentally verified in cultured human cancer

cells and in animal models by us and by others (12-18). In this investigation, re-

expression of Fhit protein in a human gastric cancer cell line was linked to apoptosis in

vitro. We assessed an array of biomarkers using various techniques including

transmission electron microscopy, confocal microscopy, flow cytometry and TUNOEL for

these apoptotic analyses (Part four).

In most examples of physiological or pathological cell death, loss of mitochondrial

membrane integrity constitutes an early critical event of the apoptotic lethal process.

One of the signs of alterations in the mitochondrial membrane permeability that precede

nuclear apoptosis is the translocation of cytochrome c from mitochondria to another

localization, as well as the dissipation of the mitochondrial transmembrane potential. We

determined the loss of mitochondrial transmembrane potential and translocation of

cytochrome c from the mitochondria into the cytoplasm using fluorescence microscopy,

synchronous luminescence spectroscopy and western blotting. These observations
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strongly suggested that a mitochondria-involved apoptotic signaling pathway may be

playing an important role in the tumor suppressor activity of the Fhit protein (Part five).

6.1.2 Biotechnology

Revolutionary scientific advances are enabling understanding of our genes and proteins

in ways that can enhance our daily lives. An additional aim of the present study was to

take advantage of the available wealth of knowledge to develop rapid, simple and

practical approaches for cancer detection in molecular biology research laboratories and

in clinical settings.

6.1.2.1 Biochip Technology

In the previous segments, we described an approach based on the development and

further application of a unique technology, the biochip, utilizing the excellent sensitivity

of fluorescence detection in conjunction with the biological specificity of antibody for

antigen and DNA sequence specific annealing and interactions. The biochip technology,

described in this work, is a multiarray optical biosensor that is based on integrating the

photosensing microchip systems and signal amplifiers with data treatment technologies.

Our results indicated that complexes of membrane-immobilized antibodies or DNA

molecules and their respective, fluorescently-labeled antigens and single stranded DNA

probes could be reliably detected in both saline solution and in human serum. The

biochip not only allowed quantitative analysis of immobilized target DNA and
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protein and their combination thereof, but also provided the means for simultaneous

detection of multiplexed DNA and protein arrays, immobilized on the sampling platform

(Part 2).

6.1.2.2 Synchronous Luminescence Spectroscopy

Spectroscopy techniques, widely recognized as powerful and sensitive analj^ical tools,

are based on the detection of electromagnetic radiation emitted from molecules

transitioning between different electronic states (34). Here, we have described a simple,

yet highly sensitive and selective spectrometric technique. Synchronous Luminescence

spectroscopy, for analysis of enzymatic action of Fhit protein. The qualitative and

quantitative analysis of cleavage of the Ap4A substrate by the Fhit protein was performed

without the use of radioactive material or fluorescently labeled molecules. The spectra

obtained from the hydrolysis reaction cell indicated presence of newly formed byprbduct

of the enzymatic reaction. An increase in the intensity of the byproduct peak was

observed after addition of adenosine mono phosphate (AMP) to this reaction vial and also

as the consequence of the increase in the substrate concentration. The obtained

information confirmed the ability of the SL technique quantitatively measure the reaction

byproducts. These results indicated the utility of the SL for analysis of enzymatic

reactions and identification of compounds of interest (Parts 3,5).
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6.2 Conclusion

6.2.1 FHIT Gene

In solid tumors, specific chromosomal deletions cause inactivation of tumor suppressor

genes. Their inactivations usually result in abnormal cell cycle control and/or increased

cell survival, leading to malignant transformations (19). The identification and

understanding of the earliest genetic changes that initiate transformation in solid tumors,

and detection of these events in premalignant lesions may result in development of new

therapeutic approaches or synthesis of novel drugs for destroying premalignant cells,

providing new opportunities for cancer prevention. In addition, we could use the proteins,

encoded by the genes involved in these early steps of tumor development (or their

biochemical pathways), as targets for novel therapeutical agents.

Taken together, (/) the observations made in this study and (//) the recognition that some

tumors and tumor-derived cell lines contain homozygous deletions in the FHIT gene and

(iii) that translocation breakpoints of t(3;8)(pl4.2;q24) are associated with familial

kidney cancer and LOH in most common human malignancies, we have concluded that

FHIT gene is indeed a target of chromosomal abnormalities at 3pl4.2 observed in human

carcinogenesis. Such abnormalities could lead to the loss of tumor suppressor activity

through a mitochondria mediated programmed cell death pathway.
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6.2.2 Biotechnology

Development of new technologies is essential for researchers and clinicians to be able to

identify molecular alterations and diagnose diseases with precision, predetermine a

patient's response to therapy, and empower individuals to make preventive lifestyle

changes based on their susceptibility to certain diseases. In addition to investigating the

tumor suppressor role of the FHIT gene, another major goal of this project was to

develop new tools and techniques for research and medical laboratory applications.

6.2.2.1 Biochip Technology

The fusion of microelectronics, CMOS technology and molecular biology has created the

new biochip technology, a sensitive and cost-effective tool in molecular diagnostics.

Biochip is suited for integration into fully automated systems, thus providing the basis

for automation of molecular diagnostics with potential for high-sample throughput. This

compact system is a user-ffiendly, inexpensive device amenable to on-site use with

future potential for cancer detection in clinical settings.

6.2.2.2 Synchronous Luminescence Spectroscopy

The complexity of real-life samples in biological applications is such that conventional

luminescence spectra, despite their remarkable features, are of little analytical value

because of their featureless appearance. Synchronous Luminescence is a unique
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technique that offers improved selectivity over conventional luminescence spectroscopy.

This versatile technique eliminates the need for use of relatively undesirable and

expensive radioisotopes and fluorescently labeled probes, as identifying markers for

compounds of interest. It also does not require further identification of these compounds

through other analytical techniques such as various forms of chromatography. This

technique offers a great deal of selectivity and sensitivity, without sacrificing simplicity,

for characterization of complex biological samples.

6.3 Future Research Directions

Further research into the molecular biology of FHIT-associated carcinogenesis will

enhance our understanding of the genetic events, critical for the initiation and progression

of variety of cancers, leading to more effective surveillance and treatment methodologies.

Future goals of the FHIT related studies need to focus on finding the biological functions

of the FHIT gene that affect cell growth, differentiation and cell death.

The ongoing identification and characterization of factors influencing apoptosis will

eventually make it possible to predict tumor. The involvement of FHIT gene in

programmed cell death has been determined. However, the exact sequence of events, i.e.

activation of different caspase cascade pathways, in the FHIT-induced apoptosis is yet

unknown. It is possible that multiple interacting molecular pathways are involved in the

progression of the premalignant cells to neoplastic cancer cells. Examining the role of

FHIT as a predictive and prognostic factor in apoptosis could prove promising.
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Despite involvement of the FHIT gene in most common human cancers, the underlying

molecular mechanisms of the FEDiT deletions remain unknown. Further examination of

the molecular basis of chromosomal fragility at 3pl4.2 of the FHIT/FRA3B locus is

necessary. A better understanding of the mechanisms of these events could allow early

identification and elimination of precancerous cells.

In lung cancer associated with smoking, inactivation of FHIT occurs very early in tumor

development (22). In other tumors, such as clear cell renal carcinoma and breast

carcinoma, FHIT inactivation occurs in later stages of tumor progression (7,22). Thus,

evaluation of FHIT expression in premalignant lesions and tumors may be of importance.

The current delineation of the molecular basis of cancer provides a strong rationale to

consider tumor suppressor-gene therapy approaches for cancer as a complement to other

cancer therapies. Prospective trials focusing on delivery of wild-type, tumor inhibitory

FTUT gene to compliment FHIT mutations could establish the use of gene therapy as a

component of the multimodal treatment for certain cancers.

Exploration of these venues could provide for a better understanding of the FHIT

mechanism of action, identification of molecular events that predispose an individual to

carcinoma development and potential identification of early markers of malignant

transformation. In future, the enhanced knowledge of the activities of the gene will allow

for early identification more precise and earlier risk assessment for individual patients,

therefore, enabling more effective therapy.
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