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Anticancer Mechanism of a Novel Quaternized Amino
Glucosamine derivative and Its Inhibitory Effects onMatrix

Metalloproteinases and NFxB

B. E. P. Mendis

Department of Chemistry, Graduate School,
Pukyong National University

Abstract

In the present research, cell-specific cytotoxfe@fof newly synthesized quaternized amino
glucosamine (QAGIc) in melanoma cells was iderdifi@nalysis of apoptosis employing different
approaches confirmed that this molecule inducegtagts in a concentration and time-dependent
manner in B16F1, melanoma. cells. Treatment of QABreased the promoter activity and
protein expression level of p53 proving QAGIc foWled a p53-dependent apoptotic pathway.
Following treatment, QAGIc induced a cascade of papsgis-related proteins including p21,
PUMA, cytochrome C, caspase-9 and caspase-3. Qemtuactivation of Apaf-1 greatly
contributed to apoptosis induction effect of QAGIc melanoma cells. Cell cycle analysis of
B16F1 cells in the presence of QAGIc further conéd that QAGIc was involved in cell cycle
arrest at Gphase. This was favored by decreased protein ssipres of cell cycle-related proteins
such as cyclin-D, cyclin-E, cdk-2, cdk-4, cdk-6,[2cand E2F. The potency of QAGIc to affect
transcriptional regulation of MMP-2 and MMP-9 enagrwas identified in HT1080 fibrosarcoma
cells and it showed a concentration-dependent teffégs inhibition of MMP-2 and MMP-9 was
found to work via down-regulation of both AP-1 adB-kB transcription factors induced by PMA.
Further analysis confirmed that functions of thdsgnscription factors were correlated to
suppression of mitogen-activated protein kinase®\RMs). Moreover, it was elucidated that

i



suppression of NkB by QAGIc occurs through the inactivation of IKKs anvestigated in
RAW264.7 immune cell study. In addition, indirétf-«B inactivation by QAGIc was a result of

suppression of MAPKs and related inflammatory citek.
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Part 1

Anticancer Mechanism of Quaternized Amino
Glucosamine in B16F1 Melanoma Cells



Introduction

Cancer is a class of diseases or disorders chearacteby uncontrolled
division of cells and the ability of these cellsitwade other tissues, either by
direct growth into adjacent tissue through invassoioy implantation into distant
sites by metastasis. Various anticancer agents difidgrent primary intracellular
targets have been identified during past few decad¢owever, interest is
continuously growing and great efforts have be@htaidentify novel anticancer
target molecules and to discover effective druglchates.

1. Therapeutic potential-of cell cycle arrest and leckpoint control in
treatment of cancer

Among number of proposed methods to cure cancery siadies have shown
an association between cell cycle regulation aedtitnent of cancer. In recent
years, inhibition of the cell cycle has come todppreciated as a target for the
management of cancer (Buolamwaetial.,; 2000; Collinset al., 1997; Hajduclet
al., 1999; McDonaldet al., 2000; Sherret al., 1996; Sherret al., 1999).
Anticancer agents may alter regulation of the cgtle machinery, resulting in an
arrest of cells in different phases of the cellleyand thereby reducing the growth
and proliferation of cancerous cells. Componentthefcell cycle machinery are
frequently altered in human cancer cells. Centia@yqrs are the cyclin-dependent
kinases (cdks), which govern the initiation, pr@gien, and completion of cell
cycle events. The scheduled activity of the cdKsictv allows orderly transition
between cell cycle phases, is controlled by thesoaiation with cyclins and cdk
inhibitors, by their state of phosphorylation, dnydubiquitin-mediated proteolysis.
As malignant cells evolve, both genetic and epitermaechanisms commonly
affect the expression of cell cycle regulatory phas, causing overexpression of
cyclins and loss of expression of cdk inhibitors. major consequence is
deregulated cdk activity, providing cells with destive growth advantage. The
crucial role of the cdks has prompted great intarethe development of specific



kinase inhibitors that would be expected to bloel cycle progression and
induce growth arrest.

Another hallmark of the transformed state is incetept checkpoint control,
resulting in aberrant responses to cellular damigeexample, damage to DNA
or the spindle apparatus normally triggers celleyerest or apoptosis, depending
on the degree of damage and the cellular contestk.cgcle arrest most frequently
occurs at the @S or G/M boundaries. When checkpoint arrest control is
compromised, initiation of S phase or mitosis osalgspite cellular damage, and
the ensuing genetic instability may lead to thenéwal emergence of a malignant
clone. However, this failure of cell cycle arressponses in malignant cells can
also be exploited therapeutically. Cells in whidteckpoint control is disrupted
are more sensitive to additional genotoxic or niigdoalar damage. Unbridled cell
cycle progression in the presence of such damagesually lethal, which may
explain the selective sensitivity of some cancdsd¢e DNA-damaging treatments.
For this reason, intact components of cell cyclesir checkpoints are also
potential targets for novel antineoplastics, aneirtimhibition may increase the
sensitivity of tumor cells to standard chemotherapg radiation (Hartwekt al.,
1994).

Many of the compounds under study as anti-tumontsgact at multiple steps
in the cell cycle, and their effects may be cyttstar cytotoxic, depending on the
cell cycle status of the target cells. Hence, adewtanding of the molecular
interactions involved may suggest ways to sensitedés to the effects of these
compounds. In particular, combinations of drugglied in a specific sequence,
may be used to maneuver a tumor cell populatiom anstate where it is most
susceptible to the cytotoxic effects of novel, ondeed traditional,
chemotherapeutic agents.

2. Therapeutic potential of the induction of apoptsis in treatment of cancer
Furthermore, in recent years, programmed cell death apoptosis, which is
a phenomenon associated with many physiological @attiological processes



including cancer, has come to be appreciated adeah way to eliminate cancer
cells. Apoptosis is a genetically programmed process Ofdmath required for
maintaining homeostasis under physiological cood#iand for responding to
various internal and external stimuli. Cells contedt to apoptosis are
characterized by membrane blebbing, cytoplasmimishge, nuclear chromatin
condensation, and DNA fragmentation (Wy#ieal., 1980). Tremendous progress
has been made in understanding apoptosis as at resuthe molecular
identification of the key components of this inglolar suicide program.
(Rathmell et al., 1999; Sellerset al., 1999) There are currently two well-
characterized caspase-activating cascades thdategyoptosis.

Apoptosis can be triggered in a cell through eitherextrinsic pathway or the
intrinsic pathway. The extrinsic pathway is ini@dtthrough the stimulation of the
transmembrane death receptors, such as the Fastaesselocated on the cell
membrane. In contrast, the intrinsic pathway isiated through the release of
signal factors by mitochondria within the cell. time extrinsic pathway, signal
molecules known as ligands, which are released therocells, bind to
transmembrane death receptors on the target delltme apoptosis. For example,
the immune system’s natural killer cells possegsRhs ligand (FasL) on their
surface (Csipcet al., 1998). The binding of the FasL to Fas receptorddgath
receptor) on the target cell will trigger multipieceptors to aggregate together on
the surface of the target cell. The aggregationthalse receptors recruits an
adaptor protein known as Fas-associated death dopmatein (FADD) on the
cytoplasmic side of the receptors. FADD, in tumgruits caspase-8, an initiator
protein, to form the death-inducing signal compl@ISC). Through the
recruitment of caspase-8 to DISC, caspase-8 willdtiwated and it is now able to
directly activate caspase-3, an effector protainnitiate degradation of the cell.
Active caspase-8 can also cleave BID protein t®tBvhich acts as a signal on
the membrane of mitochondria to facilitate the aste of cytochrome C in the
intrinsic pathway (Adrairet al.,2002).

The intrinsic pathway is triggered by cellular sggspecifically mitochondrial



stress caused by factors such as DNA damage anhdhwk (Adrairet al.,2002).
The mitochondrial phase that follows eventuatetherelease of cytochrome C
and the consequent activation of caspases, enzymelich action leads to the
variety of phenotypic alterations characteristi@apbptotic death. Upon receiving
the stress signal, the proapoptotic proteins incgiteplasm, BAX and BID, bind
to the outer membrane of the mitochondria to sighalrelease of the internal
content. However, the signal of BAX and BID is retough to trigger a full
release. BAK, another proapoptotic protein thatdess within the mitochondria,
is also needed to fully promote the release of dyiome C and the
intramembrane content from the mitochondria (Hagfual.,2004). Following the
release, cytochrome C forms a complex in the cgipl with adenosine
triphosphate (ATP), an energy molecule, and Apadi,enzyme. Following its
formation, the complex will activate caspase-9,agoptosis initiator protein. In
return, the activated caspase-9 works together tivélcomplex of cytochrome C,
ATP and Apaf-1 to form an apoptosome, which in tamtivates caspase-3, the
effector protein that initiates degradation.

3. Involvement of p53 in intrinsic pathway of apoposis

Cancer is associated with decreased apoptosisgerelopment of apoptosis
resistance in cancer cells is a significant contiiiy factor to the failure of cancer
therapies. Thus, induction of apoptosis in apoptossistant cancer cells through
a variety of approaches would be an ideal strafeg\effective cancer therapy
(Reedet al., 2003). One promising approach to achieve thisisrtirough the
modulation of p53 or the components of p53 sigoaathways. Often, p53 is
referred to as the "guardian of the genome" (Levir#®7). In response to DNA
damage and other types of stress, p53 is able docen cell growth arrest,
apoptosis, and cell senescence (Prigesl., 1999). Mutations within the p53
tumor suppressor gene have been well documentefG% of all human tumors
(Hollstein et al., 1994). In cells that retain wild-type p53, muléptegulatory
pathways play an important role in modulating @8\aties in vivo (Lohrumet al.,



1999). Further, p53 promotes tumor suppressionugiroits ability to bind
specific DNA sequences and to act as a transcmifgictor (El-Deiryet al.,1993).

It is generally thought that the mechanism of p&vation by cellular stress
involves mainly posttranslational modificationsgcliuding phosphorylation and
acetylation (Appellat al.,2000). The importance of p53-mediated transcmatio
activation is underscored by the fact that the waagjority of tumor-associated
p53 mutations occur within the domain responsilole Sequence-specific DNA
binding (El-Deiryet al.,1993). The p53 gene is tightly regulated, with phetein
often found in latent form and the protein leveting very low in unstressed cells
(Freedmaret al.,1999). This regulation is essential for its effesttumorigenesis,
as well as for maintaining normal cell growth. Dt its pivotal role in
controlling abnormal cell growth and its frequenadtivation in a majority of
human cancers, p53 has been a central cancer targeechanism-driven novel
cancer drug discovery. Several different approacireig at p53 reactivation or
mutant p53 elimination have been attempted in tegears. One approach is to
restore wild-type p53 conformation in mutant p53teining cancer cells by
small molecule compounds that have captured a gnéatest in the field of
chemotherapy. The downstream events mediated bygb®3place by two major
pathways: cell cycle arrest and apoptosis. Moreaverumber of genes that are
critically involved in either cell growth arrest.apoptosis have been identified as
p53 direct targets. These include p21, MDM2, andMiRJ among others (El-
Deiry et al., 1993; Nakancet al., 2001; Okamotoet al., 1994) The MDM2
oncogene encodes an inhibitor of the p53 tumor raggpr protein that regulates
p53 in a negative feedback loop. An important fiorcbf MDM2 is to bind to the
p53 tumor suppressor protein, inhibiting its apitib act as a transcription factor
(Momandet al., 1992).Therefore, the MDM2 negative feedback pathway is an
important limiting factor in DNA damage-induced p&8tivation. MDM2 gene
amplification and over expression occur in sevgpés of tumors and are often
associated with poor prognosis. Inhibition of MDMZassociated with a decrease
in MDM2-p53 complex formation, increase in p53-icdhle gene expression,



increase in p53 transcriptional activity, and apsf#. Significantly, inhibition of
MDM2 expression enhances the activation of p53 HyN&A-damaging cancer
chemotherapy agent in a synergistic fashion. FyrtR&MA (p53 up-regulated
modulator of apoptosis) can be directly activatgdb3 through p53-responsive
elements in its promoter region. A number of chdrampeutic agents have
shown to be involved in induction of PUMA @np53-dependent fashion.
Expression of p53 further induces transcriptionetivation of p21, which
inhibits cdk-mediated RB (retino-blastoma) protephosphorylation and
functioning of E2F, leading cells to arrest in Blartwell and Kastan, 1994). The
product of the retinoblastoma susceptibility geRb, plays a central role in the
G4/S transition. In its un--or hypophosphorylatedest®b prevents progression
from G1 to S phase through its interaction with rhers of the E2F transcription
factor family. This interaction not only blocks nmiscriptional activation by E2F
but also actively represses transcription by réicrgiihistone deacetylase to the
promoters of genes required for S phase entry.ngurell cycle progression, Rb
is inactivated by phosphorylation, which occursotigh the sequential actions of
D-type cyclins, acting with cdks 4 and 6, and otloy E-cdk2 complexes. In
response to mitogenic activation, cells syntheBizgpe cyclins. The assembly of
these proteins with cdks 4 and 6 requires a membéne Cip/Kip family of
proteins including p21. They act in stoichiome#&inounts to promote the activity
of cyclin D-dependent kinases, and they also sasv@otent inhibitors of cdk2.
Therefore, cyclin-dependent kinases facilitatep®gression in two ways. First,
they participate in Rb phosphorylation, which redie transcriptional repression
by the Rb-E2F complex (Harboet al, 1999). Second, they sequester Cip/Kip
proteins, which facilitate the activation of cycli&/cdk2 (Sherr and Roberts,
1999). Cyclin E/cdk2—mediated Rb phosphorylatiasruts the binding of Rb to
E2F (Harbour et al., 1999), allowing E2F activataord the transcription of genes
necessary for S phase entry and progression. VRRtilés the primary target of
cyclin D—dependent kinases, cyclin E-cdk2 phosplateg other targets as well,
and, even in Rb-deficient cells, this complex gispensable for S phase entry. In
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a Transfection experiments have shown that overesgmpn of E2F or cdks
promotes S phase entry, whereas over-expressiaheoRB family of proteins
arrests cells in the Gphase of the cell cycle (Zhu, 1993; Neveisal., 1994

Dyson, 1998) suggests that the effects of pRB fapribteins on cell proliferation
are mediated by their repressive effects on E2Fatetigene expression.

Recent evidence suggests that intracellular sigyalerning cell proliferation
and cell cycle progression also mediate apoptdsae €t al, 1993). Also, p53
activates expression of Bax (a cell death indueed suppresses Bcl-2 (a cell
death inhibitor), leading to cellular apoptosis é8e1994). Bax is a proapoptotic
protein whose expression is regulated by p53 (Migasand Reed, 1995). In turn,
Bax acts on mitochondria to cause the release wichypome C (Nariteet al,
1998). Bax moves from cytosol to the mitochondmaer conditions that induce
cell death by apoptosis. Although the mechanisn riiediates this translocation
of Bax is not fully understood, evidence suggektt it is a consequence of a
conformational alteration Iin the protein as a resfl changes in the ionic
composition of the cytosolic milieu (Khaled al, 1999).

4. Matrix metalloproteinases. (MMPs) and NFxB: Other main targets in
anticancer therapy.

Presently, clinicians and researchers are focusmwge on the concept of
targeted therapies and the finding of new and egleprognostic factors to better
delineate treatment options in cancer patienti€dns use a number of factors
to stratify cancer patients at diagnosis, in otdeaccurately define risk profiles
and plan the most appropriate treatment. Along wpidtient and tumor
characteristics (such as age at diagnosis, turaer and lymph node status), an
increasing number of molecular prognostic factmamed tumor "biomarkers"),
are being developed for use in patient outcome tapatment determinations
[Armstrong and Taylor, 2005]. These markers mustehaome defining
characteristics, such as ease of specimen colteatid a reproducible assay that
is rapid and inexpensive (Nelsat al, 2000). Although hundreds of these



biomarkers have been reported, few are proving @éoubeful in the clinic.
Identification of the importance of proteinasestimor invasion, a particular
interest in a group of enzymes called matrix mepabteinases (MMP) was
developed in recent years to control cancer metiastaarge amounts of data
have been reported relative to MMP over expressiorarious tumor types when
compared to normal tissues (Agnardtsal, 2004; Davidsoret al, 1998; Kugler
et al, 1998; Hashimotcet al, 1998; Sutineret al, 1998; Gonzalez-Avilaet
al.,1998; Nawrockiet al, 1997; Bramhalkt al, 1997), and several studies have
provided evidence that certain MMPs in specific cgae can be useful as
indicators of disease progression, thereby imppuireatment strategies and
management of specific cancers (Mannetlal, 2005).

Further, the transcription factor NéB was recently identified as another
plausible target to treat cancer. The transcriptamtor NF«B is well established
as a regulator of genes encoding cytokines, cy&kateptors, and cell adhesion
molecules that drive immune and inflammatory respsn(Sen and Baltimore,
1986). In a number of recent studies, RB-activation has been connected with
multiple aspects of oncogenesis, including the rebrf apoptosis, the cell cycle,
differentiation, and cell migration (Gilmoret al, 1996; Bargouet al, 1997;
Mayo et al, 1997; Rayetet al, 1999; Madridet+al, 2000). Additionally,
activation of NF«B in cancer_cells by chemotherapy or by radiatian blunt the
ability of the cancer therapy to induce cell de@bmpelling evidence support the
notion that NF«B is dysregulated in many forms of cancer and itlsahhibition
iIs a logical therapy for certain cancers and fouaht approaches to cancer
therapy.

5. Chemotherapy as means of treating cancer

Chemoprevention, which refers to the administrabbsynthetic or naturally
occurring agents to prevent the initiation and/aonpotional events associated
with carcinogenesis, is being increasingly apptedias an effective approach for
the management of neoplasia. The possible rolehefmotherapy in treating



illness was discovered when the bone marrow suppeesffect of nitrogen
mustard was noted in the early 1900's. Since thg, tthe search for drugs with
anticancer activity has continued, and the goalredtment with chemotherapy
has evolved from relief of symptoms to cure. Thditgbof chemotherapeutic
agents to inhibit cancer cell growth and to ingiapoptosis is an important
determinant of their therapeutic response. Manpnted agents exert antitumor
effects in various types of human cancers cellslitierough the induction of
apoptosis and cell-cycle arrest. Thus, chemo-ptexeagents that can modulate
apoptosis may be able to affect the steady-stdtgpopulation, which may be
useful in the management and therapy of canceredent years, many studies
have shown an association of cell cycle reguladiot apoptosis with cancer, in as
much as the cell cycle inhibitors and apoptosiswandy agents are being
appreciated as weapons for the management of cgAtenad et al, 1997,
Ahmedet al, 2000; Deigneet al, 1999; Evaret al, 1998; Stadleet al, 2000).
Each drug varies in the way this occurs withind¢bk cycle. The major categories
of chemotherapy agents are alkylating agents, atgiolites, plant alkaloids,
antitumor antibiotics, and steroid hormones. Eaciy ds categorized according to
their effect on the cell cycle and cell chemistry.

Most of these anticancer chemotherapeutic agehtsoaespecifically by exerting
damage to DNA. Also development of undesirable sffects has raised the
necessity of identification of novel anticancer mtgehaving better effects. In this
context, great interest is continually growing ttentify and develop effective
novel anticancer drugs. Some of identified antieeardrugs kill susceptible cells
through specifically via induction of apoptosis. eféfore, it appears that
differences in the apoptotic pathways which leadapoptotic deficiency may
account for the ability of some tumor cells to sesirug therapy.

6. Drug resistance in melanoma
Human melanoma, a malignancy which develops throtigh malignant
transformation of melanocytes, is a major medicalbjem, characterized by
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rapidly growing incidence and mortality rate. Dgyithe past decade, the
incidence of melanoma has increased steadily. Aijested incidence rates are
about 6 to 10 per 100,000 in Germany, 12 per 1@0i@@he United States and 3-
fold higher in some geographic areas, such as Alist(Rosset al, 1991).
Chemotherapy is an extremely ineffective and usfatiory means of treating
malignant melanoma due to the drug-resistance ctastic of this disease,
which either is intrinsic at onset or develops dgrapplication of cytostatic drugs
(Garbe, 1993) The underlying cellular resistancechmaisms involved in the
chemoresistance of melanoma have not been clafietone, 1999) Alternative
treatment methods based on immunological principdes presently being
developed but have not reached the stage wherethag be applied routinely in
clinical practice. For this reason, chemotheraply @antinue to be the primary
treatment method.

The complexity of the molecular variants involved signal transduction
along apoptatic pathways suggests that the cellmasg a variety of possibilities
for regulating apoptosis and generating apoptogticiétncy. The inability of
melanoma to undergo apoptosis in response to chemamy and other external
stimuli that poses a selective advantage for turpmygression, metastasis
formation as well as resistance to therapy has hemajor study target in recent
studies (Soengas and Lowe, 2003). Recently, Apafrbwn to be critically
involved in the mitochondrial apoptotic pathway, swaescribed as being
frequently down-regulated in melanoma primary anetastatic cell lines
(Soengast al.,2001; Soengast al.,2003), which was suggested as a therapeutic
tool in melanoma treatment. Apaf-1 is a novel 1B@&lcell-death effector protein
that acts with cytochrome C and caspase-9 to ne@d8 dependent apoptosis.
Apaf-1 contains an N-terminal caspase recruitmemain, which is responsible
for recruiting caspase-9, a nucleotide-binding atigrization domain, and 13
WD40 repeats, which are thought to interact withoclirome C (Riedkt al.,
20050. A negative correlation of Apaf-1 to maligogrdrug resistance, and tumor
progression in melanoma and other tumors has a&sn bhown by other groups
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(Jia et al., 2001; Fuet al., 2003; Baldiet al., 2004). In addition, a higher
frequency of allelic imbalance of the Apaf- 1 lodnsmetastatic compared with
primary melanoma was discovered (Watanetbal.,2003; Fujimotcet al.,2004).

There are a number of drugs that have been suggastdrug candidates to
treat melanoma. However most of these drugs haveamdirmed their ability to
successfully control the malignant melanoma. Tloegeef great interest exists in
present world to develop specific anticancer agent®ntrol melanoma.

7. Potential of nutraceuticals to prevent cancer

The importance of nutraceuticals in cancer preeenéind treatment remains
largely under-exploited, despite increasing eviéesitowing that these molecules
have both chemo-preventive and chemo therapeuiityablotwithstanding, the
considerable progress made in the design of noviglcancer drugs in recent
years, one clear lesson fram the recent decadessefirch into cancer is that,
although we can treat cancer and induce remissiavjval rates have changed
little in most cancers (Armstrongt al, 2005). Moreover, most anticancer drugs
have several toxic side-effects that may produpea quality of life for cancer
patients and considerable cost in supporting c&augsenset al, 2002). One
could conclude that the chances of developing #edherapies would greatly
increase with improved knowledge of the pragressibspecific cancer types and
stages with the appropriate tools for evaluatinyeyg at both the molecular and
clinical levels. What remains clear is that therstill much basic and translational
groundwork to be done to develop and validate taidatifying tumor expressing
target enzymes and, primarily, to assess the efficdé specific compounds (and
optimal doses) that significantly limit tumor-assted proteolytic activity
(Mannello et al, 2005), but clinical research needs to focus mproving the
design of trials that better assess natural ageritis tumoricidal activity.
Nutraceuticals or natural biodrugs may offer selvaddvantages as anti-cancer
products because these diet-derived compounds ar®xic, widely available
and inexpensive. Their activity appears to act ugho multiple targets and
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suggesting the presence of several natural compomiesit could synergistically
act together to control tumor growth and neovas@aton. It is clear that anti-
cancer biodrugs designed by nature and used faraethousands of years with
little toxicity may prove useful in both treatingdpreventing cancer.

It is suggested that positively charged functiongdoups in some
macromolecules such as chitosan (parent molecuteeofjlucosamine) interact
with the negatively charged molecules in cancer sigfface and induce specific
signaling cascades (Ronghatal., 2006). More specifically, it is proposed that
polycationic nature and proper molecular weightlotooligosaccharides greatly
contribute to its anticancer activities (Muzzarelli977; Caiqginet al., 2002).
However, due to higher molecular weights these mpelg are not expected to
incorporate into cells. Recently, it was reporthdtt some small and positively
charged molecules could selectively target the chivodria in cancer cells due to
their unique negative charge compared to mitochianndmormal cells (Valeriat
al., 2002).However, many of the studies that have deit such molecules have
not come up with the exact mechanism of action akvg target molecules that
affect following treatment.

There have been a large number of nutraceuticalvemions of glucosamine
(Glc) supplements in the present world. Commergiatiost Glc is obtained from
food-processing wastes (crab, shrimp, or lobsemyl the recent emergence of
higher valued nutraceutical market for Glc has stated worldwide production.
However, Glc is also produced naturally virtuallydil cells (Rossetti, 2000; Hart
et al.,1995; Uldryet al.,2002). An increasing interest is developing inc¢herent
world to use Glc as a food supplement or as nuttacad due to their suggested
beneficial roles in the human body. In 1953, Quasted Cantero (1953)
demonstrated that Glc possesses tumor-inhibititigigc Since then, a number of
reports have confirmed the tumoricidal activity@t (Bekesiet al.,1970; Farest
el., 1967). Recent reports suggested a role of Glmmunosupression (Met al.,
2002), modulation of expression of inflammatory yanes (Yudohet al., 2005),
suppression of activation of T-lymphoblasts anddiigic cells (Maet al., 2002).
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Glc also has been shown to inhibit nucleic acid pnatein biosynthesis and
irreversible damage to organelles in tumor cellg,riot in normal cells (Molnaat
al., 1972). In addition, Glc also inhibits platelet eggption and ATP release
induced byStaphylococcus aureu8DP, epinephrine, and collagen (Bertratal.,
1981). The mechanisms by which Glc acts are notpbetely clear; however, it
has been shown to alter the ultrastructure of pdaand intracellular membranes
(Molnar et al., 1972), to inhibit membrane transport of nucleosifferiedmaret
al., 1977), and reportedly to shift its distributioorir glycoproteins to glycolipids
(friedmanet al., 1980).

Glucosamine is available commercially as a nutrdlosupplement in three
forms: glucosamine hydrochloride, glucosamine saléand N-acetyl-glucosamine.
At neutral as well as physiologic pH, the aminoupan Glc is protonated,
resulting in its having a positive charge. Saltierof Glc contain negative anions
to neutralize the charge. In glucosamine hydroatiéorthe anion is chloride, and
in glucosamine sulfate the anion is sulfate. Nidgktcosamine is a delivery
form of Glc in which the amino group is acetylatéuys neutralizing its charge.
To date, most of the clinical studies examining éfffect of Glc on osteoarthritis
have been performed with either the sulfate or dhieride salts of Glc. The
characteristic of Glc that is most important in theld of chemistry is this
monomer has nucleophilic primary amino-group. Taactivity of this amino
group is convenient as they allow Glc derivativedé generated with a range of
facile chemistries or biochemistries.

In the present research quaternized amino funditgiveas substituted to Glc
to obtain a strong cationic molecule having smatetecular weight. This novel
and positively charged Glc derivative having smaleolecular weight was
expected to exert better effects as ab anticargmrtaAnd this present study was
designed to carryout a detailed mechanistic evialuatf this novel positively
charged Glc derivative having quaternized aminationality.
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Materials and Methods

1. Materials

Chitooligosaccharides were kindly donated by Kitite Co. (Seoul, South
Korea). Chemicals required for synthesis, includng-epoxypropyl chloride and
tri-methyl amine were obtained from Sigma Chemcal (St. Louis, MO, USA).
All the cell lines used in this study were purclth$eom American Type of
Culture Collection (Manassas, VA, USA). Materiasguired for culturing of cells
including culture media were purchased from GibdeLB Life Technologies
(USA). Tunel assay kit was purchased from Upstaliestqgnaling solutions (Lake
Placid, NY). TrizoP was obtained from Invitrogen (CA, USA). AMV revers
transcriptase was purchased from USB CorporatioH, (OSA). RC-DCTM
protein assay kit was obtained from Bio-Rad (CA A)Dowex-50WX2cation
exchange resin was purchased fromv Chemical Company (Michigan, USA.
Dialysis membrane having 100 Da pore size was gexh from Spectrum
Laboratories Inc. (RanchonDominguez, CAnnexin V was obtained from
MolecularProbes (OR, USA). MTT reagent, propidiodide, RNase, Proteinase
K, ethidium bromide and dithiothreitol (DTT) werésa purchased from Sigma
Chemical Co. (St. Louis, MO, USA). p53, p21, KB-and AP-1 gene promoter
reporter vectors were purchased from Clontech (@84A). MMP-9 and MMP-2
gene promoter reporter vectors were kindly dondtgdDr. Sang-Oh Yoon
(KAIST, Taejeon, Korea).

2. Instrumental analysis

Infrared spectra were recorded using KBr plateSpectrum 2000 FT-IR
spectrophotometer (Perkin Elmer, USAH NMR and**C NMR spectra were
recorded in a BD environment using a JINM-ECP-40(100 MHz) spectrometer
(JEOL, Japan). Elemental analysis (C, N and H) peaformed using a Vario-EL
Elementar Analysesysteffe(USA) and optical density was measured using
GENios® microplate reader (Tecan Austria GmbH, Austrid)oFescence emitted
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from Pl and Annexin-V was measured at FL2 (590 ranyl 10,000 events/sample
were acquired using XL-MCL™ flow cytometer equippadth EXPO™ 32
software (Beckman Coulter, Inc., CA, USA). Fluoeasicmicroscope (Axiovert
200, Zeiss.) with Axio vision 3.1 software was usedjuantify fragmented DNA
bound with fluorescence emmiting substrate. To gfyaprotein expression levels,
western blot bands were visualized using LAS30D0minescent image analyzer
(Fujifilm Life Science, Tokyo, Japan).

3. Preparation of glucosamine (Glc) from chitosan

Chitooligosaccharides (10.0 g, average deacetylategree of 90-97%) were
mixed with 50 ml of 6 N HCI and stirred at 100 °@il& refluxing. After 3 h, 50
ml of distilled water-and 1.0 g of activated carlpmwder were added and stirring
was continued for additional 30 min at 60 °C. Rieacmixture was then filtered
using a glass filter and addition of activated carlpowder (1.0 g) to the filtrate
was repeated to obtain a clear solution. This eoiuwas then vacuum evaporated
and the resulting solid was thoroughly washed witanol and diethyl ether to
give Glc (8.2 g).

Glc: fine white solid; IR (KBrjvmax 3412 (OH), 2864 (CH), 1578 (NH), 1309
(CN), 1108, 1065, 1036 (pyranose) t&mH NMR (D;O; 400 MHz)d 5.4, 4.9 (1H,
H-1, H-13), 3.2, 2.9 (1H, H-2 H-2), 3.4 ~3.9 (1H, H-3, 1H, H-4, 1H, H-5 and
2H, Hy-6), 4.7 (O); °C NMR (D,0, 400 MHz)d 89.0, 92.1 (C-4 C-1), 54.3,
56.2 (C-2, C-2), 69.0 (C-3), 76.3 (C-4), 71.2, 72.4 (G-%-5), 61.1 (C-6);
elemental analysis C% (33.48), N% (6.49), H% (6.61)

4. Synthesis and purification of quaternized aming@lucosamine (QAGIc)

Glc was quaternized by reacting with 2,3-epoxyptomhloride and
trimethylamine according to the method of Ronghetaal. (2003). For the
synthesis, pH of the trimethylamine solution (1rB was first adjusted to 2.0 by
1IN HCI. Same molar ratio 2,3-epoxypropyl chlori@eB(ml) was added drop wise
to trimethylamine solution, following adjustment tife pH of trimethylamine
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solution to 9.00 by 1M NaOH. Glc (2.15 g) was tlaelded at same molar ratio to
the reaction mixture containing trimethylamine a&@-epoxypropyl chloride.
Then the quarternization reaction was precededaah temperature while stirring
for 24 h. Throughout the reaction, pH of the reattmixture was maintained at
9.0 using 1M NaOH. Reaction product was extractdgiethanol, methanol and
trinydrofluoride and finally quaternized amino ghsamine (QAGIc) was
obtained (1.4 g). Then QAGIc (1.4 g) was subjedtedlialysis using 100 Da
molecular weight cut-off membrane to remove un4ec2,3-epoxypropyl
chloride and trimethylamine. After series of diadyattempts, lyophilized QAGIc
(1.2 g) was passed through a Dowex-50WX2 catioha@xge resin and amount of
carbohydrate in fractions eluted with 1 N NaCl wasasured using modified
phenol-sulfuric acid method of Fox and Robyt (1998 measuring the
absorbance at 420 nm. After plotting the grapltctioas were pooled and QAGIc
was separated as a solution from un-reacted GldGIQAolution was further
subjected to dialysis using a 100 Da molecular Wteogit-off dialysis membrane
and lyophilized to give QAGlIc (1.05 g).

QAGiIc: dark brown fluffy solid; IR (KBrjvmax 3411 (OH), 2929, 2805 (CH),
1639 (CO), 1480 (Me), 1309.(CN), 1115, 1092, 108@&4nose) cil; *H NMR
(D20, 400 MHz)5 5.4, 4.9 (1H, H-1, H-1), 3.2, 2.9(1H, H-2 H-2), 3.4 ~3.9
(1H, H-3, 1H, H-4, 1H, H-5 and 2H,.+6), 4.7 (BO), 2.8 (2H, H-7 and 2H, H-
9), 3.1 (9H, H-10); °C NMR (D,0, 400 MHz)o 89.2, 92.4 (C-4 C-1j), 54.5,
56.1 (C-2, C-%), 69.3 (C-3), 76.1 (C-4), 71.4, 72.3 (G-E€-5), 61.3 (C-6), 64.4
(C-7), 57.2 (C-8), 65.1 (C-9), 54.2 (3C,10-NMekrekental analysis C% (43.61),
N% (8.52), H% (8.19).

5. Cell culture

DMEM F-12 medium for normal human dermal fibrpbsagtDF), MRC5,
B16F1, MG63, SW1353, Hela, A549, SW480 cell linBd/EM medium for
RAW264.7, HT1080 cells and RPMI medium for U937 &lere used to culture
cells with 10% fetal bovine serum, 2 mM glutamimed &.00pg/ml penicillin-
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streptomycin in 10 cfhculture dishes. For experiments, cells were dethetith
trypsin-EDTA and plated into 24- or 96-well plat#sa plating density of 7x20
and 1.5x1@per well, separately.

6. Toxicity determination of QAGIc on cancer cellsderived from different

tisues

To assess cell cytotoxicity levels, QAGLc was tedainto 9 different cancer
cell lines and 2 types of normal cells. Followingatment of test compounds,
MTT assay was performed using MTT (3-(4,5-dimetkyh)-2,5-
diphenyltetrazolium bromide) method as described Hansenet al. (1989).
Briefly, cells were grown-in 96-well plates at andity of 5 x 18 cells/well and
were treated with different concentrations of testnpounds. After 48 h of
incubation, cells'were added with 100of MTT (5 mg/ml) and incubated for 4 h.
Finally, DMSO (100ul) was added to solubilize the formazan salt forraed
amount of formazan salt was determined by meastine@D at 540 nm using an
GENios® microplate reader (Tecan Austria GmbH, Austria@lave cell viability
was determined by the amount of MTT converted fotmazan salt. Viability of
cells was quantified as a percentage compared goctmtrol (OD of non-
treatment group = OD of treatment group / OD of-br@atment group x100)) and
dose response curves were developed. The dateewgressed as a mean from at
least three independent experimentsB10.05 was considered significant.

7. Determination of apoptosis
Four different approaches were used to assessthetion of apoptosis in
B16F1 cells following treatment of QAGIc for diffant time periods.

7.1. DNA fragmentation assay

DNA fragmentation assay was performed with slighbdifications as
described by Abid-Esseét al. (2003). Briefly, B16F1 cells (f0Ocells/ml) were
grown in 10 cm tissue culture flasks (Nunc, Denmark) for 24 h determined
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concentrations of test compound were added. Fopaaative purposes,&,, an
apoptosis inducing agent in number of cancer celés treated at 2 mM
concentration in a separate experiment. After iatiob for 48 h, the cell layer
was rinsed with PBS, trypsinized and the cell pelNeas obtained by
centrifugation at 1,500 x g for 3 min. The pellasatransferred to an eppendorf
tube and lysed in ice for 20 min with 4QDof cell lysis buffer (10mM Tris-HCI,
20 mM EDTA, 0.5% Triton X-100 (pH 8.0). The mixtuweas centrifuged for 20
min at 13,000 x g (4 °C) and the supernatant wHsated. Phenol-chloroform-
isoamylalcohol was added at 1:1 ratio and uppers@haas collected after
centrifugation at 13,000 x g (4 °C) for 15 min. bmd acetate and isopropanol
were then added and incubated on ice for 10 millowimg centrifugation the
pellet was collected. Pellet was then washed wit% &thanol and RNase was
added to the supernatant to obtain final conceatraif 20 png/ml and incubated
for 1 h at 37 °C. Proteinase K (final concentradr20 ug/ml) was added to the
same medium and incubated for another 1 h at 5®NA was dissolved in TE
buffer (10mM Tris-HCI pH 8.0, 1m MEDTA) and quaméd using UV
spectrophotometry at 260 nm. Samples were analyyedectrophoresis on a 1%
agarose gel (1 h at 80 V/30 mA) in the presencetlttiium bromide using Tris-
acetate running buffer. Major biochemical hallmafkapoptotic cell death is the
cleavage of chromosomal DNA at inter-nucleosométssiinto fragments or
multiples of about 200 bp. Therefore, if QAGIc imds apoptosis in melanoma
cells, fragmented DNA result from the action ofieatied endonucleases can be
clearly identified.

7.2. Cell cycle analysis for apoptosis determinatic Pl method

B16F1 cells (1 x 1Dcells) were treated with 50 pg/ml concentration of
QAGIc for different time durations. Propidium iodidstaining was used to
quantify cells undergoing apoptosis and to analge#f cycle according to
previously reported method (Wiept al., 2006). Briefly, treated cells were
collected and washed with ice-cold PBS, and fixdith W0% ethanol. Fixed cells
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were washed with phosphate buffered saline (PB8jagang 5 mM EDTA and
incubated with RNase A at 37 °C for 30 min. Pramdiiodide (PI) with final
concentration of 500 ug/ml was added and incubdted40 min at room
temperature in the dark. Fluorescemas measured at FL2 (590 nm), and 10,000
events/sample wergcquired using XL-MCL™ flow cytometer equipped with
EXPO™ 32 software (Beckman Coulter, Inc., CA, USA).

7.3. Cell cycle analysis for apoptosis determinatie Annexin-V method

A combined staining with fluorescein isothiocyanrat@jugatedannexin-V
and propidium iodide was performed to distinguisihnmal, apoptotic and necrotic
cells according to the method described by Verne¢sal. (1995) with
modifications. Harvested cells were washed oncé witnexin-V bindinduffer
(10 mu HEPES (pH 7.4), 140 mM NacCl, and 2.5 mM Ca@hd resuspended in
200 ul of the same buffer containirigiorescein isothiocyanate-conjugated
annexin-V. After 15-min incubation in tlgark at room temperature, cells were
diluted with 300 pbf binding buffer, and propidium iodide was addexfope
flow cytometric analysis. Percentage of viable and dedld were determined by
using the FL1 channel for annexin-V and the FL2ncleh for Pl using XL-
MCL™ flow cytometer equipped with EXPO™ 32 softwgeckman Coulter,
Inc., CA, USA).

7.4. Terminal deoxynucleotidyl transferase biotin- TP nick end labeling
(TUNEL) assay

B16F1 cells (1 x 10 culturing in 24 well plates were treated withfelient
concentrations of QAGIc and after 48 h TUNEL asaag employed to identify
apoptotic cells having free 3'-OH of cleaved DNAngsa kit (TUNEL apoptosis
detection kit, Upstate cell signaling solutions, ,NUSA) according to
manufacturer’s instructions. Briefly, treated celNsre washed twice with PBS
and fixed with 0.5% glutaraldehyde in PBS for 15nffollowing washing cells
three times with PBS cells were incubated withlatsm containing 0.05% tween,
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0.2% BSA in PBS for 15 min at room temperature. Eomparative purpose,
positive control was prepared by incubating fixetiscwith DNase | in PBS for 1
h at 37 °C followed by washing for 15 min with PBSterminate the reaction.
After washing, free 3'-OH of cleaved DNA in apopiesi cells were labeled by
incubating for 60 min with Terminal deoxynucleotidyansferase (TdT) end
labeling cocktail containing Tdt buffer, Biotinytat deoxyuridine triphospahate
(Biotin-dUTP) and TdT. Reaction was stopped by agdermination buffer (TB
buffer). Cells were then washed with PBS and intebavith the blocking buffer
at room temperature for 20 min. following removéabtocking buffer, cells were
incubated in dark for 30 min at room temperaturéghvavidin-FITC solution.
Since this assay is based on the detection ofesiagt double stranded DNA
breaks (nicks) by using terminal deoxynucleotidyisferase-mediated dUTP nick
end labeling (TUNEL), localization of fragmented BNhat emit fluorescence
can be visualized clearly. Therefore, cells wersu&lized with fluorescent
microscope (Axiovert 200, Zeiss.) using Axio visi8rl software and compared
with the cells without induction of apoptosis.

8. RT-PCR

Quantitative RT-PCR was used for the analysis gir@ssion of p53 gene
using cDNA. Firstly, B16F1 cells were treated wpttedetermined concentrations
of QAGIc for different time durations. A separatgeriment was performed by
treating cells with etoposide as a positive contootompare effects of QAGLc.
Then the cells in different groups were lyzed safsdy with Trizof. Chloroform
was added to the lysate and centrifuged at 12,09Gox 15 min and upper layer
was collected. Isoporoponol was added at 1:1 &t RNA pellet was obtained
following centrifugation. After washing with ethdnaextracted RNA was
solubilized in diethylpyrocarbonate-treated RNassefwater and quantified by
measuring absorbance at 260 nm using GENioisroplate reader (Tecan Austria
GmbH, Austria). Integrity of RNA was checked by #garose gel elecrophoresis.

For RT-PCR, 1ug of total RNA was reverse-transcribed to genefats
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strand cDNA using AMV reverse transcriptase by regetranscription (RT)
carried out at 42 °C for 45 min. RT-generated cDM#s used as a template to
amplify p53 and G3PDH mRNA in a PCR mixture contagndNTPs, taq DNA
polymerase (USB corporation, OH, USA), and specifistream and downstream
primers in 20 mM tris-HCI reaction buffer. For R5®rward primer: 5'-

GCTCTGACTGTACCACCATC-Z and reverse primer: 5'-
TTCAGCTCTCGGAACATCTC-3 were used. For glyceralgdr-3-phosphate
dehydrogenase (G3PDH) forward primer: 5-TGAAG

GTCGGTGTGAACGGATTTGGC-3 and reverse primer: 3-
CATGTAGGCCATGAGGTCCACCAC-5" were employed. PCR waerformed
in a Whatman thermocycler (Biometra, UK). The aifigi DNA fragments
analyzed by 2% agarose gel electrophoresis an@lhzsd by ethidium bromide
staining. The mRNA of G3PDH served as an interoaitrol for sample loading
and mRNA integrity.

9. Reporter gene assay

B16F1 cells cultured in 10 cm culture dishes weaadiently transfected with
P53 promoter containing luciferase reporter vectand p21 promoter containing
luciferase reporter plasmid by Lipofectamine™ .20008&gent (Invitrogen).
Beta-galactosidase expression vector was co-tretesfavith the reporter vector
to serve as an internal control of transfectiorcigfficy. After 24 h of transfection,
cells were subcultured into 24 well plates and scateated with different
concentrations of QAGIc for 24 h. Cells were wasbede with cold PBS and
lysed with 200ul/well lysis buffer (25 mM Tris-HCI, pH 8.0, contang 2 mM
DDT and 1% Triton-X 100). Aliquots of cell lysatena luciferase substrate
(Promega) were mixed in equal amounts in a 96-pklte and luminescence
intensity was measured with a GENihsninescence microplate reader (Tecan
Austria GmbH, Austria). Beta-galactosidase activitgs measured with ONPG
buffer and the luciferase activity values were nalieed using transfection
efficiency monitored by the co-transfectgdyalactosidase expression vector. The
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level of reporter gene expression was determinea &gio, compared with non
treated cells and represented as relative lucdeaiasvity.

Transfection efficiency was determined by X-Galirstay method. Briefly,
transfected cells were fixed with 0.5% glutaraldd#yand stained with X-Gal
solution containing 20 mM #ce(CN), KsFe(CN) and 1 mM MgC). After 24 h
of incubation at 37°C, transfected cells were Viged with blue color under a
light microscope.

10. Western blot analysis

After treatment of QAGIc for different time intefgawhole celextracts were
obtained and resolved by denaturing SDS-PA&tefly, harvested B16F1 cells
were washed twice with ice-cold PB8suspended in cell lysis buffer (50 mM
Tris-HCI (pH 7.4), 150nM NaCl, 1 mM NgVO,, 1 mM NaF, 1 mM EGTA, 1%
Nonidet P-40and 0.25% sodium deoxycholate) containing antigainig/ml),
aprotinin (1 pg/ml), chymostatin (1 pg/ml), leupegd.1 pg/ml), pepstatin (1
pg/ml), and 0.2 mM 4-(2-aminoethyl)benzenesulfdludride; and incubated on
ice for 20 min. Supernatants weeeovered by a 10-min centrifugation (12,000 x
g) at 4 °C,and protein concentration was determined with tiheeRBad protein
assay using bovine serum albumin as a standartei®sdq20-4Qug) were diluted
in 5x sample buffer (10% SDS and 16@M each dithiothreitol, glycerol,
bromphenol blue, and Tris-HCBnd resolved in 4-20% Novex gradient gel
(Invitrogen, USA), electrotransferred onto a niglhalose membrane. Then
proteinswere transferred onto nitrocellulose membranes |€8dter & Schilll,
Dassel, Germany), and the blots were blocked %éth(w/v) nonfat dry milk in
Tris-buffered saline and 0.1% Twe2® for 1 h at room temperature. Membranes
were incubated for 1 h at room temperature with dapgropriate dilution of
primary antibodies(1:500 dilutions) related to apoptosis and cell leyc
progression. After three 5-min washdgtgh Tris-buffered saline and 0.1% Tween
20, the blots werencubated with the corresponding peroxidase-corgta
secondargantibody (1:5000 dilutions) for 1 h at room tempera. Theyvere then
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washed again three times with Tris-buffered sading 0.1% Tween 20, rinsed
briefly with PBS, and developed wi#nhanced chemiluminescence reagents
(ECL, Amersham BiosciencegK). Western blot bands were visualized using
LAS3000° Luminescent image analyzer (Fuijifilm Life Sciendakyo, Japan).

Detection ofp-actin (1:500Cantibody dilutions) was used as control for equal
loading ofprotein.

11. Statistical analysis

Results are presented as mean +* standard errbe sh¢an (n = 3). Student’s
t-test was used to determine the level of sigmnifoea
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Results and Discussion

1. Synthesis of QAGIc

QAGIc was synthesized following scheme 1. In oresynthesize this Glc
derivative having quaternized amino functionalit§lc was reacted with
trimethylamine and 2,3-epoxypropyl chloride at sam@ar ratio. As shown in
Scheme 1, adjustment of lower pH in trimethylamsoéution was necessary in
order to increase the boiling point and it was eebd by acidification to form a
salt. When pH is increased to 9.00 by addition afOM, the salt is neutralized
and become more active to attack 2,3-epoxypropybricte. Reaction of
trimethylamine with epoxide compounds involves eoghilic substitution and
cleavage of the epoxide ring. The reaction of tthglamine and 2,3-epoxypropyl
chloride gives (2,3-epoxypropyl) trimethylammoniunchloride  which
subsequently reacts with Glc. However, an aminagrof the Glc is the most
favourable nucleophilic center under alkaline ctinds (pH 9) to react with this
intermediate. = Subsequently, the reaction between,3-dRoxypropyl)
trimethylammonium chloride and amino group of thé& G®rms quaternized
amino glucosamine. Alkaline pH as well as the addiof trimethylamine, 2,3-
epoxypropyl chloride and Glc at same mole ratioriscal for this reaction. After
extraction of the product using series of solvegtaternized amino glucosamine
(QAGIc) was obtained as a dark brown fluffy solRemoval of remaining 2, 3-
epoxypropyl chloride and tri-methyl amine was pblkesby using 100 Da dialysis
membrane because both these materials have smallecular weights compared
to Glc and QAGIc. Following dialysis, lyophilizedrquluct which contained
unreacted Glc and newly synthesized QAGIc, wasragg@d using a cationic resin
at pH 4.0. At this pH, both Glc and QAGIc are attsorto cationic resin and they
can be eluted at different salt concentrations tudifference in their cationic
properties. Finally the purified end product wasaoied as a dark brown fluffy
solid. This amount represented 50% yield (w/w)a# tveight of initial material
Glc.
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Scheme. 1. Synthesis of QAGIc from Glc.
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2. Structural confirmation of QAGIc

In comparison to the FT-IR spectrum of Glc (Fig.)lfke bend absorption
observed at 1480 cin(Fig. 1B) that represents the methyl groups in -
CH,CH(OH)CH:N"Mez confirmed the introduction of quaternized amino
functionality to Glc. This bend absorption has beesed in several other
researches that have dealt with substitution ofeqnezed amino functionality to
chitosan and chitooligosaccharides to confirm theesss in substitution (Jiyoung
et al, 2003; Ronghuat al.,2003). As depicted in Fig. 2A & 2B, informatiorofm
13C NMR spectra of the Glc and QAGIc supported tHesstution of quaternized
amino group to Glc. According to these data, thgimal material, Glc exhibited
peaks that represent configurations of C1-C-6. Going to Glc, in the spectrum
of QAGIc new chemical shifts were observed repriesgnC atoms in -
CH,CH(OH)CH:N"Mes group, atd 54.2 (N-Me), § 64.4 and> 65.1 (C-7 and C-
9) andd 57.2 (C-8) respectively. These chemical shiftsiaragreement with the
NMR data reported in similar studies that has ditareed substitution of
quaternized amino functionality to chitooligosaauties (Muzarelliet al., 1982;
Jiyounget al, 2003; Ronghuat al.,2006). FurtherrH NMR spectrum of QAGIc
(Fig. 3B) was used to confirm the existence of suhied group compared tt
NMR spectrum of Glc (Fig. 3A) and it presented nefremical shifts ab 3.1
(assigned to protons-in N-Me andd 2.8 (assigned to protons of C-7 and C-9)
(Jiyoung et al., 2003; Ronghe#al.,2006). Further, data obtained from elemental
analysis strengthened the substitution of CH(OH)CHN"Me; to Glc and
analyzed data were in agreement with the calculaimdental composition (Table
1). Taken together, these data confirm the suagkessbstitution of quaternized
amino functionality to Glc.
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Fig. 1. FT-IR (KBr) spectra of Glc and QAGIc.

28



Glc

C-3
(69.0 8)
6 -
CH,OH 3252 5 C-5a
s—o0_oH (7248) (7125 C-6
4K OH ) C-1p (61.18)
HO M= (92.1 8)
NH3 C-2p
C-la (56.2 6)
(89.0 8)
C. C-2a
b 4~ 54.3 5)
(76.35
i i i b et P £ e L P e e S e P e el
] ] ] ] [] [] [] ] ]
110 100 90 80 70 60 50 40 30
6 (ppm)

Fig. 2A.%*C NMR (D,O, 400 MHz) sp

ectrum of Glc.

29



QAGIc
C-10
(54.2 8)
C-o 'Y
o (65.1 6\
CH,OH
) ENCL C-7
ARNEGH 1 (64.4°6)
HO ng /
MesN 9% 7 NH,
10 OH
C-8
|/ (57.2 8)
¥
-WMWMLJ’JLW* T T
T T T | T T T T T
110 100 90 80 70 60 50 40 30
& (ppm)

Fig. 2B."*C NMR (D;0O, 400 MHz) spectrum of QAGIc.

30



Glc

Fig. 3A."H NMR (D;0, 400 MHz) spectrum of Glc.
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Table 1. Elemental analysis of Glc and QAGIc.

Carbon content (%) Hydrogen content (%) Nitrogen conent (%)

Anal. Cal. Anal. Cal. Anal. Cal.
Glc 33.48 33.42 6.61 6.54 6.49 6.51
QAGIc 43.61 43.57 8.19 8.23 8.52 8.47
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3. QAGIc exerted differential effects in cancer céllines derived from
different tissues.

A preliminary screening was performed to assesseffexts of QAGIc on
proliferation of cancer cells. For this purposesis treated to nine types of cancer
cell lines (Table 2) derived from different tissuasd two normal human
fibroblast cell lines. However, the toxic effecteegted by QAGIc on normal cell
lines as well as on cancer cell lines except B1&dHE were not significant (Fig. 4,
5,6,7,8).

However, QAGIc exerted higher and clear cytotoxifea on B16F1
melanoma cells after 48 h of treatment. Therefione tlependent cytoxic effect of
QAGIc on B16F1 melanoma cell line was conductedttaating QAGIc at
different concentrations, 100 pg/ml, 50 pg/ml, 1§@ml and 1 pg/ml (Fig 9).
Treatment of B16F1 cells with QAGIc for 12 h didtrmesult in a significant
reduction in cell viability even at a higher doseQAGIc (100 pg/ml), whereas,
treatment of QAGIc for 36 h resulted a significaadiuction in cell viability. The
cell viability was further decreased when cells evercubated for 48 h. Results
obtained from MTT assay performed with Glc at samitoncentrations and time
durations (Fig 10) clearly confirmed that Glc ist mgtotoxic to B16F1 cells but
the observed cytotoxic effect was due to substitutof quaternized amino
functionality to Glc.

34



Table 2. Cell lines employed to test the cytoteffects of QAGIc.

Cell line Tissue Disease
MG63 bone osteosarcoma
U937 blood histiocytic lymphoma
HepG2 liver hepatocellular carcinoma
SwW480 colon colorectal adenocarcinoma
A549 lung carcinoma
HT1080 connective fibrosarcoma
tissue
SW1353 bone chondrosarcoma
RAW264.7 ascites abelson murine leukemia
virus- induced tumor
B16F1 skin melanoma
MRC-5 lung normal
HDF skin normal
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Fig. 4. Cytotoxic effects of QAGIc on SW1353 and\W264.7 cells. To assess
cell cytotoxicity, MTT assay was performed. Cellere/ grown at a density
of 5 x 10 cells/well and- treated with-different concentratioof QAGIc.
After 48 h of incubation, cells were added with Mafd incubated for 4 h.
Finally, DMSO was added and amount of formazan \wak determined
by measuring the OD at 540 nm. Viability of cellssvquantified as a
percentage compared to non-treatment group (ODbwftreatment group
/ OD of non-treatment group x100).
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Fig. 5. Cytotoxic effects of QAGIc on A549 and HBDOcells. To assess cell
cytotoxicity, MTT assay was performed. Cells werevgn at a density of
5 x 10 cells/well and treated with-different concentragoof QAGIc.
After 48 h of incubation, cells were added with Mafd incubated for 4 h.
Finally, DMSO was added and amount of formazan \wak determined
by measuring the OD at 540 nm. Viability of cell@svquantified as a
percentage compared to non-treatment group (ODbwftreatment group
/ OD of non-treatment group x100).
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Fig. 6. Cytotoxic effects of QAGIc on HepG2 and S¥W4cells. To assess cell
cytotoxicity, MTT assay was performed. Cells werevgn at a density of
5 x 10 cells/well and treated with-different concentratoof QAGIc.
After 48 h of incubation, cells were added with Mafd incubated for 4 h.
Finally, DMSO was added and amount of formazan \wak determined
by measuring the OD at 540 nm. Viability of cell@svquantified as a
percentage compared to non-treatment group (ODbwftreatment group
/ OD of non-treatment group x100).
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Fig. 7. Cytotoxic effects of QAGIc on MG63 and U98élls. To assess cell
cytotoxicity, MTT assay was performed. Cells werevgn at a density of
5 x 10 cells/well and treated with-different concentratoof QAGIc.
After 48 h of incubation, cells were added with Mafd incubated for 4 h.
Finally, DMSO was added and amount of formazan \wak determined
by measuring the OD at 540 nm. Viability of cell@svquantified as a
percentage compared to non-treatment group (ODbwftreatment group
/ OD of non-treatment group x100).
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Fig. 8. Cytotoxic effects of. QAGIc on MRC-5 and m@l human dermal
fibroblast (HDF) cells. To assess cell cytotoxiCiMTT assay was
performed. Cells were grown at a density of 5 * t6lls/well and
treated with different concentrations of QAGIc. &fd8 h of incubation,
cells were added with MTT and incubated for 4 mally, DMSO was
added and amount of formazan salt was determinechéssuring the
OD at 540 nm. Viability of cells was quantified @s percentage
compared to non-treatment group (OD of non-treatngeoup / OD of
non-treatment group x100).
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Fig. 9. Time and concentration dependant cytotefiects of QAGIc on B16F1
cells. To assess cell cytotoxicity, MTT assay wasgrmed. Cells were
grown at a density of 5 xf0cells/well and treated with different
concentrations of QAGIc. After 24 h, 36 h and 48fhincubation, cells
were added with MTT and incubated for 4 h. Finaly1SO was added
and amount of formazan salt was determined by miegsthe OD at 540
nm. Viability of cells was quantified as a percg@ecompared to non-
treatment group (OD of non-treatment group — OQOre&tment group /
OD of non-treatment group x100).
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Fig. 10. Cytocompatible effect of Glc on B16F1 sello assess cell cytotoxicity,
MTT assay was performed. Cells were grown at aigen$ 5 x 1¢
cells/well and treated with different concentrasai QAGIc. After 24 h,
36 h and 48 h of incubation, cells were added WM#T and incubated
for 4 h. Finally, DMSO was added and amount of fazan salt was
determined by measuring the OD at 540 nm. Viabibfycells was
guantified as a percentage compared to non-treatgneap (OD of non-
treatment group — OD of treatment group / OD of -treatment group
x100).
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4. Cytotoxic effects of QAGIc observed in B16F1 delwere due to induction
of apoptosis

To ascertain whether QAGIc has a potency to indyogptosis in B16F1 cells,
DNA fragmentation assay was performed and the tesuwk shown in Fig. 11.
After 48 h of treatment a typical DNA ladder pattedue to generation of
approximately 200-bp multimers by the endonucleolgigestion was observed
in treatment groups following electrophoresis. Aacl DNA fragmentation effect
was observed in all concentrations of QAGIc in acamtration dependent manner.
These results clearly showed that QAGIc induce tgsip in B16F1 melanoma
cells. Further time dependent DNA fragmentatiorapssas performed in B16F1
melanoma cells with similar concentrations. A CIB&IA fragmentation induction
effect was observed after 36 h treatment of QAGlInficming time dependent
effect of QAGIc to induce apoptosis (Fig. 12).
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Fig. 11. DNA fragmentation assay performed in thespnce of different
concentrations of QAGIc. B16F1 cells (1€ells/ml) were treated with
QAGIc at predetermined concentrations. After 48ragmented DNA
was extracted as a pellet using Phenol-chlorofamamylalcohol DNA
extraction method. Fragmented DNA was analyzeddwgt@phoresis on
a 1% agarose gel (1 h at 80 V/30 mA) in the preserfcethidium
bromide using Tris-acetate running buffer.

44



QAGIc (ug/ml)

s
E
— \./O o
£ £ 59 8 288 2 8 8 9
S S
S o T 24 h 36 h 48 h

Fig. 12. Time dependant DNA fragmentation inducgddAGIc in B16F1 cells.
B16F1 cells (10 cells/ml) were treated with QAGIc at predetermined
concentrations for different time durations. Aftet h, fragmented DNA
was extracted as a pellet using Phenol-chlorof@masnylalcohol DNA
extraction method. Fragmented DNA was analyzeddwgt@phoresis on
a 1% agarose gel (1 h at 80 V/30 mA) in the presesicethidium
bromide using Tris-acetate running buffer.
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5. Visualization of apoptotic cells by TUNEL assay

To further confirm the ability of QAGIc to induc@aptosis, cells were treated
with QAGIc at different conditions and the reswdte shown in Fig. 13. Positive,
pyknotic nuclei were evident in the QAGIc treatealls (Fig. 13), whereas no
staining was detected in untreated cells. A cleareiase in the percentage of
TUNEL-positive cells was observed in a concentratiependent manner in cells
treated with QAGIc for 48 h.

6. Determination of apoptosis by cell cycle analysi

To study how QAGIc affect the cell cycle progressitollowing treatment of
QAGIc at 50 pg/ml concentration melanoma cells wamnitored for 48 h. Cell
cycle analysis data obtained with Pl staining réacahat cell cycle progression
was delayed at G1 phase after 24 h of treatment 1#). However significant
number of apoptotic cells was observed after 36 theatment and it progressed
with time (Fig 15). No apoptosis was detected irireated controlled cells.
QAGIc induced apoptosis was further quantitativetalyzed by flow cytometry
following staining with Annexin-V and PI. Figure Ehows the correlation over
time between the FITC-Annexin V/Pl bivariate flowt@metry analysis The
FITC+/PI- apoptotic cell population increased gratuafter 24 h. Treatment of
B16F1 cells with QAGIc for 24 h was due tothe ament of early apoptotic cells.
A higher number of early apoptotic cells were obiedrwhen cells were incubated
for 36 h and it was greatly increased after 48 tredtment. The total percentage
of apoptotic cells (lower left + lower right quadts) increased after QAGIc
treatment in a time dependent manner, whereasaubry few cells were found
in non-treated control cells. In the early stageapoptosis changes occur at the
cell surface, which have remained difficult to rgoze. One of these plasma
membrane alterations is the translocation of phatsgyiserine (PS) from the
inner side of the plasma membrane to the outerr,ldye which PS becomes
exposed at the external surface of the cell. Samreexin V is a Ca2+ dependent
phospholipid-binding protein with high affinity fd&*S this protein can be used as
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a sensitive probe for PS exposure upon the celllbnemne (Engelandt al., 1996).
However, translocation of PS to the external agffexce is not unique to apoptosis,
but occurs also during cell necrosis. The diffeeebetween these two forms of
cell death is that during the initial stages of @psis the cell membrane remains
intact, while at the very moment that necrosis ogthie cell membrane looses its
integrity and becomes leaky. Therefore the measeméewf Annexin V binding to
the cell surface as indicative for apoptosis wasop@ed in conjunction with Pl
dye exclusion test to establish integrity of thdl ceembrane. The lower left
quadrant of the cytograms shows the viable cellsichkv exclude Pl and are
negative for FITC-Annexin V binding. The upper rigiuadrant represents the
non-viable, necrotic cells, positive for FITC-Anmex/ binding and showing PI
uptake. The upper left quadrant represents thetapogells, FITC Annexin V
positive and Pl negative, demonstrating Annexin Mdimg and cytoplasmic
membrane integrity.
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Fig. 13. TUNEL stained cells after 48 h of QAGledtment. (A) Blank, (B) 5
ug/ml QAGIc, (C) 10ug/ml QAGIc, (D) 50 ug/ml and (E) 100g/ml.
B16F1 cells (1 x 1) were treated with different concentrations of
QAGIc and after 48 h TUNEL assay was employed émiidly apoptotic
cells having free 3'-OH of cleaved DNA. TUNEL assags performed
using a kit according to manufacturer’s instrucsialescribed in method.
FITC-labelled cells were visualized with fluorestanicroscope and

compared with non-treated cells.
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Fig. 14. Cell cycle analysis of B16F1 cells in gresence of QAGIc. Cells were
treated with 5Qug/ml of QAGIc and harvested after (A) O h, (B) 12h,
(C) 24 h, (D) 36 h, and (E) 48 h. Propidium iodgti@ining was used to
quantify cells undergoing apoptosis and to analgek cycle using

flow cytometer.
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Fig. 15. Quantification of apoptosis in QAGIc tredB16F1 cells after Pl staining.
Cells were treated with 50g/ml of QAGIc and harvested after (A) O h,
(B) 12h, (C) 24 h, (D) 36 h, and (E) 48 h. Propdiiodide staining was
used to quantify cells undergoing apoptosis arehtdyze the cell cycle.
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using flow cytometer.
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Fig. 16. Apoptosis quantification in QAGIc treatdsll6F1 cells following
combined staining of Pl and Annexin-v. B16F1 cellsre treated with 5Qg/ml
of QAGIc for (A) O h, (B) 24 h, (C) 36 h and (D) 48 Harvested cells were
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propidium iodide was added and the percentage afleiand dead cells were

determined by using the FL1 channel for annexinAd the FL2 channel for Pl

using XL-MCL™ flow cytometer.
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7. QAGIc induces apoptosis via induction of p53 and st target genes p21,
PUMA and suppressing MDM2

To determine the possible role of p53 in inductidrapoptosis by QAGIc in
B16F1 cells induction of p53 was assessed at diftegene expression levels. The
level of p53 transcription was quantified using RTR performed with primer
corresponding p53 gene. Data revealed that QAGEK ®tent activator of p53
gene expression in a time dependent manner (F)glithe presence of QAGIc
p53 M-RNA expression increased in a time dependerner. Moreover, this
induction was much higher than the positive conteibposide used in this
experiment. Further, reporter gene assay was daoiig following treatment of
QAGLc to test the induction of p53 promoter activit p53 promoter containing
luciferase vector transfected melanoma cells. Tdeufes in the map of the
luciferase reporter vectors used in this experimarég shown in Fig. 18.
Transfection efficiency was assessed based onuimbder and intensity of stained
cells in the presence of X-gal. The production lokelcolor is due action of beta-
galactosidase enzyme expressed in expression \fegalr on its substrate X-gal.
In the present study, transient transfection wasliisuccessful and nearly 95%
transfection efficiency could be observed (Fig. 19Fhe treatment of QAGIc at
concentrations 100 pg/ml, 50 pg/ml, 10 pg/ml andgIml resulted in a dose-
dependent increment in the luciferase activityd@ihg 48 h of incubation with
QAGIc (Fig. 19B). This luciferase activity more sty resembles the actual
regulation of p53 gene promoter activity within Isebecause the putative cis-
acting enhancer elements are existed in cloned geymegion of the vector.

Since the mechanism of p53 activation in respoms@poptosis inducing
agents involves mainly posttranslational modificasi, including phosphorylation
and acetylation (Giacciat al., 1998), western blot analysis was conducted to
analyze the induction of total p53, phospho p53 acdtylated p53 using
respective antibodies following treatment of QAGdc different time intervals.
Anticancer effects of etoposide are reported tohlgh after 24 h treatment
(Karpinich et al., 2002). Therefore in this experiment to compare éffects
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etoposide was treated for 24 h. Protein expressiall three forms of p53 was
increased in a time dependent manner (Fig. 20).ddew among three forms,
significantly increased time dependent inductiors waserved in acetylated p53
levels. Moreover, phosphor-p53 level was also imeee significantly in a time
dependant manner. Induction of both these actimagof p53 was much higher
than protein expression levels in the presencdagoside after 24 h. These data
clearly indicated the stabilization in protein eagsion levels of activated p53
forms. Several studies have suggested that adetylsites play a critical role in
Mdmz2- mediated ubiquitination and subsequent degianl of p53 (Rodrigueet
al., 2000). The observation that QAGIc stabilizes togva forms of p53 and
subsequently induce apoptosis are in agreement thitlreported results that ,
increasing levels of p53 acetylation with deacetylanhibitors found to prevent
p53 from degradation in vivo (let al., 2002), indicating that acetylation of p53
may directly regulates its stability to induce ajosis.
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Fig. 17. p53 mRNA expression in QAGIc treated BlGiells. QAGIc treated
B16F1 cells were incubated for different time dimag and total RNA
was extracted as described in methods sectionRFePCR, 1ug of
total RNA was reverse-transcribed to generate §itstnd cDNA using
AMV reverse transcriptase by reverse transcrip{iem). RT-generated
cDNA was used as a template to amplify p53 and G3RDRNA.
Specific upstream .and downstream primers were gragldor the
reaction. The amplified DNA fragments were analybgd2% agarose
gel electrophoresis and visualized by ethidium bdemrstaining. The
MRNA of G3PDH served as an internal control for gemoading and
MRNA integrity. BLK: non-treatment group; ETP: Etagide.
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Fig. 18 Map of “Gene Promoter Reporter” vector used fparter gene assay.
(A) “Gene Promoter Reporter” vector contains apprately 800 bp of
5’ flanking region and 50-200 bp of untranslategioa (UTR) of exon 1
of the NFxB gene. This ~ 1kb region is located upstream ef dtart
codone of luciferase gene.
(B) The vector backbone contains an ampicillinstsit (Amp r) gene
which allows ampicillin selection in E. coli, a pUgZigin of replication
for propagation in E. coli, and f1 origin for siegstranded DNA
production.
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Fig. 19. Induction of p53 promoter activity in tsdacted cells. B16F1 cells were
co-transfected with_p53-luciferase reporter vecaod -galactosidase
expression vector by lipofectamine. After 24 hrahtsfection, cells were
subcultured and were treated with different coneiains of QAGIc.
Luciferase enzyme activity that represents p53 ptemactivity was
determined using luciferin as the substrate. Xsjaining method was
employed to quantify transfected cells. The levélreporter gene
expression was determined as a ratio, compared naithtreated cells
and represented as relative luciferase activity. B&ta-galactosidase
staining of transfected cells. B: Relative lucifsaactivity. BLK: non-
treatment group; ETP: Etoposide.
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Fig. 20. Western blot analysis of p53 protein egpiens in B16F1 cells treated
with QAGIc. After treatment of QAGIc for differentime intervals,
whole cellextracts were obtained and resolved by denaturiD®-S
PAGE.Proteins were diluted in sample buffer and resolired-20%
Novex gradient gel. Proteingere transferred onto nitrocellulose
membranes and incubated with primary and secondatybodies
respectively. Western blot bands were developedh withanced
chemiluminescence reagents and visualized using 3088
Luminescent image analyzer. Detectionfedctin was used as control
for equal loading gbrotein. BLK: non-treatment group; ETP: Etoposide.
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8. Other target genes in apoptosis pathway that a#tted by the treatment of
QAGIc

Since the tumor suppressor p53 inhibits cell grothitbugh activation of cell
cycle arrest and apoptosis via induction of caseHdeb3 direct targets, protein
expression levels of a number of genes that ateally involved in either cell
growth arrest or apoptosis was assessed in themre®f QAGIc. These include
p21, Mdm2, PUMA, cdks and cyclins. Western blotlgsia carried out with anti
MDM2 antibody exhibited that treatment of QAGIc ghltly suppressed the
protein expression of MDM2 (Fig. 21). This suppressis favourable for the
transcriptional activation of p53 because MDM2 biadhe p53 tumor suppressor
protein and inhibits its ability to act as a tramstion factor (Momandet al.,
1992). However, contradictory results can be foumstudies that have dealt with
MDM2 expression. Some researchers suggest thatcteaotherapeutic agent
induces p53, it causes simultaneous induction pfession of MDM2. This is
because53 also activates MDM2 expression at the levdrardiscription (Wuet
al., 1993; Baraket al., 1993), suggesting that MDM2 can function as a tiega
feedback regulator of p53. However, in this reseaeven though QAGIc is not
capable of suppressing MDM2 to a greater exterahibty to greatly enhance the
stability of p53 through phosphorylation and acaigih promote its p53
dependent apoptosis function.
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Fig. 21. Western blot analysis of MDM2, p21 and PAJRtotein expressions in
B16F1cells treated with QAGIc. After treatment oAGIc for different
time intervals, whole celextracts were obtained and resolved by
denaturing SDS-PAGEProteins were diluted in° sample buffer and
resolved in 4-20% Novex gradient gel. Protevese transferred onto
nitrocellulose membranes and incubated with primang secondary
antibodies respectively. Western blot bands wereeldped with
enhanced chemiluminescence reagents and visualidad LAS3008
Luminescent image analyzer. Detectionfedctin was used as control
for equal loading gbrotein. BLK: non-treatment group; ETP: Etoposide.
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When the effect of QAGIc on the induction of p21lswassessed, the protein
expression level of p21 was increased in a timesdéent manner in the presence
of QAGIc (Fig. 21).However, induction of p21 could not be observechwite
treatment of etoposide. These data are in agreemiémtthe reported data that
expression of p53 induces growth arrest via trapsonal activation of the
cyclin-dependent kinase inhibitor p21. Furthergeffof the treatment of QAGIc
on the promoter activity of p21-promoter containlagiferase vector transfected
B16F1 cells were assessed using reporter gene. #sdage-dependent induction
of luciferase activity that represents p21 promatsivity in transfected cells was
observed when cells were treated with QAGLc. Up4ttold increment was
observed at the optimal concentration of 100 pgéonicentration (Fig. 22).
Accordingly, it was speculated that growth inhibt@ffect of QAGIc is at least
partly mediated by QAGIc induced p21 pathway byesting progression of cell
cycle arrest at Gphase.

Western blot analysis performed with anti-PUMA boty clearly exhibited
that QAGIc induced PUMA protein iexpression (Fig.).2This was expected
because PUMA has an expression pattern consistdntvecausative role in p53-
dependent apoptosis (Yet al.,, 2001). The protein encoded by PUMA was
exclusively localized to mitochondria where it isteted with Bcl-2 which is a
potent cell death-suppressor (Rextdal., 1994) and represents a unique type of
protooncogene that extends cell survival by inmbitapoptosis rather than
promoting cell proliferation (Korsmeyeet al., 1992). Treatment of QAGIc
resulted time dependent suppression of Bcl-2 progsipression (Fig. 23). In
contrast, Bax was up-regulated in a time dependemner (Fig. 24). However,
after 36 h of treatment substantial increment irx Bxpression compared to
untreated group was observed. These data suggéséedQAGIc induced
apoptosis partly by the alteration of the ratio BEI-2/Bax family protein
expression that directly affects release of cytoste C via alteration of
mitochondrial membrane permeability.
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Fig. 22. Induction of p21 promoter activity in tsdacted cells. B16F1 cells were
co-transfected with p21l-luciferase reporter veciod -galactosidase
expression vector by lipofectamine. After 24 hrahtsfection, cells were
subcultured and treated with different concentratioof QAGIc.
Luciferase enzyme activity that represents p21 ptemactivity was
determined using luciferin as the substrate. Thellef reporter gene
expression was determined as a ratio, compared naithtreated cells
and represented as relative luciferase activityKBInon-treatment
group; ETP: Etoposide.
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Fig. 23. Western blot analysis of BCI-2 protein eegsion in B16F1cells treated
with QAGIc. After treatment of QAGIc for differenime intervals,
whole cellextracts were obtained and resolved by denaturiD@-S
PAGE.Proteins were diluted in sample buffer and resolired-20%
Novex gradient gel. Proteing/ere transferred onto nitrocellulose
membranes and incubated with primary and secondatypbodies
respectively.. Western  blot _bands “were developedh withanced
chemiluminescence reagents and  visualized using 30088
Luminescent image analyzer. Detectionpefctin was used as control
for equal loading gbrotein. BLK: non-treatment group.
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Fig. 24. Western blot analysis of Bax, cytochromea@d Apaf-1 protein
expressions in B16F1cells treated with QAGIc. Afteeatment of
QAGiIc for different time intervals, whole celktracts were obtained and
resolved by denaturing SDS-PAGEroteins were diluted in sample
buffer and resolved in 4-20% Novex gradient gelot&ins were
transferred onto nitrocellulose ' membranes and iattb with primary
and secondary antibodies respectively. Western Hlahds were
developed withenhanced chemiluminescence reagents and visualized
using LAS3008 Luminescent image analyzer. Detectiorfadctin was
used as control for equal loadingpobtein. BLK: non-treatment group;
ETP: Etoposide.
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Further, QAGIc clearly induced the cytochrome C Apaf-1 protein levels in
B16F1 cells in a time dependent manner (Fig. 2490 Ahis induction followed a
similar pattern to the induction of Bax. A cleadirction of Bax as well as
cytochrome C can be seen after 36 h. These datm agreement with the fact
that during apoptosis, cytochrome C is releasedn firoitochondria into the
cytoplasm, by the Bax via alteration of membranemaability (Li et al., 1997).
Moreover, Bax and cytochrome C protein levels afi@rh of QAGIc treatment
were much similar to protein levels in the presewnéeetoposide. With this
observation, in order to assess the effect of QABIéinduce Apaf-1, protein
expression levels of Apaf-1 in the presence of QABere tested following the
same treatment durations. A significant inductiémpaf-1 protein compared to
that of non-treated group was observed followigtiment of QAGIc to cells. In
untreated group a slight expression level was eksewhereas QAGIc increased
the expression of Apaf-1 protein level in a timgeledent manner. The central
importance of this study is manifested by the olmtésn that Apaf-1 is induced
following treatment of QAGIc becasue in cancershsas malignant melanoma
(Soengagt al.,2001) it is frequently mutated.

Further, concurrent induction of caspase-9 expoassias observed in the
presence of QAGIc (Fig. 25). This was an expectsult because processed
caspase-9 remains associated with the apoptosoméal®-enzyme to maintain
its catalytic activity, (Rodrigueet al., 1999) and the apoptosome serves as an
allosteric regulator for the enzymatic activitya#spase-9. Induction of members
in the apoptosome in the presence of QAGIc confirnits apoptotic and
anticancer potential since Apaf-1l/caspase-9 pathweediates a variety of
apoptotic stimuli including those initiated by thetivation of tumor suppressor
proteins and oncogenes.

In line with the induction of capase 9 a simultamemduction of caspase-3
protein level was observed in western blot datacgeded with anti-caspase-3
antibody (Fig. 25). Apoptosis is executed by a adscof caspase activation
(Thornberryet al.,1998). The activation of an effector caspase, sisctaspase-3,
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is performed by an initiator caspase, such as easpathrough proteolytic
cleavage at specific Asp residues. Therefore aadivaof initiator caspase,
caspase-9 in the presence of QAGIc can activateeffexctor caspases and
subsequently cleave numerous cellular targetsjrigad cell death. Moreover, in
order to confirm the effect of QAGIc on the functiand activation of caspase
members functioning in extrinsic pathway of apogogrotein level of caspase-8
was assessed following treatment of QAGIc in a Wapendent manner. However,
the caspase-8 level was not changed with the tesdtmf QAGIc confirming
QAGIc cannot exert any effect via death receptgnaing pathway (Fig. 25).
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Fig. 25. Western blot analysis of caspase-9, caspaand caspase-8 protein
expressions in B16Flcells treated with QAGlc. Afteeatment of
QAGiIc for different time intervals, whole celktracts were obtained and
resolved by denaturing SDS-PAGEroteins were diluted in sample
buffer and resolved in 4-20% Novex gradient gelot&ins were
transferred onto nitrocellulose membranes and iatt with primary
and secondary antibodies respectively. Western Ilahds were
developed withenhanced chemiluminescence reagents and visualized
using LAS3008 Luminescent image analyzer. Detectiorfadctin was
used as control for equal loadingpobtein. BLK: non-treatment group;
ETP: Etoposide.
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9. QAGIc exerted inhibitory effects on proteins th& are necessary for the
progression of the cell cycle

In order to confirm the potency of QAGIc to arresbgression of cell cycle,
cyclin D, E and cdk2/4/6 levels were assessed. d$ worth assessing these
protein levels in the presence of QAGIc, becaussepr expressions of the
cyclins and cdks, are regulated by p21. QAGIc ineait of the cells resulted in a
dose- and timedependent decrease in protein expness cyclin D and cyclin E
(Fig. 26) as well as cdk2, cdk4, and cdk6 (Fig.. 2§). In the time-dependent
study, the decrease in cyclin D protein was mooa@unced than that of cyclin E.
In the time-dependent study, however, the leveleyalin D was found to be
inhibited by QAGIc treatment as early as 12 h afteatment, but the inhibitory
effect of the same treatment on cyclin E was evioefy after 24 h of treatment.
Similarly, the decrease in the protein expressiocd&4 and cdk6 was found to be
more pronounced than that of cdk2 (Fig. 27).

Since the retinoblastoma protein (Rb) is the m&aoget of cyclinD1-cdk4/6
for cell cycle regulation and is also present intantiform in a number of cancers
(Sherret al., 1994) its protein expression level was studiedha presence of
QAGIc. Interestingly and as. expected, treatmentQ#Glc into B16F1 cells
induced RB expression (Fig. 28). Since the levélsd&2, 4 and 6 levels that are
were decreased in the presence of QAGIc it wowdd tbe phosphorylation of RB
and RB-mediated passage through the phase of the cell cycle. The
retinoblastoma (RB) family of proteins has beenvahdo regulate the activity of
members of the E2F family of heterodimeric transesn factors in a variety of
cell culture studies. In agrrement with the facttRB proteins bind directly to
E2F proteins and repress E2F-mediated transcriptimiuction of Rb protein
expression followed a suppressed E2F protein esioegFig. 28). This further
confirms the cell cycle arrest in the presence A3 because regulation of the
various E2F family proteins potentially links trangtional activation and
repression to the control of cell cycle progressidme activity of the E2F proteins
is known to be regulated in a cell cycle-dependaahner, and fluctuations in
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E2F activity enable the coupling of an intricatebws gene expression programs
with cell cycle position (Dyson, 1998). Thereforken together these results
confirm the ability of QAGIc to arrest cell cycleqgression at the G1-S boundry.
Moreover effects of QAGIc on cell cycle related teio expression levels are in
line with similar potency bearing anticancer commas!
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Fig. 26. Western blot analysis of cyclin D and aydE protein expressions in
B16F1cells treated with QAGIc. After treatment oAGIc for different
time intervals, whole celextracts were obtained and resolved by
denaturing SDS-PAGEProteins were diluted in sample buffer and
resolved in 4-20% Novex gradient gel. Protevese transferred onto
nitrocellulose .membranes and incubated-with primang secondary
antibodies respectively. Westernblot bands wereeldped with
enhanced chemiluminescence reagents and visualidadg LAS3008
Luminescent image analyzer. Detectionpefctin was used as control
for equal loading gbrotein. BLK: non-treatment group.
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Fig. 27. Western blot analysis of cdk2, cdk4 an&6cgrotein expressions in
B16F1cells treated with QAGIc. After treatment oAGIc for different
time intervals, whole celextracts were obtained and resolved by
denaturing SDS-PAGEProteins were diluted in sample buffer and
resolved in 4-20% Novex gradient gel. Protenese transferred onto
nitrocellulose. membranes and incubated with primang secondary
antibodies respectively. Western blot bands wereeldped with
enhanced chemiluminescence reagents and visualidadg LAS3008
Luminescent image analyzer. Detectionfedctin was used as control
for equal loading gbrotein. BLK: non-treatment group.
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Fig. 28. Western blot analysis of Rb and E2F protipression in B16F1cells
treated with QAGIc. After treatment of QAGIc for figrent time
intervals, whole cekxtracts were obtained and resolved by denaturing
SDS-PAGEProteins were diluted in sample buffer and resolved-
20% Novex gradient gel. Proteimgere transferred onto nitrocellulose
membranes and incubated with primary and secondatybodies
respectively.. Western  blot bands “were developedh withanced
chemiluminescence reagents and  visualized using 30088
Luminescent image analyzer. Detectionpefctin was used as control
for equal loading gbrotein. BLK: non-treatment group.
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10. The proposed special feature of QAGIc mediatedpoptosis in B16F1
melanoma cells

During this study it was observed that QAGIc exedehigher cytotoxic effect
on B16F1 cells but the positive control etoposideld not kill BL6F1 cells by
inducing apoptosis. This observation is in agredmeth reported findings that
inactivation of apaf-1 in melanoma promotes itsncbeesistance in the presence
of well known anticancer agents. Indeed, cells witihelanoma lesions reported
to possess an inherently low level of spontaneqaptasis, and resistance to
apoptosis that correlated with increased metaspatiential in animal models of
melanoma (Fujimotaet al., 2004). Therefore a few number of anticancer drug
agents have become effective in melanoma cell pssgyn. There is also
evidence for increased resistance to apoptosiselamocytic nevi compared to
isolated melanocytes, suggesting that the acquisdf apoptosis resistance may
be an early step in the malignant transformati@mfrnormal melanocyte to
melanoma (Soengas al.,2001). However, treatment of etoposide to B16HIE ce
led to clear induction of functional p53 levels.igted a necessity to elucidate the
target protein that essentially altered only inphesence of QAGIc, but not in the
presence of etoposide that favors QAGIc mediatedptagis in melanoma.
Careful assessment of apoptosis related proteiresgion levels in the presence
of QAGIc and etoposide suggested that etoposide neasffective to activate
Apaf-1 protein expression that was greatly indusedhe presence of QAGIc.
These results suggested the notion that QAGIc s#tipely involved in induction
of apoptotic related events mainly via inductiorApgf-1.

Therefore to obtain detailed mechanistic evaluatBh6F1 cells and other
cancer cells used in this study were treated witpaside. Following incubation
for 48 h protein levels of Apaf-1 and caspase-9ewassessed using western blot
analysis. As expected a clear decrement in exmmesksivel of Apaf-1 was
observed in B16F1 cells after 48 h of etoposidattnent (Fig. 29). All the other
cell lines exhibited a clear expression of Apafrltihe presence of etoposide.
Simultaneously, all other cell lines except B16Ellscexpressed higher levels of
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caspase-9 protein expression proving better funaing of apatosome. This
partly cleared the mechanism of QAGIc in B16F1s#iht it induces apoptosis in
this cell line via induction of Apaf-1. Because, a1 has been shown to be a key
element involved in the mitochondria-dependent &g, that bind to
cytochrome C and favoring activation of caspasé-Orther, the study was
elaborated with the treatment of QAGIc and etopmsdparately. QAGIc and
etoposide were treated simultaneously in a sepataer experiment to B16F1
cells in a time-dependent maneer. However, etopasidid induce neither Apaf-1
nor caspase-9 in B16F1 cells when it was treatemtlle alone (Fig. 30). Further,
the results demonstrated that QAGIc induced Apafdl caspase-9 levels in a
time-dependent manner. However, simultaneous tesdtnof QAGIc and
etoposide clearly increased both Apaf-1 and cas@gs®tein levels indicating
the ability of QAGIc to induce apoptotic potencyBA6F1 cells via activation of
Apaf-1. Taken together, overall effects of QAGIBh6F1 cells that led apoptosis
are illustrated in a proposed apoptotic signaliagcade (Fig. 31).
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Fig. 29. Western blot analysis of Apaf-1 and casgagrotein expressions in
different cancer cell types treated with etoposiéiter treatment 48 h,
whole cellextracts were obtained and resolved by denaturidg-BAGE.
Proteins were diluted in sample buffer and resolued-20% Novex
gradient gel. Proteingere transferred-onto nitrocellulose membranes and
incubated with primary and secondary antibodiepeetvely. Western
blot bands were developed wigmhanced chemiluminescence reagents
and visualized using LAS3080.uminescent image analyzer. Detection of

B-actin was used as control for equal loadingrotein.
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Fig. 30. Western blot analysis of Apaf-1 and casgagrotein expressions in
B16F1cells treated with etoposide and QAGIc inedptermined pattern.
After treatment, for different time intervals, wkotellextracts were
obtained and resolved by denaturing SDS-PA&Bteins were diluted
in sample buffer and resolved in"4-20% Novex gnaidgel. Proteins
were transferred onto nitrocellulose membranes iodbated with
primary and secondary antibodies respectively. gvadblot bands were
developed withenhanced chemiluminescence reagents and visualized
using LAS3008 Luminescent image analyzer. Detectiorfadctin was
used as control for equal loadingpobtein. ETP: Etoposide.
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Fig. 31. The proposed signaling cascade of thetsfigf QAGIc in B16F1 cells.
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11. Summary

In the present research glucosamine was used astaning material to
synthesize a novel cationic glucosamine derivatie@ing quaternized amino
functionality. This novel glucosamine derivativeeeted a cell specific cytotoxic
effect in B16F1, murine skin cancer cell line intime and concentration
dependent manner. DNA fragmentation analysis cowfir that QAGIc Kills
B16F1 cells by inducing apoptosis. Further, celtleyanalysis of B16F1 cells
revealed that cell cycle progression was delaye@,gbhase in the presence of
QAGIc. Moreover, apoptosis quantification studigesented the increment in
subcellular G phase that represent cells undergoing apoptdsistedatment with
QAGIc. Western blot analysis performed to studytgiro expression levels
exhibited that active forms of p53 gradually in@eawith time when the cells
were treated with QAGIc leading to the stabilizataf p53 function in melanoma
cells. Further, reporter gene assay results coatirrthe ability of QAGIc to
induce promoter activity. of p53 in melanoma ce{mncurrently, induction in
protein expression levels of cytochrome C, Apafqid aaspase-9 confirmed
QAGIc followed a mitochondrial pathway of apoptosisB16F1 cells. This was
facilitated with the alteration of mitochondrial mbrane permeability that
determined from the induction of Bax and decremiananti-apoptotic protein
Bcl-2. Time-dependent increment in cdk inhibita2,lpled subsequent reductions
in E2F, cyclin D/E and cdk2/4/6 levels disturbimgrtsition of cell cycle from G
to S phase. However, unchanged protein expressimi bf caspase-8 revealed
that QAGIc could not act to induce apoptosis bylieg death receptor signaling
pathway. Further, induction in Apaf-1 level in theesence of QAGIc found to be
affecting greatly to induce cascade of signalingnés subsequently resulting
apoptosis. Therefore, this study gives an insigtd the signaling pathway and a
possible mechanism of positively charged small mdke that exert anticancer
effects including apoptosis.
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Introduction

During the last few decades, the discovery of naticancerlagents has been
targeted based on the development of compoundsrteaferewith nonspecific
intracellular processeMore recently, new understanding of tumor cell bdgyl
has permittedhe identification of such cellular processes the¢ specifically
altered in cancer cells and responsible for autausgrowth and replication,
invasion of surrounding tissues, afwdmation of metastases. These abnormal
processes, some of whidan be targeted therapeutically, include the over-
expression ofmolecules involved in tumor invasion and metastaglsugs
targetedto these processes are expected to specificallyplighegrowth of
malignant tumors without altering normal tissued, #merefore, to cause minimal
toxicity. Many such agents are currentlydergoing clinical evaluatioRotential
targets for new drugs include the matrix metallopreasegsMMPs), a group of
proteinases that have physiologic roles degrading and remodeling the
extracellular membrane.

1. MMPs: Definition, function and regulation

The MMPs are a family of zinc-dependent neutral opegtidaseshat are
collectively capable of degrading essentially afl tbe components of the
extracellular matrix (Chambegt al., 1997). TheMMPs were originally described
as the enzymes responsible @issolution of the tadpole tail, and subsequent
studies havendicated that these proteases, which are syn#tbdiy connective
tissue cells, are important for the remodeling loé Eextracellulamatrix that
accompanies physiologic processes, such as utakiakition, bone resorption,
and wound healing (Kahaet al., 1999; Rayet al., 1995; Kleineret al., 1999).
The human MMP gene family consists of at leastth@ctirallyrelated members
that fall into five classes according to thphimary structure and substrate
specificity: collagenases (MMP-MMP-8, and MMP-13), gelatinases (MMP-2
and MMP-9), stromelysindIMP-3, MMP-7, MMP-10, MMP-11, and MMP-12),
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membrane type (MT)-MMPEMT1-MMP, MT2-MMP, MT3-MMP, and MT4-
MMP), and nonclassifieMMPs (Kleineret al., 1999). The general structure of
the MMPs includea signal peptide, a propeptide domain, a catatidimain with

a highly conserved zinc-binding site, and a haemiopiéke domain that is linked
to the catalytic domain by a hinge region. In addit MMP-2 and MMP-9
contain fibronectin typd inserts within the catalytic domain, and MT-MMPs
containa transmembrane domain at the C-terminal end ofh#emopexin-like
domain. The haemopexin domain is absent in the lsstaMMP, matrilysin
(MMP-7). MMPs are highly regulated at the levels of bothegerpressioand
protein activation. Transcriptional regulation ofM\#? geness mediated by an
AP-1 regulatory element-in their proximalomoter regions (Finet al., 1998).
Most MMPs are secreted as latent precursors (zyns)gbaiare proteolytically
activated in the extracellular space. Pne-MMPs are retained in their inactive
form by an interactiorbetween a cysteine residue located in the propeptid
portion of the molecule with the catalytic zinc atom, blimck the accessf
substrates to the catalytic pocket of the enzymaeid®proteolytic cleavage of the
propeptide dissociates the covaleond between the cysteine residue and the
catalytic site andxposes the catalytic site to the substrate. MMEsetivatedh

an orderly fashion, with one activated MMP cleavargl activatinghe next in a
complex and only partially deciphered netwofkproteases in the extracellular
space (Murpht al.,1999).

The proteolytic activity of MMPs is inhibited bydlspecific tissue inhibitors
of the metalloproteinas€¥IMPs). The TIMPs are a family of four structurally
relatedoroteins (TIMP-1, -2, -3, and -4), which exert aboontrolon the MMPs
by inhibiting both the active form of the MMPs ahéir activation process. The
TIMPs inhibit the enzymatic activitgf all members of the MMP family by
formingnoncovalent stoichiometric complexes with the actinc-bindingsite of
the MMPs In addition, the TIMPs inhibihe catalytic activation of many pro-
MMPs, with various membercs the TIMP family having preferential inhibitory
capabilities against the different pro-MMPs. For example, TIMPtarms
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preferentialcomplexes with pro-MMP-9, whereas TIMP-2 and TIMRexhibit
higher affinity for pro-MMP-2 (Gomoeet al.,1997; Henriett al.,1999; Nemeth
et al.,1996).

2. Role of MMPs in tumor growth, invasion and metatasis

MMPs are overexpressed in multiple tumor types wt@mpared to normal
tissues (Mannellet al, 2005, Egeblad and Werb, 2002). The up-regulasiche
MMPs may be a secondary effect of the remodelinthefmatrix and/or growth
characteristics of the tumor (Sternlicht and We2001). However, in cases in
which increased MMP levels have been shown to bengtindicators of a
negative prognosis, it is-more likely that targgtithose enzymes will impact
tumor progression; several studies pointed to th&siple use of MMPs in the
future to augment treatment strategies in specdicers (Agnantist al, 2004,
Mannelloet al, 2005, Wilsoret al., 1997, Itohet al., 1998; Massort al.,1998).
MMPs were classically thought to contribute to tumwetastasis via their matrix
degrading activity, but in recent years, studiegehaplicated MMPs at virtually
all stages of tumor progression from initial deysient of the tumor, growth,
angiogenesis, invasion, and metastasis and gravttteassecondary site (Egeblad
and Werb, 2002). There are several ways in whichRdMan increase tumor cell
proliferation: first of all, MMPSs can release thellanembrane-bound precursors
of some growth factors; they can render bioavditgbof peptide growth factors
that are sequestered by ECM proteins and morebegrdan control proliferation
signals through integrins (McCawley and Matrisia@01; Martinet al., 1999;
Maneset al., 1997). MMPs also confer anti-apoptotic charactiessto cancer
cells as can be seen by the release of FasL (Maretedl, 2005). For tumor cells
to continue growing and to migrate to distant sitee formation of new blood
vessels is a fundamental step and many studies emidlogenous and synthetic
inhibitors indicate the central role MMPs occupytims process (Hanahan and
Folkman, 1996). MMPs can favor new blood vesselosjng by simply
eliminating physical barriers through the degramfatiof ECM structural
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components, or by the generation of pro-angiogégtors. In fact, it has been
demonstrated that the cleavage of collagen typexiposes a cryptic binding site
essential for endothelial cell migration increasthg bioavailability of the pro
angiogenic vascular endothelial growth factor @fwal, 2001). For tumor-cells to
migrate and metastasize, it is necessary to break deveral ECM barriers, and
cell movement is strongly associated with proteslgsd requires bi-directional
interactions between cell and ECM (Sternlicht anefh)y2001). MMPs take part
in all events that lead to tumor cell detachmentasion of the basement
membrane and surrounding stroma and colonizatione®f sites. Cancer cells
must first detach from the primary tumor cleavirgjl-surface E-cadherin and
down regulating cell-cell adhesion mechanisms (Egeband Werb, 2002).
Moreover, tumor cells must detach from the ECM ae@jhboring cells and the
MMP-dependent cleavage of cell-matrix adhesionptxe can favor this process
(McCawley and Matrisian, 2001, Xat al, 2001). It is well known that cancerous
cells have the capacity of resisting and escapioim immune surveillance and it
is becoming evident that MMPs are involved in thegasion mechanisms (Sheu
et al, 2001). The establishment of tumor cells in nestatht sites necessitates a
strong interaction between the malignant cells #redhost tissue stroma. Even
though tumor cells express their own pattern/séfigiPs, it is becoming evident
that they can direct MMP expression by endothalélls, fibroblasts, and also
leukocytes (Stamenkovic, 2003). The MMPs secretethé stroma are important
in tumor-directed tissue remodeling, not only tlgiouphysical structural
modifications, but also and more importantly, tlgbiuthe release and increased
bioavailability of molecules that can enhance turgoswth, angiogenesis and
tumor cell migration (Egeblad and Werb, 2002). Tiechanisms of MMP
expression are very complex. MMP transcription t&nregulated by growth
factors, cytokines, and oncogene products, whichbeareleased by the stroma or
by tumor cells themselves (Manneko al, 2005). MMPs are overexpressed in
many types of cancerous tissue and often it igshetancer cells themselves, but
rather the host stroma that produces the MMPs (BtadtWerb, 2004), suggesting
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that the tumor actively interacts and communicatgh its surrounding stroma,
causing overexpression of numerous MMPs. These MM&sst in tumor
invasion by remodeling of the surrounding matrirdan promotion of tumor
growth in a network where a single MMP cleavesaerinatrix components and
activates other latent MMPs. Distinct MMPs are\aziiluring different stages of
tumor development (Egeblad and Werb, 2002). Whemsidering prognostic
implications of MMP expression, the clinician shibude aware that the host
response to the tumor itself is able to provideangmt prognostic information.
MMPs expressed by the tumor itself are also importar studying prognostic
significance, as MMP expression is increased arahgly correlated with tumor
Invasiveness and poor prognosis reinforcing theepnthat MMPs contribute to
human cancer development (Agnargisal, 2004; Lynch and Matrisian, 2002;
Lochter et al., 1999; Folkman, 1995). In some cases, mouse madelsmor
progression have complemented some of the data lioman tumors regarding
the role of MMPs in tumor progression (Bernhatdal., 1994; Huaet al., 1996,
Kawamataet al.,199). In fact, in experimental models of metastatie injection
of tumor cells into the tail vein of mice deficiemt MMPs resulted in fewer
tumors growing in the animals relative to mice thedre wild type for MMPs,
complementing data showing decreased prognosincet patients with elevated
MMPs. Studies provide further evidence for the wudespecific MMPs as
prognostic factors (Nelson et al., 2000, Vihnemlet2002]. Research to identify
MMPs as potential new biomarkers has shown that MM very specific for
types and stages of cancer (Egeblad and Werb, 20dtPa et al, 1980; Agnantis
et al, 2004; Egeblad and Werb, 2002). MMPs can be usafypredicting tumor
recurrence and metastasis risk (Vihnen and Kal2802; Bode and Maskos,
2001; Egeblad and Werb, 2002, Vihnen and Kahaf®220Further complicating
the story of MMPs as biomarkers is the data thatwsthat not all MMPs are
markers of poor prognosis and that sometimes, agmanted expression of
MMPs correlates with better clinical results omatraent response (Kuittinest al,
2002; Kuittinenet al, 1999; Nikkolaet al, 2001, Scorilaet al, 2001). These
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data point to the necessity of further careful ssidn order to target detrimental
MMPs without altering those that may actually pd&vibetter outcome to cancer
patients (Brinckerhoff and Matrisian, 2002). In erdto inhibit growth and
invasion of cancer cells, many hypotheses have tseamn into consideration to
block MMP activity in the extracellular environme(i¥litsiadeset al, 2001).
Studies using small molecule inhibitors of MMPs aarly disease provide
evidence that MMP inhibitors (MMPIs) would be udeds therapies to treat and
prevent metastasis (Overall and Lopez, 2002). Ia way, there may be the
possibility for a new approach to cancer treatmientaddition to traditional
cytotoxic therapy.

Whether specific members of the MMP- family are amged with
oncogenesis of specific cancer types is still atenaif debate and varies among
the tumortypes and stage of lesions studied. However, thatigaseMMP-2
and MMP-9) have been most consistently detectednalignanttissues and
associated with tumor aggressiveness, metagiatential, and a poor prognosis.
Therefore, these enzymes are suggested to be pmgmiargets for the
development of antitumor drugs. The involvementtioése two enzymes in
degrading type IV collagen. which is a major compuanef the basement
membrane indicates their contribution to metast&isnber of studies has shown
that MMP-9 levels are significantly elevated durthg metastatic progression of
malignant tumors since it requires proteolytic @egtion of ECM components in
basement membrane and stroma tissues. Elevateassigr of MMP-9 is
associated with increased metastatic potential amymcancer types including
breast cancer, prostate cancer, brain cancer, ora@nd fibrosarcoma (Sehgal
et al, 1996; Racet al, 1993; Jonest al, 1999; Hujaneret al, 1994). MMP-9
was detected in 68% of primary breast carcinomdthierein the stromal
compartment or adjacent to tumor cells (Jogtesl, 1999). Furthermore, elevated
serum levels of MMP-9 were shown to correlate vgiffontaneous metastasis in
rat mammary tumor models (Nakajima al, 1993). In addition, there is data to
show that inhibition of MMP-9 expression and/oriaty resulted in reduction of
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in vitro as well as tumor invasion and metastasianimal studies (Lozonscht
al., 1999; Garbisaet al, 1987; Davieset al, 1993). HT1080 cells, a human
fibrosarcoma cell line have been used extensivelg anodel to study MMP-9/2
activity and expression. Similar to various othealignant tumors these cells
express MMP-9 and MMP-2 at a higher level.

The MMP-2 promoter has a number of potential cisgc regulatory
elements (Qinet al, 1998). However, in recent years, NB- dependent
activation of MMP-2 has been reported (Kim and K&Bp0). Studies on the
promoter of MMP-9 have clearly identified that iianscription is mediated
mainly via AP-1 transcription factor binding inteti@mns. However, other reports
on the promoter of MMP-9 suggest the involvemeniBf«B transcription factor
for the activation of MMP-9 (Yooet al, 2002).

Even though NReB and AP-1 transcription factors are regulated iffgicbnt
mechanisms, they appear to be activated simultaheby the same multitude of
stimuli (Abateet al.,1990; Faret al.,2002). A number of reports have shown that
these transcription factors appear to be regulbyethe same intracellular signal
transduction cascades. Indeed, the activation tiigen activated protein kinases
(MAPK) is often accompanied by the nuclear trarstmn of NF«xB, and many
genes require the concomitant activation of AP-@l &F«B, suggesting that
these transcription factors work cooperatively (Waet al.,1995). Three MAPK
groups have been intensively studied: the extnaleellsignal-regulated kinases
(ERKSs) responsive to mitogens such as growth fagttire c-Jun N-terminal
kinases (JNKs) and p38 MAPKs, which are activated gooinflammatory
cytokines and environmental stresses (Whitmarsh@ands, 1996, Minden and
Carin, 1997). In tumors sustained MAPK activatioould lead to enhance
induction of proteolytic enzymes in the surroundiegvironment, leading to
destruction of ECM a key histological marker of asive carcinomas. In
metastatic cells specifically ERK activity was shote be higher when compared
to nonmetastatic cancer cells (Parskal., 1997; Coutts and Murphy, 1998;
McCawleyet al, 1999; Adeyinkaet al, 2002). In response to extracellular stimuli,
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phosphorylated ERK translocates from cytoplasm he hucleus and in the
nucleus ERK activates a host of transcriptionaltdiec including activating
protein-1 (AP-1). Persistent activation of ERK iralignant cells can lead to
enhanced induction of MMPs and this could lead ©GMEand basement-
membrane degradation allowing the cancer cellsniade into surrounding
tissues and metastasize (Overall and Lopez, 20§2hIBd and Werb, 2002).

3. Current and future developments

Matrix metalloproteinases are considered promisamgets for cancer therapy
due to their strong involvement in malignant pabligids, as their expression is
up-regulated in such diseases and because thejyegaade all components of the
extracellular matrix. Preclinical studies analyzibMP  inhibition in tumor
models brought positive results raising the ided the development of strategies
to inhibit MMPs may be a powerful tool to help defyncer. Experimental models
have been carried out to study the blocking of Miyygire transcription based on
targeting extracellular factors, signal-transducipathways or nuclear factors that
activate expression of these genes.

Pleiotropic multiple mechanisms of inhibition of tma metalloproteinases by
biodrugs may be of significant importance to oudenstanding of the mechanism
by which nutraceuticals elicit. their. antiangiogenianti-tumoral and anti-
metastatic effects. The strong inhibition of gelalytic activities, the control of
MMP gene expression and the antagonization of MM&ivaion by
nutraceuticals may provide novel and plausible ol mechanisms for how
biodrugs obtained from natural dietary constituengsy inhibit the growth and
vascularization of rapidly proliferating neoplastells, through the additional
support of substances created by Nature, with 8pddiMP inhibition activity
useful in cytostatic therapies of the innovativeatment of cancer.

The naturally occurring inhibitors of MMP activityf IMPs) werethe first
compounds to be considered for clinical developniémoretically, the ability of
TIMPs to potently and specificaliphibit the activity of several MMPs could
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result in a beneficidherapeutic effectHowever, the lack of effective methaafs
systemic gene delivery has limited the clinicalitytiof this approach, whereas the
development of synthetic inhibitocd MMPs has been actively pursued and
widely tested in clinicairials. Inhibitors of MMPs fall intahree pharmacologic
categories: 1) collagen peptidomimetacsl nonpeptidomimetics, 2) tetracycline
derivatives, and 3)isphosphonates.Problems with the peptidic MMP inhibitors
include poor orabioavailability (except for marimastat) and a reatlackof
specificity for the MMPs thought to contribute tancemprogressionin an effort
to avoid these problems, sevarahpeptidic MMP inhibitors have been rationally
synthesizedon the basis of the three-dimensional x-ray criggehphic
conformation of the MMP active site. Several ofsitnanoleculesemonstrated
antitumor activity -in preclinical models and weselected for clinical
development. The rational chemidaisign of MMP inhibitors made possible the
synthesis of compoundwith specific inhibitory activity against the MMP
subtypes thgiredominate in certain diseases, such as cancartmniis.

The earliest MMP inhibitors were peptide derivasivdesigned from the
knowledge of the amino acid sequence of collagethatsite of cleavage by
collagenase. With the development in the field, iciadl chemists focused away
from the peptidic inhibitors because of the diffi@s in obtaining good oral
activity and lack of specificity for MMPs. As a d§ a number of non-peptidic
inhibitors have been discovered by high-throughgmueening of natural product
and also potent MMP inhibitors have been synthdsizigh desirable chemical
functional groups.

Among known MMP inhibitors doxycycline, a tetraape derivatives has
reported to be involved in MMP inhibition via a nber of mechanisms. It has a
potency to inhibit both the collagenases, MMP-1,a®d -13, and the gelatinases,
MMP-2 and -9, via mechanisms including 1) blockitg activity of mature
MMPs by chelation of the zinc atom at the enzymadinig site, 2) interfering
with the proteolitic activation of pro-MMP into tineactive form, 3) reducing the
expression of MMPs, and 4) protecting MMPs fromteobytic and oxidative
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degradation. Doxycycline has been evaluated inlipreal cancer models and has
entered early clinical trials in patients with ngalant diseases. According to
reported data, these tetracycline derivatives ihimbt only the activity but also
the production of MMPs and are suggested for thattnent of disorders in which
the MMP system becomes amplified, such as degeveraisteoarthritis,
periodontitis, and cancer.

As a material which can exert anticancer effecis Imghly metastatic cell line
melanoma, its worth to study capability of QAGIc d@ot against metastasis by
blocking the cellular invasiveness of cancer célts. that, assessment of its effect
on MMP’s is important because cancer cells invadgacent tissues via
production of matrix metalloproteinases. More spedlly, to speculate ability of
QAGIc to act against metastasis, MMP-2 and MMP-QRs that have been
reported to be greatly involved in tumor progresswere selected as targets.
Therefore, this part of the research was desigaddst the effects of QAGIc on
MMP2/9 activity and expression in HT1080, humamdgarcoma cell line.
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Materials and Methods

1. Materials

HT1080 cells were obtained from American Type oflt@e Collection
(Manassas, VA, USA). All the materials required éoifturing of cells including
cell culture media were purchased from Gibco BRIife dechnologies (USA).
MTT reagent, gelatin, agarose, doxycycline, PMAofilol 12-myristate 13-
acetate) were purchased from Sigma Chemical ColL¢8ts, MO, USA).

2. Cell culture

Human fibrosarcoma cells (HT1080) were culturedMEM supplemented
with 10% fetal bovine serum, 2 mM glutamine and 1L@®ml penicillin-
streptomycin. For experiments, cells were detaehiddtrypsin-EDTA and plated
onto 24- or 96-well plates at a plating density7eflC’ and 1.5x10 per well,
separately.

3. Cytotoxicity determination of QAGIc in fibrosarcoma cells

Cell viability was evaluated with the« 3-(4,5-dimgt2-yl)-2,5-
diphenyltetrazolium bromide (MTT) method which reeges conversion of
tetrazolium salt in to blue formazan by viable &k described by Hansehal.
(1989). Briefly, Equal number of HT1080 cells (40€€lls per well) cultured in
96-well plates with serum and serum free media weeated with various
concentrations of QAGIc for 24 h and for 48 h. Aftlee incubation period, cells
were rewashed and 1Q0 of MTT (1 mg/ml) was added and incubated for 4 h.
Finally, DMSO (100ul) was added to solubilize the formazan salt forraed
amount of formazan salt was determined by measthie@ptical density (OD) at
540 nm using GENids microplate reader (Tecan Austria GmbH, Austria)..
Relative cell viability was determined by the ambwi MTT converted to
formazan salt. The percentage of viable cells coethbdo the control was
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calculated as (OD of treated cells — OD of blai@D of control — OD of blank)
x100 and dose response curves were developed.afhevdre expressed as mean
from at least three independent experiments &@.05 was considered
significant. Nontoxic concentrations (below 10%l a#dath), of tested sample
were selected to carryout related assay procedures.

4. Gelatin zymography

MMP-9 and MMP-2 activities in HT1080 cells was agsh by gelatin
zymography as described previou¥iyFor this, approximately 2x%0cells/mL
HT1080 cells in serum free DMEM medium were seeted4-well plates and
pre-treated with different concentrations of QAGIad Glc for 1 h. MMP
expression was stimulated by treatment of PMA (Hdmh) and cells were
cultured for 48 h. Cell conditioned medium was salgd to substrate gel
electrophoresis. Similar amount of protein contagnconditioned media were
applied without reduction to a 10% (w/v) polyacmgide gel impregnated with 1
mg/mL gelatin. After electrophoresis; gel was waksire 50 mM Tris-HCI (pH
7.5) containing 2.5% Triton X-100 at room temperatand incubated overnight
at 37°C in zymography developing buffer containiigmM CaC4, 50 mM Tris-
HCI, and 150 mM NaCl. The gel was then stained vatlsolution of 0.1%
Coomassie Blue. In this assay clear zones agdimsbltie background indicate
the presence of gelatinolytic activity. The imadettee gel was recorded using
Fujiflm Image Reader LAS-3000 software in Sciemteage System, LAS 3000
(Fujifilm Life Science, Tokyo, Japan). The gelatyta activities were quantified
using Multi Gauge V3.0 software.

To assess direct inhibitory activity against thezyeme present in the
supernatant a separate experiment was conductesdlyFHT 1080 cells were
treated with PMA (10 ng/mL) and incubated for 3 sldg obtain conditioned
media containing MMP’s. These conditioned media thas treated with similar
concentrations of doxycycline and QAGIc and incetafor 1 h. The reaction
mixture was then zymographed according to the ssvoge procedure.
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5. Reporter gene assay for MMP-9, MMP-2, AP-1 and KN-xB

HT1080 cells cultured in 10 cm culture dishes weeamsiently transfected
with MMP-9 promoter containing pGL3 luciferase rejgo vector (Promega,
Madison, WI), AP-1 binding site containing lucifsea reporter plasmid
(Colontech, Palo Alto, Canada) and NB- promoter containing luciferase
reporter vector by Lipofectamine™ 2000™ reagentviffngen). Beta-
galactosidase expression vector was co-transfestdd the reporter vector to
serve as an internal control of transfection edficiy. Transfected cells sub-
cultured in 24-well plates were treated with diffier concentrations of QAGIc.
Following stimulation with PMA cells were culturdédr 24 h. Cells were washed
once with cold PBS and lysed with 20Bwell lysis buffer (25 mM Tri-HCI, pH
8.0, containing 2 mM DDT and 1% Triton-X 100). Aligts of cell lysate and
luciferase substrate (Promega) were mixed in eguoaunts in a 96-well plate
and luminescence intensity was measured with anesecence microplate reader
(Tecan Austria GmbH, Austria). Beta-galactosidaskvidy was measured with
ONPG buffer. The level of reporter gene expressias determined as a ratio,
compared with cells stimulated by PMA (10 ng/mipred and represented as
relative luciferase activity.

Transfection efficiency was determined by X-Galirstey method. Briefly,
transfected cells were fixed with 0.5% glutarald#yand stained with X-Gal
solution containing 20 mM #e(CN}, K4sFe(CN) and 1 mM MgC. After 24 h
of incubation at 37°C, transfected cells were Viged with blue color under a
light microscope.

6. Extraction of nuclear and plasma protein

For separate extraction of nuclear and cytoplasprimteins, CellLytic™
NuCLEAR™ Extraction kit (S26-36-23, Sigma-AldrictoC MO, USA) was used
following manufacturer’s instructions. Briefly, t®ltreated with QAGIc were
collected and lysed with 0.5 ml of lysis buffer (§d, hypotonic lysis buffer, fl,
0.1 M DTT, 5ul protease inhibitor cocktail) and incubated for rbth on ice.
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Igepal CA-630 solution (36l) was added and vortex for 20 seconds. Nuclei were
separated by centrifugation at 13,000 x g and sapa&nt (cytoplasmic protein)
was collected. Precipitated nuclei were lysed wibhul of extraction buffer mix
(98 ul, extraction buffer, Jul of 0.1 M DTT and lul protease inhibitor cocktail)
for 30 min and nuclei protein were collected bytdéigation at 13,000 x g.

7. Western blot analysis

After treatment of QAGIc for different time intefgawhole celextracts were
obtained and resolved by denaturing SDS-PABitefly, harvested cells were
washed twice with ice-cold PB&suspended in cell lysis buffer (50 mM Tris-
HCI (pH 7.4), 150nM NaCl, 1 mM NgvO, 1 mM NaF, 1 mM EGTA, 1%
Nonidet P-40and 0.25% sodium deoxycholate) containing antigainig/ml),
aprotinin (1 pg/ml), chymostatin (1 pg/ml), leupa®.1 pg/ml), pepstatin (1
pg/ml), and 0.2 mM 4-(2-aminoethyl)benzenesulfdlugride; and incubated on
ice for 20 min. Supernatants weeeovered by a 10-min centrifugation (12,000 x
g) at 4 °C,and protein concentration was determined with tieeRad protein
assay using bovine serum albumin as a standarteiRsq20-4qug) were diluted
in 5x sample buffer (10% SDS and 16GM each dithiothreitol, glycerol,
bromphenol blue, and Tris-HCHnd resolved in 4-20% Novex gradient gel
(Invitrogen, USA), electrotransferred onto a niglhalose membrane. Then
proteinswere transferred onto nitrocellulose -membranes |€8dier & Schiill,
Dassel, Germany), and the blots were blocked %th(w/v) nonfat dry milk in
Tris-buffered saline and 0.1% Twe2® for 1 h at room temperature. Membranes
were incubated for 1 h at room temperature with d@peropriate dilution of
primary antibodies(1:500 dilutions) related to apoptosis and cell leyc
progression. After three 5-min washdggh Tris-buffered saline and 0.1% Tween
20, the blots werencubated with the corresponding peroxidase-corgda
secondarantibody (1:5000 dilutions) for 1 h at room tempera. Theyvere then
washed again three times with Tris-buffered sading 0.1% Tween 20, rinsed
briefly with PBS, and developed wi#nhanced chemiluminescence reagents
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(ECL, Amersham Biosciences, UK). Western blot bandse visualized using
LAS3000° Luminescent image analyzer (Fuijifilm Life Sciendakyo, Japan).
Detection off-actin (1:500@ntibody dilution) was used as control for loadofg
equal amount of protein.

8. Cell invasion and mobility assay

Invasiveness of HT1080 cells through the ECM wasessed using
CHEMICON® Cell Invasion Assay Kit (ECM550, Chemicdémternational Inc.,
CA, USA) according the instructions. Briefly, HTXD8ells were seeded into 24-
well plate inserts bottom covered with reconstiubBsement membrane matrix
proteins coated polycarbonate membranes, at atgderisi.0 x 105 cells/ml using
serum-free media. Cells were pretreated with detexth concentrations of
CCQOS-3 for 1 h'and MMP expression was stimulated®PByA (10 ng/ml). After
incubation for 36 h in a cell culture incubatornriavasive cells were carefully
removed using a cotton-tipped swab without damagihg polycarbonate
membrane. Cells invaded through the basement meebratrix protein layer
and attached to the bottom of polycarbonate menebvasre stained for 20 min
with the staining solution. Membranes were rinskdrdaughly with water to
remove excess staining solution and stained ceti®e wlissolved in 10% acetic
acid (200 ul/membrane). Cells were then-quantibgdcolorimetric reading of
optical density at 560 nm.

9. Statistical analysis

Results are presented as mean +* standard errbe ohéan (n = 3). Student’s
t-test was used to determine the level of sigmnifoea
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Results and Discussion

1. Inhibition of MMP-9 and MMP-2 expression in QAGIc treated HT1080
cells assessed by gelatin zymography

To analyze the inhibitory effects of QAGIc on MMPa@&d MMP-2 activity
and expression, zymography experiment was perfousedy conditioned media
obtained from human fibrosarcoma cell line, HT10BOorder to stimulate MMP
expression levels in these cells, cell medium wasiutated with phorbol
myristate acetate (PMA) which is a potent tumomicet. HT1080 cells express
MMP-9 and MMP-2 to a substantial level in the preseof PMA. When PMA
was administered to HT1080 cells at 10 ng/ml cotvaéion, MMP-9 and MMP-2
activities were increased by approximately 60% 8@eo respectively (Fig. 1).
Lytic zones resulted due to gelatinolytic actistief MMP-9 and MMP-2 were
used to evaluate the QAGIc mediated inhibition dfIRt9/MMP-2 expression
and activation. Size and the intensity of lytic eerwere greatly reduced in the
presence of QAGIc and it clearly indicated that MBIRNnd MMP-2 activities in
HT1080 cells were markedly inhibited in the presermd QAGIc. Moreover,
inhibitory effect of QAGIc on MMP-9 and MMP-2 shodea concentration
dependant pattern and at concentratiorug@nl, QAGIc showed approximately
50% inhibition of MMP-9 |led gelatinolytic activityThis activity was much clear
than the effect of doxycycline (at 1@/ml concentration), a tetracycline analogue
we used in this study as the positive control tonpare the inhibitory effects.
Further, at the same concentration of QAGIc, al&#%o inhibition of MMP-2
expression level was observed in the zymogram.hla study we carefully
selected the non toxic concentrations of QAGLC.ré&fwe, the data confirmed
that cytotoxicity did not contribute to the obsedwdMP-9 and MMP-2 inhibitory
potentials of QAGIc.

It is important to know whether QAGIc act as a dinmhibitor of gelatinases
(MMP-9 and MMP-2) as many of the other synthetibilitors do. Therefore
PMA-stimulated conditioned media was treated witAG and incubated for
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one hour. Separate experiment was conducted byngeaonditioned media with
doxycycline. Once the zymography was conductedwailg the same procedure,
any alterations in enzymatic activities of MMP-9 BHMP-2 could not be
observed in QAGIc treated groups (Fig. 2). Thesellte suggested that QAGIc
did not have a direct enzyme inhibition potentia.the presence of similar
concentrations of doxycycline, a slight decrementenzymatic activities was
observed. This lytic zone reduction was only duelitect inhibition of enzyme
activity but not due to inhibition of gene expressi These data are in agreement
with that of other research on doxycycline that thiaterial has a capability to
directly inhibit MMP’s via mechanisms involving dagon.
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Fig.1. MMP-9 and MMP-2 gelatinolytic activities IBMA stimulated HT1080
cells in the presence of QAGIc. Cells were pretg@awith test
compounds for 1 h in the presence of serum freeiumednd stimulated
with PMA. The conditioned media was then subjedtteelectrophoresis in
a 10% (w/v) polyacrylamide gel impregnated withagiel. Zymogram
developed in the presence of developing buffer stamed and the image
of the gel was recorded using an image reader. DwXycycline
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Fig.2. MMP-9 and MMP-2 gelatinolytic activities iIRMA stimulated HT1080
cells in the presence of QAGIc and doxycycline. HAIB0 cells were
treated with PMA and incubated for 3 days to obt@nditioned media
containing MMP’s. This was then treated with doxgloye and QAGIc
and incubated for 1 h. The conditioned media was teubjected to
electrophoresis 'in- a_10% (w/v) polyacrylamide gelpiegnated with
gelatin. After electrophoresis, renaturation buffexrs added and gel was
incubated for 24 h following addition of developibgffer. The gel was
destained following staining. The image of the wge&ls recorded using
Fujifilm Image Reader. The gelatinolytic activitiegere quantified using
Multi Gauge V3.0 software. BLK: non-treatment group
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2. Assessment of transcriptional regulation of MMP3 and MMP-2 following
treatment with QAGIc

To extend these observations to interactions withie context of
transcriptional regulation of MMP-9 and MMP-2, wesassed the effect of
QAGIc on promoter activity of MMP-9 and MMP-2. Ftrat luciferase reporter
vectors containing MMP-9 and MMP-2 promoters wesnsfected to HT1080
cells in separate experiments. A high (about 4)fdlctiferase activities were
noted in both in MMP-9 and MMP-2 transfected cellgen stimulated with PMA
(Fig. 3 and 4). However, the luminescence readimges obtained for MMP-2
were greatly lower than that of MMP-9. These reswlere well correlated with
zymography that lytic zones resulted from MMP-9 evenuch clear than that
resulted from MMP-2. However, the promoter actestiof MMP-9-luciferase
reporter gene and MMP-2-luciferase reporter geneevighibited nearly 3-fold
when the cells were treated with QAGIc at & /ml concentration. And both
MMP-9 and MMP-2 inhibitions followed a dose-depemidaattern.
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Fig.3. Suppression of MMP-9 gene promoter activityQAGIc treated HT1080
cells. Cells were co-transfected with-MMP-9-lucifee reporter vector and
B-galactosidase expression vector by lipofectamiAfter 24 h of
transfection, cells were subcultured into 24 wéddltgs and treated with
different concentrations of QAGIc followed by stilation with PMA.
Luciferase enzyme activity that represents MMP-@poter activity was
determined using luciferin as the substrate. Thell®f reporter gene
expression was determined as a ratio, comparednaithtreated cells and
represented as relative luciferase activity.
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Fig.4. Suppression of MMP-2 gene promoter actiuityQAGIc treated HT1080
cells. Cells were co-transfected with- MMP-2-luc#ee reporter vector and
B-galactosidase expression vector by lipofectamiadter 24 h of
transfection, cells were subcultured into 24 wdltgs and treated with
different concentrations of QAGIc followed by stilation with PMA.
Luciferase enzyme activity that represents MMP-@nuoter activity was
determined using luciferin as the substrate. Thesll®f reporter gene
expression was determined as a ratio, compared neithtreated cells and
represented as relative luciferase activity.
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3. Assessment of transcriptional regulation of NR¢B and AP-1 following
treatment with QAGIc

In order to test whether the suppression of MMP&2moter activities had
any correlation to regulation of AP-1 and NB-promoter activities, reporter gene
assay was conducted using AP-1 and #BFpromoter containing luciferase
reporter vectors. These vectors were first transte¢o HT1080 cells in two
separate experiments and then the transfected wefis stimulated with PMA.
When the cells were transfected with NB- promoter containing luciferase
reporter vector, luciferase activity in PMA stimidd group was increased by
approximately 3-fold whereas about 65% inhibitioaswobserved once the cells
were treated with QAGlc at 6(ig/ml concentration (Fig. 5 and 6). And the
suppression followed a clear dose-dependant pat#ermore or less similar
pattern was observed when the cells were transfeat¢h AP-1 promoter
containing luciferease vector followed by treatmenth QAGIc. Further, in the
presence of the highest concentration of QAGIc(@0nl) that employed in this
study, about 60% inhibition of AP-1 promoter adiviwas observed. Taken
together, these experiments suggest that QAGIcrespps MMP-9 and MMP-2
expression via down regulation of AP-1 and R&:-To further confirm the effects
of QAGLc on MMP-9/MMP-2 by extending the experiméatprotein expression
level, QAGIc treated cells were stimulated with PMd cell lysates were
obtained to analyze employing western blot expemim@ clear concentration
dependent suppression effect was observed in MNWRAR-9 protein levels
when cells were treated with QAGIc (Fig. 7). Ineas MMP-2, protein amounts
in both active and inactive forms were greatly sepped in the presence of
QAGIc. However, under experimental conditions ergpth only active form of
MMP-9 was observed and it was greatly reducederptiesence of QAGIc.

Moreover, western blot analysis carried out to dfarthe NF«B (p65)
protein expression levels in both cytosol and rugléollowing treatment of
QAGIc, confirmed that QAGIc is involved in suppress of activity and
translocation of NReB (Fig. 8). However, NReB translocation and expression
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was not changed in the presence of doxycycline.tBist effect of QAGIc was
much clear and followed a concentration-dependattem. This suppression of
NF-«xB subsequently lead to MMP-9 and MMP-2 inhibitiornefefore, this
observation further strengthened the MMP-2 and MMiRhibitory potential of
QAGIc assessed employing zymography.

In order to test whether TIMP1 and TIMP-2, the natlViMP-2 and MMP-9
inhibitors respectively are altered in the presewteQAGIc, their protein
expresseion levels were assessed. However, no ignificant differences in
TIMP-1 and TIMP-2 protein levels were observedha presence of QAGIc even
at relatively higher concentrations.
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Fig.5. Suppression of NkB gene promoter-activity in QAGIc treated HT1080
cells. Cells were co-transfected with B-luciferase reporter vector and
B-galactosidase expression vector by lipofectamiAfter 24 h of
transfection, cells were subcultured into 24 wédlitgs and treated with
different concentrations of QAGIc followed by stilation with PMA.
Luciferase enzyme activity that represents ®-promoter activity was
determined using luciferin as the substrate. Thell®f reporter gene
expression was determined as a ratio, comparednaithtreated cells and
represented as relative luciferase activity.
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Fig.6. Suppression of AP-1 gene promoter actint®AGIc treated HT1080 cells.
Cells were co-transfected with AP-1-luciferase ré&go vector andp-
galactosidase expression vector by lipofectamirigerR24 h of transfection,
cells were subcultured into 24 ‘well plates and teé@awith different
concentrations of QAGIc followed by stimulation WiPMA. Luciferase
enzyme activity that represents AP-1 promoter #gtiwas determined
using luciferin as the substrate. The level of reggogene expression was
determined as a ratio, compared with non treatdld aad represented as
relative luciferase activity.
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Fig. 7. Western blot analysis of MMP-2 and MMP-%tein expressions in
HT1080 cells treated with QAGIc. After treatment QAGIc cells were
stimulated with PMA. Whole cedixtracts were then obtained and resolved
by denaturing SDS-PAGEProteins (20-4qug) were diluted in sample
buffer and resolved in 4-20% Novex gradient gelot&ins were
transferred onto nitrocellulose membranes and ia@dowith primary and
secondary antibodies respectively. Western blotdbawere developed
with enhanced chemiluminescence reagents and visualuzsidg
LAS300(° Luminescent image analyzer. Detectioredctin was used as
control for equal loading gbrotein. BLK: non-treatment group; DOX:
Doxycycline.
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Fig. 8. Western blot analysis of NdB (p65) protein expressions in HT1080
treated with QAGIc. After treatment of QAGIc celiere stimulated with
PMA. Proteins present. in neucleus and cytosos| wera extracted and
resolved by denaturing SDS-PAGEProteins were diluted in sample
buffer and resolved in 4-20% Novex gradient gelot&ins were
transferred onto nitrocellulose membranes and ia@dbwith primary and
secondary antibodies respectively. Western blotdbawere developed
with enhanced chemiluminescence reagents and visualizsidg
LAS300(° Luminescent image analyzer. Detectiorpedctin was used as
control for equal loading gbrotein. BLK: non-treatment group; DOX:
Doxycycline.
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Fig. 9. Western blot analysis of TIMP-1 and TIMPpRotein expressions in
HT1080 cells treated with QAGIc. After treatment@AGIc cells were
stimulated with PMA. Whole celéxtracts were then obtained and
resolved by denaturing SDS-PAGERroteins were diluted in sample
buffer and resolved in 4-20% Novex gradient gebt&inswere then
transferred onto nitrocellulose membranes and iat@gb with primary
and secondary antibodies respectively. Western Ilanhds were
developed withenhanced chemiluminescence reagents and visualized
using LAS3008 Luminescent image analyzer. Detectiorfedctin was
used as control for equal loadingpobtein. BLK: non-treatment group;
DOX: Doxycycline.
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4. Inhibition of invasiveness of HT1080 cells follwing treatment with QAGIc

In order to examine the potential influence of QAGfeatment on the
invasiveness of the HT1080 cells, cell invasionagswas performed in an
invasion chamber. As shown in Fig. 10, treatment WMA greatly enhanced the
invasion of HT1080 cells through the ECM layer. Hwer, in the presence of 20
ug/ml concentration of QAGlIc, about 50% of the isioa was decreased after 48
h. The migration of HT1080 cells were blocked abodfo without affecting the
cell viability when QAGIc concentration was incredsupto 60 ug/ml. Therefore
the strong inhibitory effect of QAGIc on the invasiwas suggested to be related
to its higher potential to inhibit MMP gene expliess

5. Inhibition of mitogen-activated protein kinase mthway in HT1080 cells
following treatment with QAGIc

In order to test whether QAGIc has a potency toagetinst members in the
MAPK pathway that generally involved in the regidatof gelatinases via NF-kB
and AP-1, their protein expression levels were sss® using western blot
analysis. QAGIc exerted inhibitory effects on mawAP kinases including
extracellular signal-regulated kinase (ERK), c-WNxterminal kinase (JNK) and
p38MAPK that stimulated with PMA (Fig. 11). Theredat can be presumed that
inhibition of MAPK contributes to the .inhibition oMMP-9 and MMP-2
expression via suppression of NF-kB'and AP-1. Meeeofindings of this study
present the potency of QAGIc to alter both AP-1 AltdkB expressions. So it's
possible to presume that both these activitiescargributing to its inhibitory
potential of MMP-9. However studies have come ughwine findings that, the
response to AP-1 is strikingly enhanced when«BFsubunits are present and
vice versa (Steiet al.,1993). On the basis of these collective findirayse could
speculate, therefore, an intriguing possibilityttN&-«B and AP-1 may modulate
the activity of each other, thus expanding the samfthese two rapidly inducible
transcription factors. One clue to the interactibesween the AP-1 and N&B
activation pathways was the finding that activatdéthe MAPK pathway leads to
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the activation of JNK and NkB (Taponet al., 1998). Therefore, the inhibitory
effects of QAGIc on MMP-2 and MMP-9 can be speadato be regulated via
suppression of both NkB and AP-1.

To our knowledge, there are no synthetic MMP intbitsi identified so far
having capability to inhibit MMP transcriptionalgelation. Compounds that can
exert an effect at transcriptional level could bgperted to have a promising
potential to develop potent inhibitors. That is diexe they can interfere with the
up-regulation of MMP-9 and MMP-2 expression andrébg can remarkably
decrease the total MMP activity. Therefore QAGIlgresents a potential
gelatinase expression inhibitor in HT1080, humarnosarcoma cells.
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Fig. 10. Cell invasion assay in HT1080 cells. Cghswing in invasion chambers
were treated with test compounds and stimulatech ViAMA. Cell
invasion through ECM containing basement membraas analyzed
after 48 h by staining the cells that invaded thwer surface of the
membrane. A: stained cells that invaded through riembrane in
different invasion chambers conducted with différeeatment groups.
B: Optical density resulted from the stained celled expresses the
amount of cells invaded. DOX: Doxycycline.
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Fig. 11. Western blot analysis of ERK, JNK and p3®tein expressions in
HT1080 cells treated with QAGIc. After one hourtiiatment of QAGIc,
cells were stimulated with PMA. Whole celtracts were then obtained
and resolved by denaturing SDS-PAGEroteins (20-4Qug) were
diluted in sample buffer and resolved in 4-20% Nogeadient gel.
Proteinswere transferred onto nitrocellulose membranes inodbated
with primary and secondary antibodies respectivalgstern blot bands
were developed withenhanced chemiluminescence reagents and
visualized using LAS3000 Luminescent image analyzer. Detection of
B-actin was used as control for equal loadingomiftein. BLK: non-
treatment group; DOX: Doxycycline.

122



6. Summary

In the present research, an effort was taken tatifgeeffect of newly
synthesized glucosamine derivative having quatechiamino functionality on
activity and expression of MMP-2/MMP-9 levels. Réswexhibited that QAGIc
had a potency to alter promoter activities of MMRVIMP-9, AP-1 and NF-kB in
transfected cells stimulated with PMA. These effeach MMP-9 and MMP-2
were further observed in zymography experimentsidilte. Reduction in activity
and translocation of NF-kB in the presence of QAlBiked its ability to inhibit
both MMP-9 and MMP-2 via down regulation of NF-kBurther, results of this
study suggested that effect of QAGIc on AP-1 alsotgbuted to the ability of
QAGiIc to inhibit MMP-9. However, protein expressi@vels in natural inhibitors
of MMP-2 andMMP-9, TIMP-1 and TIMP-2 respectivelyerme not altered in the
presence of QAGIc. In addition, inhibitory potenulyQAGIc on invasiveness of
PMA stimulated HT1080 cells confirmed its abilitg fict against two major
gelatinases, MMP-2 and MMP-9. Moreover, suppressigorotein levels in ERK,
JNK and p38 suggested a link between inhibitiondM&PK’s in the MMP-9
inhibitory potential via down regulation of AP-1aken together, the results of
this study present a novel potent inhibitor of MMRand MMP-2 that act via
down regulation of AP-1 and NF-kB.
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Introduction

1. Background of nuclear factorkB (NF-kB)

Recent advances in scientific understanding ofikdiators involved in acute
and chronic inflammatory diseases and cancer hedvéd new strategies in the
search for effective therapeutics. Moreover, biea@kighs in the elucidation of
regulatory mechanisms involved in the transcripaod translation of a variety of
mediators have led to increased interest in thetapapproaches directed at the
level of gene transcription (Albert, 2001; Yamametoal., 2001). Number of
studies directed towards this approach stronglypsup the hypothesis that NF-
kB is a functionally relevant target of treatmentaimber of disease occurrences
including cancer. Nuclear facta¢B (NF«B) belongs to a family of closely
related dimeric transcription factor complexes cosgul of various combinations
of the Rel/NFkB family of polypeptides. The family consists o¥di individual
gene products in mammals, RelA (p65), k&L (p50/pl05), NFR<B2 (p49/pl00),
c-Rel, and RelB, all of which can form hetero-omtoalimers. These proteins
share a highly homologous 300 amino acid"Rel hogylaomain™ which
contains the DNA binding and dimerization domaifsthe extreme C-terminus
of the Rel homology domain is a nuclear translecaiequence important in the
transport of NFeB from the cytoplasm to the nucleus. In additio85 @mnd cRel
possess potent transactivation domains at thear@ibal ends (Yamamotet al.,
2001).

The activity of NFxB is regulated by its interaction with a membertloé
inhibitor kB family of proteins (Baldwiret al, 1996). This interaction effectively
blocks the nuclear localization sequence on thexRFRproteins, thus preventing
migration of the dimer to the nucleus. A wide varief stimuli activate NR¢B
through what are likely to be multiple signal trdnstion pathways. Included are
bacterial products (LPS), some viruses (HIV-1, HFL) inflammatory cytokines
(TNFa, IL-1), environmental and oxidative stressl ddNA damaging agents.
Apparently common to all stimuli however, is theopphorylation and subsequent
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degradation of B. The phosphorylation of thexB proteins is a key step
involvedin the regulation of Rel/NkKB complexes. The phosphorylatiohthe
kB proteins is mediated byB kinases (IKKs) (Zandit al., 1999), whose
activity is strongly induced by activators of thé&NB pathway. IKK activity is
present in a high-molecular-weight compleantaining at least two kinase
subunits, IKke and IKKB, and the associated modulatory protein, {KK
Biochemical analysis and gene disruption studiethefIKK genes in mice has
indicated that IKK is the critical kinasenvolved in activating the NkB
pathway, while IKku likely playsan accessory role (Zanét al., 1999). The
activated IKK complexphosphorylates thexB proteins on two closely spaced
serineresidues in the amino terminus of these proteil@sphorylatiorof kB
leads to its ubiquitination on two amino-termingkihe residues by the E3
ubiquitin ligase complex, thus targetiigfor degradation (Zandet al., 1999).
Freed of theiassociation with thexB subunits, the NkB proteins translocate
the nucleus, where they bind to specific elementiiépromoter regions of target
genes to activate gene expression.

2. Involvement of NFxB in the occurrence of diseases including cancer

It is well-known that NF<B plays a key role in the regulated expression of a
large number of pro-inflammatory mediators inclugdaytokines such as TNF, IL-
1, IL-6, and inducible nitric oxide synthase (iINO@®galdwin, 1996; Pahl, 1999;
Gerondakiset al., 1998; Ghoslet al.,1998). Such mediators are known to play a
role in the recruitment of leukocytes at sites dfammation and in the case of
INOS, may lead to organ destruction in some inflatory and autoimmune
diseases. The importance of NB- in inflammatory disorders is further
strengthened by studies of airway inflammationudeitg asthma, in which NF-
kB has been shown to be activated. This activatiay omderlie the increased
cytokine production and leukocyte infiltration cheteristic of these disorders. In
light of the recent findings with regard to glucdomid inhibition of NF«xB, one
may speculate that these effects are mediatedghram inhibition of NFRe¢B.
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Further evidence for a role of N&B in inflammatory disorders comes from
studies of rheumatoid synovium (Tek al., 2001). Although NFReB is normally
present as an inactive cytoplasmic complex, recentunohistochemical studies
have indicated that NReB is present in the nuclei, and hence active, endélls
comprising rheumatoid synovium. Furthermore, dNB--has been shown to be
activated in human synovial cells in response itawdaition with TNFe or IL-1
(Roshak,et al., 1996). Expression of IKK has been shown in synoyties of
rheumatoid arthritis patients and gene transfedistuhave demonstrated the
central role of IKK-P in stimulated inflammatory diator production in these
cells (Auppereleet al., 1999; Aupperleet al., 2001). More recently, the intra-
articular administration of a wild type IKK-P adem@l construct was shown to
cause paw swelling while intra- articular admiraibn of dominant-negative
IKK-P inhibited adjuvant-induced arthritis in raftak et al.,2001).

The NF«xB/Rel and kB proteins are also likely to play a key role iropkastic
transformation and metastasis (Gilmateal., 1996; Rayett al., 1999). These
family members are associated with cell transfolwnain vitro and in vivo as a
result of overexpression, gene amplification, gemearrangements or
translocations. In addition, rearrangement andimpldication of the genes
encoding these proteins are seen in certain huymaphloid tumors. In addition, a
role for NF«B in the regulation of apoptosis-has been repoddngthening the
role of this transcription factor in the regulatiohtumor cell proliferation. TNF,
ionizing radiation and DNA damaging agents havda#n shown to activate NF-
kB which in turn leads to the up-regulated expressb several anti-apoptotic
proteins. Conversely, inhibition of NEB has been shown to enhance apoptotic-
killing by these agents in several tumor cell types

As this likely represents a major mechanism of turoell resistance to
chemotherapy, inhibitors of NkB activation may be useful chemotherapeutic
agents as either single agents or adjunct theR@gent reports have implicated
NF-xB as an inhibitor of skeletal cell differentiati@s well as a regulator of
cytokine-induced muscle wasting (Guttridgeal., 2000) further supporting the
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potential of NFxB inhibitors as novel cancer therapies. ®&-is a heterodimeric
protein composed of different combinations of merabaf the Rel family of
transcription factors. The Rel/ N&B family of transcription factors are involved
mainly in stress-induced, immune, and inflammatesgponses. In addition, these
molecules play important roles during the developima certain hemopoietic
cells, keratinocytes, and lymphoid organ structures

Evidence that inhibition of NkB in cells induced to express an oncogenic
form of Ras or in some cancer cell lines led t@paptotic response (May al.,
1997) raised the possibility that inhibitors of NB-may function as stand-alone
cancer therapies or as cancer-preventive compoykidglrid et al., 2000).
Regarding the first hypothesis, it is generallyuassd that inhibition of NkeB
alone will not dramatically affect most solid turapisince they express other
antiapoptotic factors. However, N& inhibition may prove to be therapeutic in
certain leukemias or lymphomas (such as Hodgkiyrsphoma), where NkB
appears to play a unique survival role (Bargaual., 1997; Cabannes, 1999).
Consistent with the hypothesis that NB-may be an important target for
chemopreventive compounds, KB-is inhibited by aspirin or other nonsteroidal
anti-inflammatory drug (NSAID) treatments (Yamamatb al., 2001), which
block the initiation and/or progression of certaamcers. Interestingly, aspirin has
been reported to inhibit the activation of th@lkinase complex (Yamamott
al., 2001). Several dietary chemopreventive compoumisuding flavonoids,
curcumin, and resveratrol, are known to block d8-activation (Yamamotet al.,
2001). These studies strongly support the hypathesit NF«B is a functionally
relevant target of chemopreventive drugs and diempounds, possibly
indicating the role of NReB is primarily in the earliest stages of oncogesesi

3. Natural compounds as anti-inflammatory remedies

For centuries, natural compounds have based as anti-inflammatory
remedies, and considerable attenhas focused recently on identifying the active
components ofhese compounds. Several compounds have jeeined, and
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some have been shown to inhibit NB-at concentrationsomparable to those of
classical anti-inflammatory drugs (Nomuea al., 2000). Green tea polyphenols
and resveratrol, polyphenol present in red wine, inhibit NdB- activation in vitro
by blocking the activity of IKK (Yamamot@t al., 2001). Anti-inflammatory
sesquiterpene lactones deriyemm various classes of medicinal plants also act,
via inhibitionof kB phosphorylation, to block NEB activation in cell types
ranging from T-cells and macrophages to fibrosacamd epitheliatells (Paret
al., 200). Curcumin (i.e., a yellow pigment from turicgand capsaicin (i.e., a
pungent component of red pepper tbahibits profound anticarcinogenic and
antimutagenic activitiegre potent inhibitors of IKK activity in severallcg/pes
(Surh, 2000). The application of curcumin onto ttersal skin of mice
significantly attenuates phorbol ester-induddélkB activation (Fisheret al.,
2001).

Glucosamine has received considerable attentiannamber of studies over
the past 5 years as an agent that may be bendbciatthritis. Sold mainly over-
the-counter in various formulations (glucosaminkase and glucosamine sulfate
with chondroitin sulfate), researchers suggest thatbeneficial effects of their
compounds are due to the reconstruction of joirtilage, one of the constituents
of which is glucosamine in the form of glycopro®iof structural proteoglycans.
A recent study in humans demonstrated some bealegffects of glucosamine in
arthritis (Reginsteet al., 2001) but the actual mechanism by which glucosamin
may benefit the patient remains unknown. Howevegcent report by Gouze et
al. (2002) demonstrated glucosamine-dependent itidnibof NF«B activity in
rat chondrocytes and IL-1 bioactivity by up-regigdatof the type Il IL-1 decoy
receptor. Also another very recent investigatioggests that it may interfere with
pro-inflammatory cytokine action on human chondtesyShiknmaret al.,2001).
In this study, the ability of the newly synthesizgdaternized glucosamine
derivative to regulate NkB greatly contributed to its potency to inhibit MMP
expression in HT1080 cells. This observation suiggetesting its potential to act
as an anti-inflammatory agent via inhibiting MB- pathway in macrophages.
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Moreover, NF«B is an important transcriptional factor that thougp act as a
cellular apoptotic switch. Blocking the NéB pathway enhances the sensitivity of
cells to apoptosis-inducing stimuli. Therefore, NB-inhibitory activity of
QAGIc is favorable for its anticancer potential.this context, its worth to study
the NF«B inhibitory potential in immune cells to elucidate mechanism and to
identify related effects resulted from inhibitiohNF-xB activity in immune cells.
Therefore, this part of the study was designedudysNF«B inhibitory potential
of QAGIc in immune cells.
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Materials and Methods

1. Materials

Mouse macrophage tumor cell line, RAW264.7 wasiobthfrom American
Type of Culture Collection (Manassas, VA, USA). #lle materials required for
culturing of cells including cell culture media wepurchased from Gibco BRL,
Life Technologies (USA). MTT reagent, were purclitad®mm Sigma Chemical
Co. (St. Louis, MO, USA).

2. Cell culture

RAW264.7 cells were cultured in DMEM supplementedhw10% fetal
bovine serum, 2 mM glutamine and 1@@/ml penicillin-streptomycin. For
experiments, cells were detached with trypsin-ERFA plated onto 24- or 96-
well plates at a plating density of 7*1nd 1.5x10per well, separately.

3. Cytotoxicity determination of RAW264.7 cells following treatment of

QAGIc

To assess cell cytotoxicity levels of Glc and QAGICRAW?264.7 cells, MTT
assay was performed with different concentratioms iacubation time intervals
using MTT (3-(4,5-dimethyl-2-yl)-2,5-diphenyltet@aim bromide) method as
described by Hansegt al. (1989). For this purpose, cells were grown in 98w
plates at a density of 5 x 3€ells/well. After 24 h, cells were washed with fres
medium and were treated with different concentregiof Glc and QAGIc. After
48 h of incubation, cells were rewashed andi6f MTT (5 mg/ml) was added
and incubated for 4 h. Finally, DMSO (150) was added to solubilize the
formazan salt formed and amount of formazan sadt determined by measuring
the OD at 540 nm using an GENfomicroplate reader (Tecan Austria GmbH,
Austria). Relative cell viability was determined the amount of MTT converted
into formazan salt. Viability of cells was quardii as a percentage compared to
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the control (OD of treated cells - OD of blank / @Dcontrol - OD of blankx100)
and dose response curves were developed. The dataewpressed as mean from
at least three independent experimentsR«@05 was considered significant.

4. Reporter gene assay

RAW264.7 cells cultured in 10 cheulture dishes were transiently transfected
with NF-«B promoter containing luciferase reporter vectoetaBgalactosidase
expression vector was co-transfected with the teporector to serve as an
internal control of transfection efficiency. Traesfed cells sub-cultured in 24-
well plates were treated with different concentmasi of QAGIc and Gilc.
Following stimulation with TNFe (6 ng) and LPS (1 pg) cells were washed once
with cold PBS and lysed with 2Qd/well lysis buffer (25 mM Tri-HCI, pH 8.0,
containing 2 mM DDT and 1% Triton-X 100). Aliqguowsf cell lysate and
luciferase substrate (Promega) were mixed in eguoadunts in a 96-well plate
and luminescence intensity was measured with anesecence microplate reader
(Tecan Austria GmbH, Austria). Beta-galactosidaskvidy was measured with
ONPG buffer. The level of reporter gene expressias determined as a ratio,
compared with cells stimulated by PMA (10 ng/mipred and represented as
relative luciferase activity.

Transfection efficiency was determined by X-Galirstay method. Briefly,
transfected cells were fixed with 0.5% glutaralddyand stained with X-Gal
solution containing 20 mM #ce (CN}, KsFe(CN)} and 1 mM MgC). After 24 h
of incubation at 37°C, transfected cells were Viged with blue color under a
light microscope.

5. Extraction of nuclear and plasma protein

For separate extraction of nuclear and cytoplasprimteins, CellLytic™
NuCLEAR™ Extraction kit (S26-36-23, Sigma-AldrictoC MO, USA) was used
following manufacturer’s instructions. Briefly, ¢eltreated with QAGIc were
collected and lysed with 0.5 ml of lysis buffer (§d, hypotonic lysis buffer, fl,
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0.1 M DTT, 5ul protease inhibitor cocktail) and incubated for rbth on ice.
Igepal CA-630 solution (3f6l) was added and vortex for 20 seconds. Nuclei were
separated by centrifugation at 13,000 x g and sapa&nt (cytoplasmic protein)
was collected. Precipitated nuclei were lysed wibhul of extraction buffer mix
(98 pl, extraction buffer, Jul of 0.1 M DTT and 1ul protease inhibitor cocktail)
for 30 min and nuclei protein were collected bytdémgation at 13,000 x g.

6. Western blot analysis

After treatment of QAGIc for different time intefgawhole celextracts were
obtained and resolved by denaturing SDS-PABitefly, harvested cells were
washed twice with ice-cold PB&suspended in cell lysis buffer (50 mM Tris-
HCI (pH 7.4), 150nM NaCl, 1 mM NgvO,; 1 mM NaF, 1 mM EGTA, 1%
Nonidet P-40and 0.25% sodium deoxycholate) containing antigainig/ml),
aprotinin (1 pg/ml), chymostatin (1 pg/ml), leugegd.1 pg/ml), pepstatin (1
pg/ml), and 0.2 mM 4-(2-aminoethyl)benzenesulfdludride; and incubated on
ice for 20 min. Supernatants weeeovered by a 10-min centrifugation (12,000 x
g) at 4 °C,and protein concentration was determined with tiheeRBad protein
assay using bovine serum albumin as a standarteiRsq20-4qug) were diluted
in 5x sample buffer (10% SDS and 16@M each dithiothreitol, glycerol,
bromphenol blue, and Tris-HCBnd resolved in" 4-20% Novex gradient gel
(Invitrogen, USA), electrotransferred onto a nigthalose membrane,. Then
proteinswere transferred onto nitrocellulose membranes, toed blots were
blocked with5% (w/v) nonfat dry milk in Tris-buffered salinedf.1% Twee20
for 1 h at room temperature. Membranes were ineadbdbr 1 h at room
temperature with the appropriate dilution of prignantibodieg1:500) related to
apoptosis and cell cycle progression. After threwmi® washesvith Tris-buffered
saline and 0.1% Tween 20, the blots wieraubated with the corresponding
peroxidase-conjugated secondantibody (1:5000 dilutions) for 1 h at room
temperature. Thewere then washed again three times with Tris-bedfesaline
and 0.1% Tween 20, rinsed briefly with PBS, andetigped withenhanced
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chemiluminescence reagents (ECL, Amersham BioseghiK). Western blot

bands were visualized using LAS3600Quminescent image analyzer (Fuijifilm
Life Science, Tokyo, Japarietection offf-actin (1:500@ntibody dilutions) was
used as control for equal loadingpobtein.

7. Determination IL-1p, IL-6 and TNF-a activity following treatment of
QAGIc

Production of IL-B, IL-6 and TNFe in RAW264.7 cells was assayed using
Biotrak™ ELISA kits (Amersham Pharmacia Biosciencds, USA) following
the instructions. Cells were treated with differenhcentrations of test material
for 1 hand production of ILfl and TNFe was stimulated by lg/ml final
concentration of LPS and incubation was continu@dahother 24 h. Following
incubation, conditioned medium was used for theeerment. For that, 5@l of
IL-18 and TNFe standards (prepared for calibration) or same voluhéest
samples were added to wells of IB-@r TNF-w antibody-coate®6-well plates in
duplicate. Biotinylated antibody reagent (@) was added and incubated for 3 h
at room temperature. Reaction mixture was aspiraed washed using a
microplate washer (Tecan Austria GmbH, Austriaye@avidin-HRP conjugate
(100 ul) was added and incubate for 30 min at room teaipes. After complete
washing, 100ul of TMB substrate solution- was added and incubdted30
minutes at room temperature and reaction was stbppeadding 10Qu of stop
solution. Optical density was determined at 450mg GENios® microplate
reader (Tecan Austria GmbH, Austria).

8. Determination PGE; activity following treatment of QAGIc

RAW 264.7 cells were cultured in 24-well plateshwi#erum free media and
pre-treated with different concentrations of QA®&c 1 h. Production of PGE
was stimulated by addingplg/ml final concentration of LPS and incubated fdr 2
h. The conditioned medium was used for RGEetermination by Biotrak™
Prostaglandin Edirect assay kit (Amersham Pharmacia Bioscientids,USA)
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according to manufacture’s instructions. For thigrppse 50ul supernatant
(includes PGE2 released from cells) from each rmeat group was added into
anti-mouse antibody coated wells and mixed withyb®f diluted mouse-anti
PGE2. Plate was incubated at room temperature ®0€2 for 1 hour on a
microplate shaker following addition of 50 of diluted conjugate into all wells
except the blank. The reaction mixture was thenraigg and wells were washed
with wash buffer. Immediately 1501 of room temperature equilibrated TMB
enzyme substrate was pipetted into all wells. Ctivemplate with the lid provided
and mix on a microplate shaker for exactly 30 nesuat room temperature (15—
30 °C). The reaction was halted by the additiod@®ul of 1 M Sulfuric acid to
all wells. The optical density was read at 450 rfbera30min using GENios’
microplate reader (Tecan Austria GmbH, Austria)

9. Statistical analysis

Results are presented as mean + standard errbe oh¢an (n = 3). Student’s
t-test was used to determine the level of signifoea
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Results and Discussion

1. QAGIc inhibits NF-kB promoter activity

To investigate whether QAGIc could modulate the #-promoter activity,
RAW264.7, mouse macrophage cells were co-transfegih a NF«B-promoter
containing luciferase reporter construct givgalactosidase expression vector.
According to results of related studies, a widdetgrof stimuli has been shown
to induce NF«B activity. Among them, TNk and LPS have been widely
employed to stimulate NkB to identify NF«B inhibitors. Therefore, transfected
cells were then treated with nontoxic concentratiohQAGIc. To see the effect
of QAGIc on NF«B promoter activity, transfected cells were stinwedhusing
bacterial endotoxin LPS and TNFE-The results obtained from the reporter gene
assay presented the potential of QAGIc to inhibE-®B promoter activity
regardless of type of stimulation. TNFand LPS both stimulants resulted an
almost similar induction of NikB promoter activity in transfected cells. A dose
dependent decrease in luciferase activity thatessprts the suppression of NB-
promoter activity was observed following treatmehtQAGIc in both types of
NF-xB stimulations (Fig. 1 and 2). Concurrent reduciion NF«B promoter
activities in glucosamine treated groups were oleskrbut these activities were
much lower than that of QAGIe. Therefore, theselltessuggested the potency of
this novel glucosamine derivative having quaterthiaemino functionality to affect
transcriptional regulation of NkB.
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Fig.1. Suppression of NkB gene promoter activity in QAGIc treated RAW264.7
cells. Cells were co-transfected with-iB-luciferase reporter vector and
B-galactosidase expression vector by lipofectamiAfter 24 h of
transfection, cells were subcultured into 24 wéddltgs and treated with
different concentrations of QAGIc followed by stilation with TNF«.
Luciferase enzyme activity that represents #-promoter activity was
determined using luciferin as the substrate. Thell®f reporter gene
expression was determined as a ratio, comparednaithtreated cells and
represented as relative luciferase activity.
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Fig.2. Suppression of NkB gene promoter activity in QAGIc treated RAW264.7
cells. Cells were co-transfected with MB-luciferase reporter vector afid
galactosidase expression vector by lipofectamiriter®24 h of transfection,
cells were subcultured into 24 well plates and teé@awith different
concentrations of QAGIc followed by stimulation WiLPS. Luciferase
enzyme activity that represents NB- promoter activity was determined
using luciferin as the substrate. The level of reggogene expression was

determined as a ratio, compared with non treatdld aad represented as
relative luciferase activity.
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2. QAGIc reduces nuclear translocation of NR<B

NF-xB has to be released from its inhibitory protethg kBs in the cytosol,
in order to translocate to the nucleus and activatget gene expression. To
delineate the role of QAGIc on NEB translocation, plasma and nuclear protein
extracts were separated from QAGIc treated LPSeséitad cells. NR<B protein
expression was then tested using western blot sisalyower NFB levels were
observed in plasma protein analysis of QAGIc tratells compared to LPS
treatment group. This reduction was much prominend0 and 60 pg/ ml
concentrations of QAGIc. Moreover, this was muagher than that of aspirin at
the similar concentration. Interestingly a cleatustion in translocation of NkB
to nucleus in the presence of QAGIc was observednwiuclear extracts were
analyzed. Therefore these results suggested thentioédvement of QAGIc to
mediate inhibition of NReB activation and translocation (Fig. 3).

Activation ‘of NF«B is preceded via induction of cascade of molecules
Therefore it was hypothesized that QAGIc could @ftéfferent targets of the NF-
kB signaling cascade. Therefore, the level of NIK=¢\B inducing kinase), IKK,
kB in QAGIc treated RAW264.7 cells were studied gsivestern blot analysis.
NIK has been reported to mediate the RB--activation triggered by LPS. The
results revealed that treatment of QAGIc did noerexany effect on protein
expression level of NIK (Fig. 4). However, treatrhef QAGIc clearly inhibited
protein expression levels of IKK and&B in a concentration dependent manner
(Fig. 4). These results revealed the primary tan@AGIc was IKK. This would
be a logic step of QAGIc to target NdB inhibition because IKK is the critical
kinase involved in activating the NéB pathway. Where, IKB is likely to play an
accessory role. This type of compounds may be deednhibiting IKK-3
phosphorylation of dB which prevents subsequent degradation and aictivaf
NF-«xB dimers. Such methods are useful in the treatrokatvariety of diseases
associated with NikB activation mainly inflammatory diseases.
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Fig. 3. Western blot analysis of NB protein expressions in RAW264.7cells
treated with QAGIc. After treatment of QAGIc, priote in nucleus and
cytosol were extracted and resolved by denaturib§-BAGE. Proteins
(20-40ng) were diluted in sample buffer and resolved i20% Novex
gradient gel. Proteingere transferred onto nitrocellulose membranes and
incubated with primary and secondary antibodiepeaetvely. Western
blot bands were developed wigmhanced chemiluminescence reagents
and visualized using LAS308@.uminescent image analyzer. Detection of
B-actin was used as control for equal loadingrotein. LPS: bacterial
lipopolisaccharide, ASP: Aspirin.
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Fig. 4. Western blot analysis of IKK IkB and NIK, protein expressions in
RAW264.7 cells treated with QAGIc. After treatmaitQAGIc, whole
cell extracts were obtained and resolved by denaturiD®-BAGE.
Proteins (20-4Q1g) were diluted in. sample buffer and resolved-20%
Novex gradient gel.” Proteinsvere -transferred onto nitrocellulose
membranes and incubated with primary and secondatybodies
respectively. Western blot bands were developedh withanced
chemiluminescence reagents and visualized using 3088
Luminescent image analyzer. Detectionfedctin was used as control
for equal loading oprotein. LPS: bacterial lipopolisaccharide, ASP:
Aspirin
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3. Effect of QAGIc on activities of inflammatory cyokines

Having confirmed that the QAGIc altered the tranatemn of NF«B, the next
set of experiments were sought to establish theragibns of proinflammatory
cytokines such as TN&:- IL-1B, IL-6, and PGE For that, RAW264.7 cells
treated with QAGIc were stimulated with LPS to assthe effect of QAGIc on
the production of inflammatory mediators in B- pathway. As expected,
treatment of QAGIc suppressed the production of BNJFig. 5) IL-18 (Fig. 6),
IL-6 (Fig. 7) and PGE (Fig. 8) to different extents. These results ware
agreement with the suggestion that the activatibiNie-xB and the enhanced
translocation of NReB lead to induction of NkeB dependent cytokines including
TNF-a, IL-1, IL-6, IL-8 and PGEZ2. Once these cytokinag activated they
further increase the activity of NEB. In particularly, about 45% inhibition of
LPS stimulated TNFe activity was observed when QAGIc was treated \uith
png/ml concentration. Suppression of TNE4s a good feature of QAGIc as a
material act against inflammation. Because Td\froduced mainly by monocytes
and macrophages exerts diverse effects in pathegené number of chronic
diseases by stimulating other cells and inducissue damage. Also it engaged in
production of other types of inflammatory cytokindseatment of QAGIc at 50
png/ml concentration suppressed the fLebncentration from 160 pg/ ml to 100
pg/ml. Much higher reduction was observed in ILe&dl when the cells were
treated with QAGIc at the same concentration. & alout 3-fold decrement from
the LPS group. Nearly 50% inhibition of PGE2 adtivivas observed when
QAGLc treated to RAW264.7 cells at 50 pg/ml concaimin. Further, protein
levels of these inflammatory cytokines in the pneseof QAGIc were assessed
using western blot analysis. In line with the résobtained from immuno assays,
a clear decrement in protein expression levelsNd, TL-1 and IL-6 was observed
(Fig. 9) when cells were treated with QAGIc complate LPS treatment group
alone.
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4. Effect of QAGIc on protein expressions of ERK, NK, and p38.

To elucidate whether QAGIc exert any effect on o activated protein
kinases (MAPK), their protein levels following ttegent of QAGIc were assessed
using western blot analysis. Treatment of LPS tlyeactivates this pathway in
macrophage cell lines. The results of this stueéarty exhibited that treatment of
QAGiIc clearly inhibited mainly INK and p38 MAPKSsottever, a clear reduction
of ERK could not be observed in RAW264.7 cells tedawith different
concentration of QAGIc (Fig 10). Production of dyittes has been reported to
induce intracellular signaling transduction pathsvaiycluding MAPK pathway.
However, the results of this study are in agreemeith the other reported
findings. One related study has come up with thdifig that blocking the activity
of p38 prevents IL-1 and TNé&-production in LPS-stimulated monocytes at the
level of translation (Leeet al, 1994). It has also been reported that
dexamethasone, one of the well known steroidatiafiimmatory drug inhibits
TNF-a production at least in part by blocking inductiohJNK (Swanteket al,
1997). Therefore, taken results of the presentystagether, it can be presumed
that QAGIc inhibits NFR<B via combined alterations of MAPK and cytokines
other than by regulating IKK:
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Fig. 5.
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Effect of QAGIc and Glc on_ TNé&-production in LPS stimulated
RAW264.7 cells. Cells were treated with differenhcentrations of test
materials or 1 UM dexamethasone (DEX) as a posaorgrol for 1 h,
and stimulated with LPS (dg/ml) for another 4 h. Following incubation,
amount of TNFe released was determined by TNRantibody coated
ELISA kit as described in the materials and methsmtgion.
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Fig. 6. Effect of QAGIc and Glc on ILBL production in LPS stimulated
RAW264.7 cells. Cells were treated with differenhcentrations of test
materials or 1 uM dexamethasone (DEX) as a posdordrol for 1 h,
and stimulated with LPS (dug/ml) for another 24 h. Following
incubation, amount of IL{1released was determined by IB-antibody
coated ELISA kit as described in the materials rwethods section.
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Fig. 7. Effect of QAGIc and Glc on IL-6 productionLPS stimulated RAW264.7
cells. Cells were treated with different concemirad of test materials or 1
UM dexamethasone (DEX) as a positive control fdr, and stimulated
with LPS (1ug/ml) for another 24 h. Following incubation, ambohf IL-
6 released was determined by IL-6 antibody coatd& K kit as described
in the materials and methods section.
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Fig. 8. Effect of QAGIc and Glc on PGHproduction in LPS stimulated
RAW264.7 cells. Cells were treated with differenhcentrations of test
materials or 10 uM aspirin (ASP) as a positive manfor 1 h, and
stimulated with LPS (dug/ml) for another 4 h. Following incubation,
amount of TNFe released was determined by TNRantibody coated
ELISA kit as described in the materials and methsmtgion.
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Fig. 9. Western blot analysis of TNE-IL-1B and IL-6 protein expressions in
RAW264.7 cells treated with QAGIc. After treatmaitQAGIc, whole
cell extracts were obtained and resolved by denaturiD®-BAGE.
Proteins (20-4@.g) were diluted in sample buffer and resolved-R0%
Novex gradient gel. Proteinsere transferred onto nitrocellulose
membranes and incubated with primary and secondatybodies
respectively. Western blot bands were developedh withanced
chemiluminescence reagents and visualized using 3088
Luminescent image analyzer. Detectionfedctin was used as control
for equal loading oprotein. LPS: bacterial lipopolisaccharide, ASP:
Aspirin
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Fig. 10. Western blot analysis of p38, JNK and ERKtein expression in
RAW264.7 cells treated with QAGIc. After treatmeritQAGIc, whole
cell extracts were obtained ‘and resolved by denaturiD®-BAGE.
Proteins (20-4@.g) were diluted in sample buffer and resolved-R0%
Novex gradient gel. Proteing/ere transferred onto nitrocellulose
membranes and incubated with primary and secondatybodies
respectively.. Western  blot bands “were developedh withanced
chemiluminescence reagents and  visualized using 30088
Luminescent image analyzer. Detectionpefctin was used as control
for equal loading oprotein. LPS: bacterial lipopolisaccharide, ASP:
Aspirin
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5. Summary

Regulation of the NkeB pathway is critical for the expression of genes
involved in inflammation, immunity, and carcinogsise This study relates in
general to a method of inhibiting pathological @ation of the transcription factor
NF-xB using novel glucosamine derivative substitutethwjuaternized amino
functionality. The results of the present studyesded the NFReB inhibitory
potential of QAGIc. The QAGIc suppressed the pranaictivity of NF«B in
transfected cells regardless of type of stimulatieurther, QAGIc altered the NF-
kB activity and translocation in RAW264.7 cells. Mospecifically, it was
revealed that QAGIc inhibits IKK, an important sf@ integrating signals that
regulate the NReB pathway. Further, reduction in IKK led the suhseut
reduction in kB. Moreover, the amount and the activity of inflaatory
cytokines, TNFe, IL-1B, IL-6 and PGE2 were decreased in the presence of
QAGIc confirming the link between these inflammatonediators in the NkB
signaling cascade. In agreement with the reduciioncytokines, a clear
suppression of P-38 and JNK was observed when wells treated with QAGIc.
Therefore results of this study present a potemtagamine derivative having an
anti-inflammatory potential. This type of compoundspotential candidates for
treating diseases in which activation of NB-s implicated.
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Anticancer Mechanism of a Novel Quaternized Amino
Glucosamine derivative and Its Inhibitory Effects onMatrix
Metalloproteinases and NFxB

At F44E Quaternized Amino Glucosamine =42 34714 &
7NAFEGN AR EA 9 NFxBY A &S g A+

B. E. P. Mendis

Abstract
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