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Zusammenfassung

EinfUhrung: Wahrend der Entwicklung verschiedener Karzinomgtzeich bereits
frih eine selektive und endogene Anhaufung desrdimenten Vorlaufermolekils
von Ham, des Protoporphyrin IX (PpIX), im TumorgéseDer Nachweis der durch
PpIX ausgeldsten Fluoreszenz konnte daher als reoe Methode zur Diagnose
friher Tumorstadien verwendet werden. Allerdingsbisher nicht geklart, was die
erhohte PplIX Fluoreszenz in Karzinomen induziert.

Resultate: Quantitative RT-PCR Untersuchungen zeigten einediliexpression der
Ferrochelatase (FECH), eines wichtigen Enzyms damsynthese, das die Bildung
von PplX au Ham katalysiert, in Magen-, Kolon- uRe&ktumkarzinomen. Nach
Einsatz der RNA-Interferenz-Technik mit siRNA zum nd¢k-down der
FECH-Expression in LS174T kolorektalen Zellen wareeum das 20-fache erhdhte
Fluoreszenz der PplIX nachweisbar. Dies konnte igleehbaren Versuchen auch fur
MDA-MB-435-Zellen gezeigt werden. Wurden die Zellanl3erdem zusétzlich zur
FECH-siRNA mit dem Substrat der Hamsynthese, deindlavulinsdure (ALA),
behandelt, konnte eine dramatische Erh6hung deX-Rphaufung um einen Faktor
50 im Vergleich zu Zellen, die nur mit ALA behandelrden, erreicht werden. Diese
in-vitro-Ergebnisse wurden inzwischen im-vivo-Experimenten bestatigt. Eine
kombinierte Behandlung von xenotransplantierten $&&u mit einer in
Folat-PEG-kationischen Liposomen verpackten oder an
Dendritic-Polyglycerol-kationischen gebundenen FESGRINA zusammen mit ALA
ermdglichte den Nachweis von millimetergro3en Kaomen der Nackt-Mause
anhand der PplX-abhangigen Fluoreszenz bei 630autm Bestrahlung mit Laserlicht
der Wellenlange 405 nm. Weder eine Behandlung iRNA oder ALA allein fihrte
zu vergleichbaren Fluoreszenzemissionen.

Schlussfolgerung: Eine  experimentell induzierte  Minderexpression des
Ferrochelatase-Enzyms flihrt zu einer dramatischabHting der PplX-Fluoreszenz
in verschiedenen Tumorzelllinien. Diese Ergebnissterstitzen die Hypothese, dass
die Minderexpression der Ferrochelatase die bedbi@cbndogene PplX-Fluoreszenz
in humanen Karzinomen verursacht. mevivo-Versuche zeigen, dass eine Gabe von
FECH siRNA in Verbindung mit einer sehr geringensi3ovon ALA verwendet
werden kann, um millimetergrof3e Karzinome im Mausdell zu identifizieren.
Neben den diagnostischen Moglichkeiten, die sichrauka erdffnen, kdnnte diese
Methodik den Weg zu einer neuen Art der photodysahen Therapie von
Karzinomen ebnen, bei der die Dosis an ALA sehingegehalten werden kann, um
unerwunschte Nebenwirkungen zu vermeiden.



Abstract

Background: Selective and endogenous accumulation of ProtogarplX (PplX), a
fluorescent precursor of heme, is one of the eangnts associated with the
development of human carcinomas. Previous invdgiiga of our group
demonstrated preferential accumulation of PplXastgpintestinal malignant tissues.
However, the reason for this accumulation has eenlxlarified yet. PpIX-mediated
fluorescent imaging might be a new approach fanaligation of early cancers.
Results: A significant down-regulation of ferrochelatase (FHE expression in
gastric, colonic, and rectal carcinomas was detechiby quantitative RT-PCR of
human tissue samples. Experimentally-induced krdmkn of FECH expression in
LS174T cells by using RNA-interference (RNAI) teajue led to an accumulation of
PpIX of more than 20-fold compared to untreatedsc&8imilarly, silencing of FECH
in MDA MB 435 cells showed a considerable enhancenoé PplX accumulation.
Incubation of LS174T cells with the substrate afnleesynthesis, aminolevulinic acid
(ALA) in a concentration of 0.1 mM did not induagrsficant accumulation of PplIX.
However, if cells were treated with siRNA followedy ALA, a dramatic
enhancement of PpIX accumulation by a factor oWa8 achieved compared to cells
treated only with ALA. These findings were furtfeamfirmed byin vivo experiments
in nude mice xenotransplanted with human mammaricircama cell lines.
Application of a single dose of 5mg/kg ALA aloneddnot result in sufficient
fluorescence forn vivo detection of the xenografted tumors. However, i¢anwere
treated with siRNA followed by ALA, PpIX-dependetiorescence hotspots were
detected at the sites of the millimeter-sized tisnmomude mice.

Conclusion: Functional application of siRNA alone leads torandatic enhancement
of PpIX accumulation in colorectal cancer cells &dndhan mammary carcinoma cells,
supporting the hypothesis that down-regulation BCH expression plays a crucial
role for selective accumulation of PpIX in cancexdissues. In vivo application of
siRNA-based inhibitor of FECH in conjunction withvary low dose of ALA leads to
a significantly higher endogenous PplX level at #ite of the xenografted tumor,
which provides a promising new modality for detegtthe millimeter-sized tumor in
the mouse model. Either siRNA encapsulated witbiaté-PEG cationic liposomes or
bound to polyglycerol-based nanocarriers worked wethis regard. This approach
may facilitate early tumor diagnosis. Moreovemiay pave the way to a new kind of
specific photodynamic therapy for cancerous disea@sethe routinely applied high
concentrations of ALA which have a number of undbiside effects can be reduced
by using FECH-siRNA.

\Y



1 Introduction

1.1 The diagnostic window for detecting early maligancies

Early detection of cancer has been, and will cairto be the best way to
significantly improve therapeutic outcome. Earlyncar diagnosis aims to find
primary tumor prior to metastasis. Unfortunatehyclinical practice, solid tumors are
diagnosed at a rather late stage, when more thinohall patients had already
developed metastases. For example, approximatéty@reast-cancer patients had
presented with clinically detectable metastasaheatime of initial diagnosis, and a
further 30-40% of patients had harbored occult stages. Thus, less than one third
of newly diagnosed solid tumor patients can beaimelocal therapeutic modalities
alone®. Approximately 70% of patients are beyond the hopa complete surgical
extirpation or radiation cure.

Invasion and metastasis are the most insidious ldaghreatening aspects of
cancer®. The ability of malignant cells to invade througbrmal tissues and to
metastasize to distant sites throughout the bodlgasnain cause of death in cancer
patients®. The most critical pathologic turning point in canis the establishment of
metastasis. Approximately 90% of all cancer pasiefi¢ from metastasés” .

Conventional anatomic imagingchniques typically detect cancers when they aee o
centimeteror greater in diameter, at which point they alreamnsistof >10°
cancerous cells (including circulating and micrgsco metastaticdeposits) 2,
Endoscopy can provide high-resolution imaging & émtire hollow organs surface.
However, flat epithelial cancerous lesions and inaroain situ remain frequently
unchanged in color or morpholody Thus, early malignancies can easily be missed
during ordinary white-light examinations as themadl size and appearance can be
similar to that of normal tissues under white-lightmination.

Carcinogenesis is usually a long-term pathologacatess. A wide range of research,
including both, basic studies and clinical triafgovided numerical evidence to
support that a substantial diagnostic window exidtging carcinogenesis for
detecting early malignancies. The acquisition oé timvasive and angiogenic
phenotype may extend back over a period of 10 yedngh offers a window for
early detection of tumor prior to metastasis. Timportant window can be defined as
the period in the course of which transition fromhgperproliferative state to
acquisition of the capacity for invasion and metsist occurrence takes plae



1.2 Carcinogenesis

Cancer is a malignant cellular disorder which reprngs a large and complex group of
related but distinct diseases, characterized byoninglled multiplication and
disorganized growth of affected cells. Geneticratiens are responsible for cancer
development and progression. Cancer results whée aecumulate a variety of
genetic defects of the proto-oncogenes, tumor ®sgpr genes, and DNA repair
genes which are involved in the control of cellwtio and division. That will lead to
uncontrolled cellular multiplication. Cancerous Iselmanifested a significant
disruption of the normal, orderly and regulatedleyof cell replication, with the
capacity to invade other tissues, either by diggoivth into adjacent tissue through
invasion or by implantation into distant sites bgtastasis.
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Figure 1.1 Schematic description of cancerogenesisan epithelium

(Reproduced from: Weinberg RA, Sci Am (1996), 275762

According to currently accepted theories of cargemesis, this is assumed to be a
multistep process in which genetic alterations audate, ultimately producing the
neoplastic phenotypt. Tumor development begins when some cell withioamal
population sustains a genetic mutation that in@gés propensity to proliferate when
it would normally rest'?. Firstly, acquired genetic susceptibility enabsepwise
selection of variant sublines of cancer cells. Dgrthis time interval, these cells
undergo several modifications. As a result of chloomitation, these cells may
differentiatetowards a phenotype better adapted to the pregadinvironment.
Thereafter, hyperplasia and metaplastgur. Hyperplasia takes place if the cell
population is capable of replication. Metaplasiaigseversible change in which one
adult cell type is replaced by another adult ggdet In this type of cellular adaptation,
cells sensitive to a particular stress are repldogdother cell types that better
withstand the adverse environment. In case adwergeonment is a carcinogen and
is not removed, over time, the epithelia are mediffurther and are eventually
characterized by an increasing degree of cellular rauclear atypia, which is called
dysplasia. This step is no longer reversible.



The following step is the carcinoma situ (CIS). At this stage, the entire epithelial
layer is replaced by atypical cells. CIS is anye&rtrm of carcinoma defined by the
absence of invasion of surrounding tissues. In rotherds, if the neoplastic cell
growth has not yet broken through any boundari¢aden tissues (for instance the
basement membrane), it is called a carcinemstu (CIS). As the neoplastic cells
proliferate in their normal habitat, they are naniedsitu” **. Most forms of CIS
have a real potential to turn into invasive carmag if left untreated long enough. It
is not known which fraction of carcinomassitu evolve towards invasive lesions, but
it is believed that almost all invasive lesions é&volved from an earlier carcinoma
in situ.

1.3 PplX-mediated fluorescent imaging technique

In fact, cancerous tissue often shows differencgnly in its genetic mutations, but
also in its biological behaviors such as biochefattarations. Therefore it can result
in its optical characteristics.

Cancer metabolic alterations are often associated ar prior to the onset of

disease’® > Biochemical alterations and morphological changesociated with

pre-cancer perturb tissue absorption, scatterind) farorescence properties. Thus,
optical spectroscopy can probe pre-cancerous cedhge

PpIX mediated fluorescent imaging technique can acta promising molecular
optical imaging tool for the detection of malignascat their earliest stages. Selective
accumulation of PpIX in cancerous tissues has Ipgened to be one of the early
events associated with carcinogenédisThe general property of PplX loading by
tumor cells, either following ALA dosing or withowdministration of exogenous
ALA, has stimulated numerous basic research anuicali studies for potential
diagnostic and therapeutic us&s '* 2% 2! After the application of appropriate
wavelength and moderate intensity light to excipé® localized fluorescent hotspots
could be observed at the location where the diseasesndoscopically visible. In this
way, the tiny cancerous lesions, such as dysplas@cinomasin situ, and
macroscopically indiscernible premalignancies, ddug observed by PplX-mediated
fluorescent-imaging approach.

In contrast to conventionahatomical diagnostic imaging, molecular imagingl)(M
technique sets forth to probe the molecalarormalities that are the basis of disease
rather than to imagée final effects of these molecular alteratiéh§®



Molecular imaging includes all imaging methods &iplin the identification,
characterization and assessmentwivo of biological processes which occur at the
cellular and molecular levéf. The most recent definition of molecular imagirash
been put forth by a task force organized by theidtagical Society of North America
(RSNA) and the Society of Nuclear Medicine (SNM}. quote: “Molecular imaging
techniques directly or indirectly monitor and retd¢ine spatiotemporal distribution of
molecular or cellular processes for biochemicab|dgic, diagnostic, or therapeutic

applications™>,

In general, molecular and biochemical alteratiotsuo prior to major structural tissue
changes. To probe the molecular and biochemicataibns by optical molecular
imaging approach allows finding the primary tumaopto morphological structures
changes.

Profio 2° and Kinsey ?’ pioneered the development of dedicated fluoresenc
instrumentation using photoelectronic detectorsis Tihitiated clinical and animal
model studies of haematoporphyrin derivative-medigghotodynamic therapy (PDT)
by Dougherty and coworkef$ By means of ultraviolet irradiation, HarfiSobserved
red fluorescence in ulcerated human oral carcindndogenous porphyrin that is not
associated with microorganisms has also been sgeduio cause red fluorescence in
oral cancer®. The porphyrin-fluorescence features in human eairt comparison
with non-cancerous tissues were investigated rgce@nhizawaet al. reported that
autofluorescence in human oral cancer correlatéd the progression of lesions, and
that fluorescent substances such as protoporphgie produced in association with
the cancerous tissue. The autofluorescence in huarah cancer was mostly
dependent on protoporphyrin IX, coproporphyrin, aelhted compound®. Moesta

et al. examined the colorectal resectigpmecimens, lymphatic and liver metastases
from 33 colorectal cancer patients, a total of 1pa%able mesenteric nodes were
fluorimetrically characterizedex vivo. PpIX was identified as the predominant
fluorophore in primary tumors and their metast&3es

Compared to other exogenous photosensitizers, Rpl®ne of the intermediate
products in heme-cycle, which naturally existshe body. The hematoporphyrin is
the most labile of the natural porphyrins deriveohf PpIX. PpIX serves as both:
fluorescent marker for photodynamic diagnosis (P@B)well as photosensitizer for
photodynamic therapy (PD T 3% 3% 33.34

Chemically, PplIX is best characterized as a lipphstructure. In an aqueous



environment, it appears in formation of dimméts Excited at 405 nm light, the
PplX-related fluorescence in tissue has a dual ,patlapprox. 635 and 705 nm,
emission in the red regiofl

PplIX-mediated optical molecular imaging provides gossibility ofin situ detection

of millimeter-sized cancer foci or micrometastasss, the tiny tumors in peritoneal
cavity, which were beyond the detection threshofdnm@mny other conventional
diagnostic imaging techniques, were observed bggu§iplX-mediated fluorescent
imaging approach. ALA-induced PplIX was also used phRotosensitizer for selective

destruction of ovarian micrometastases by photatymatherapy in an animal
model35, 36, 37, 38, 39, 40, 41

Alterations in tissue composition between normal amalignant tissue form a basis
for the diagnostic potential for neoplastic tisseKrieg et al. suggested that the
research of tumor-cell selectivity of PplIX fluoresce should focus on the
mechanisms responsible for an altered PpIX metsinolo find tumor-specific target
molecules®.

1.4 ALA-induced-PplIX photodetection and its limitations

To detect malignancies by PplX-dependent autofluorescencetaioly poses
advantages because it does not require any trehatarestaining of the tissues.
However, tumor-specific PpIX autofluorescenise rather weakin vivo. Thus,

administration of exogenous photoactive compoundghirimprove the sensitivity
considerably and achieve greater diagnostic acgdoaaetecting cancers.

Berlin studied the pharmacokinetics of ALA in hurmaand rats by radio-labelled
ALA in 1956 *“*“> ALA is a naturally occurring, 5-carbon amino acitlis easily
dissolved in water and in a large variety of sotgeand emulsions. At a pH around 5,
ALA is chemically stable, but can react non-enzyoadly to several condensation
products at higher pH valu&s

The last step in the heme-synthetic route invohasversion of PplX (a
photosensitizing species) to heme (a nonphotosangitagent). The investigators
have also found that exogenous administration oA &tuld induce the cellular PplX
accumulation*” *8 In 1986 Pottier first reported that using ALA induced PpiX

obtain red fluorescence excitation and emissiorctspeén vivo and developed a
sensitive spectrophotofluorometry system that peginthe rapid and non-invasive
determination of fluorescence-emission spectrdénskin of living non-anesthetized



animals®. The selective photodynamic destruction effecthef ALA-induced PpIX
was experimentally introduced by Malik in 1987 Ine ttreatment of erythroleukemic
cellsin vitro. They present a specific method for erythroleulceceill inactivatior{™.
Based upon their own data on ALA-mediated PpIX prtion in the skin of micé’,
Divaris et al. discovered a selective tumor localization of endogs porphyrins
induced by ALA. An elevated PplIX concentration ch@ obtained through the
heme-cycle following administration of ALA. The Rlclinical application potential
of the method was recognized by Kennedy and Ppttieo started to treat cancers in
the skin of humans by administering the ALA topigal" >2.

It is well documented that ALA-induced PplIX is aoauated more in tumor cells
than in normal cellse.g., in skin °>*and various organs, such as braftn>> oral
cavity °® *, esophagud® *° ®*gastrointestinal trad" °> colon®®, lungs®, ovary®®

cervix®* ® pladder ¢ 67 68.69.70. 7L 75304 leukemic cell§ > 4 70

In 1999,20% s-aminolevulinic acid(Levular’) was approved by the US Food and
Drug Administration (FDA) for a topical treatment actinic keratoses (AKS) in
combination with blue light. Actinic keratoses cdevelop into skin cancer. When a
malignant change does occur, the cancer is calleguamous cell carcinoma. This
unique system uses a combination of ALA topicablsoh and blue light to target
AKs. 20% s -aminolevulinic acid is the only FDA-approved foration of the
topical treatment ALA-PDT system for actinic kesgs’®. However, none of the
currently used ALA or other photosensitizers isiclally approved by FDA for
photodynamic diagnosis (PDD).

ALA-induced PplX has been assessed experimentatlyliagnosis and treatment of
various medical indications. However, the limitedtdl bioavailability of ALA has
widely prevented its use in daily clinical practiemd a significant hurdle remained to
the development of this technique as a routineicaindiagnostic tool is the
non-negligible neurotoxic effects of exogenous Adffer systemic administration.

Regulaet al. measured the plasma ALA concentrations during adahinistration of
ALA in 13 patients with gastrointestinal cancersheT mean plasma ALA
concentration in 11 patients 6 hours after a fometied dose of 30 mg/kg was
63umol/L, the ALA levels in 2 other patients 6 houfteaa dose of 60 mg/kg were
116 and 20pmol/L, respectively’’. Information is now available to show that the
mean normal plasma level of ALA is 92nmolfL. The mean plasma concentration of
ALA in the asymptomatic carriers of the acute intdgtent porphyria



was 1.7 pmol /L.

It has been reported that doses of exogenous Aardging from 30 to 1000 mg/kg,
were used in the ALA-induced PpIX mode. Obviougpplying a high dose of
exogenous ALA for PDD/PDT may lead to much highkisma ALA levels in those
who received the examination or treatment than dlhdtealthy individuals and even
porphyric patients. Besides the risk of prolongkid photo-toxicity, these high doses
of ALA are known to produce a number of neurotaxianifestationand in this case,
ALA is generally considered to be the most likeBurotoxic compountf: 8- 828384
85,86, 87, 88 This may be in part due to the fact that ALA @mewhat similar in
structure to the neurotransmitter G-AminobutyrildGABA) 8%

CooT Coo
Cng I£H2
Cng I%Hg

Cl =0 IéHg
Cng I‘!JH3+
P!JH3+

ALA GABA

Figure 1.2 Chemical structures of ALA and GABA
(Reproduced from: Albert C, Quarterly Journal of Néate 1987, 241: 377-392)

After blocking nerve transmission by tetrodotoxmisolated rabbit duodenum, ALA
0.2-0.8 x 10 M can inhibit muscle tone and both spontaneous immticed
contractions’. ALA can have a direct effect on rabbit gut smowthscle. This may
be partly due to direct effects of ALA on the alpdrenergic receptoré. GABA s
an inhibitory neurotransmitter in both spinal camt cerebral corte¥ *. ALA can
mimic GABA action by increasing chloride ion contamce in the crayfish stretch
receptor neuronés.

ALA has also been shown to impede ‘N#& -ATPase activity in rabbit brain
preparations °°. Since inhibition of sodium-potassium pump can luiefice
neuromuscular transmission by increasing neuratnates release, ALA is believed
to act as a GABA agonist.

ALA was undetectable in most samples of normallmr@spinal fluid (CSF). However,



the exogenous ALA may penetrate across the bloaihtrarrier®” * *and the
central nervous system itself may synthesize paipsyrom exogenous ALA and,
the reactive oxygen species (oxygen radicals) anemted during ALA autoxidation.
Therefore, much care should be taken in clinicahldr of systemic ALA
administration, particularly for the patients wiporphyria or severe diseases of the
liver and kidneys, because acute attacks of hepetiphyrias with neurovisceral
symptoms are always associated with high urinacyetion of ALA'® thus, elevated
ALA is considered responsible for neurological syomps, and ALA is toxic to the
brain.

In patients receiving oral administration of ALA doses of up to 60 mg/kg, transient
nausea and vomiting were noticed in 15-30% of thamg 25-30% developed
temporary changes in various liver-function té$td®* Gorchein and Webber found
that the maximum plasma ALA levels in 2 patientshwacute intermittent porphyria
were only 9 and 12umol/L, but with severe neurogenic dysfunction, utthg
respiratory paralysis, quadriplegénd extensive autonomic abnormaliti&sinfusion

of haematin was given to decrease the ALA levels,there had been no obvious
clinical benefit. Thus, they doubted that uncettasstill exist for the plasma ALA
levels in relation to the pathogenesis of the nlegroal manifestations in those
patients with acute intermittent porphyria. Howevthis could be explained by
inter-individual susceptibility to the effects ohdématin and/or ALA on account of
genetic or other interacting factors.

Wide range and abundance of evidence supportsAlbatdoes have effects on the
nervous system. The accumulation of ALA revealdthde neurotoxic effectén vivo
and is responsible for the neurological manifesteti Therefore it is generally
considered to be the neurotoxic compo€fh{f#2 83 84.85.86. 87,88, 96

The neurotoxic symptoms can be life-threateningsome cases, especially if the
muscles that control breathing become paralyzeenBore safer clinical practice, the
application of a lower dose of exogenous ALA is ndwniversally accepted concept
in the way of using ALA to induce PplIX for fluorest imaging detection. Thus,
there is a tremendous incentive for developing nsamesitive modalities which can
achieve efficient enhancement of intracellular PpiXl avoid or reduce the undesired
side effects of exogenous ALA thereby obtain sajeeater meaningfuhformation
and more diagnostic accuracy for detecting caretettseir earlier stages.



1.5 Heme metabolism
The biosynthesis of heme in mammalian cells in®h@-operation between

mitochondrial and cytoplasmic compartments. Th&t fitep and the last 3 steps occur
within mitochondria, the rest 4 intermediate stapscytoplasmic.
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Figure 1.3 The Heme Biosynthesis Pathway

The first step begins with the condensation of sytcoenzyme A and glycine to for@aminolevulinic acid,
which catalyzes bys-Aminolevulinate synthase (1). Then the products @ansported to cytoplasm. ALA
dehydratase induces the condensation of 2 moleaflesLA to yield porphobilinogen (2). Porphobilineg
deaminase catalyzes successive condensations ofet¢utes of porphobilinogen to release hydroxymiéilgne
(3). Uroporphyrinogen synthase converts hydroxywyibtlane to uroporphyrinogen Il (4). Uroporphyrigen
decarboxylase removes four acetic acid carboxyl ugso from uroporphyrinogen to produce the
coproporphyrinogen, and then the coproporphyrinogeill be transported into mitochondria (5).
Coproporphyrinogen oxidase decarboxylates and @&di2 of the 4 propionic side chains of the
coproporphyrinogen to form the protoporphyrinogen(6). Protoporphyrinogen oxidase removes 6 hydnsge
from protoporphyrinogen IX to produce the protogomin IX (7). The final step is the incorporatiofi ferrous

iron into protoporphyrin IX to form heme, which abtzed by Ferrochelatase (8).



Heme synthesis begins with condensation of succdoghzyme A and glycine to
form &-aminolevulinic acid (ALA), which catalyzed BtAminolevulinate synthase
(ALAS). Using isotopic tracers, it was initially dod that N & C atoms of heme are
derived from glycine and acetat® ' |t was later determined that the labeled
acetate enters Krebs Cycle as acetyl-CeAd the labeled carbon becomes
incorporated into succinyl-CoA, the more immediatecursor of heme.

ALAS is in the mitochondria, where the substratescinyl CoA, is produced. In
vertebrates, there are two ALAS isoenzymes: ALAS1hie housekeeping enzyme,
which is required for cytochromes synthesis anohigbited by heme. ALAS2 is an
erythroid isozyme, which is required for hemoglobymthesis and is not inhibited by
heme. The enzyme is located on the matrix side hef iner mitochondrial
membrané®* 1%

The next enzyme in the pathway, ALA dehydratas® a&lalled porphobilinogen
synthase, is located in the cytosol and inducesdmelensation of two molecules of
ALA to yield porphobilinogen (PBG) with the elimitian of two water molecules.
Porphobilinogen is the first pathway intermedidtat includes a pyrrole ring®.

The porphyrin ring is formed by condensation &bur molecules of
porphobilinogen. Porphobilinogen deaminase (PBGD) catalyzes successive
condensations of porphobilinogen, releases theapgtrole hydroxymethylbilane
Uroporphyrinogen Ill synthase converts the linesrapyrrole hydroxymethylbilane
to the macrocyclic uroporphyrinogen Ill. Both enagrare located in the cytosol, and
the action of PBGD is the rate-limiting step. Thembined action of PBGD and
uroporphyrinogen Ill synthase condenses four mdéscof PBG in a head-to-tail
manner and cyclizes the tetrapyrrole chain to faraporphyrinogen 1%,

A series of decarboxylations and oxidations haveat® place before iron can be
inserted into the tetrapyrrole ring. The first paftthis process is performed in the
cytosol by uroporphyrinogen decarboxylase. Thisyere removes four acetic acid
carboxyl groups from uroporphyrinogen to form cqunphyrinogen.

The last three enzymatic reactions take place ire tmitochondrion.
Coproporphyrinogen 1l is now exposed to copropgrptogen oxidase which is
situated in the intermembrane space of the mitodhanThe enzyme decarboxylates
and oxidizes the propionic side chains in ring AdaB to vinyl groups, and
protoporphyrinogen IX is formetf® 09 110
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The next step is the oxidation of the tetrapyrnatg by removal of six hydrogens
from protoporphyrinogen IX to produce protoporphyrilX, catalyzed by
protoporphyrinogen oxidase. The enzyme is embeddethe inner mitochondrial
membrane with its active site on the matrix sidetlef membrané'’. It is an

oxygen-dependent enzyme with high substrate sp#yifi

The last step of heme synthesis is incorporatidierbus iron into PplX, which takes

place in the mitochondria catalyzed by ferrochsatéEC 4.99.1.1) and the

eukaryotic enzyme is located in the inner mitoch@mdnembrane facing the matrix
of the mitochondrion?. Ferrous iron (F€) is added to protoporphyrin IX via

ferrochelatase to yield heme. Eukaryotic ferrodaska is synthesized in the cytosol
and then imported into the mitochondria.

85% heme comes from erythrocytes, the rest fromrr@over of cytochromes p450s
and immature erythrocytes,e, most of the heme is from the degradation of
hemoglobin. Since in the steady state 6 - 8 grarhgmoglobin are synthesized daily,
6 - 8 grams must also be degraded. After approxeindi20 days in the circulation,
red blood cells are taken up and are degraded éyrdticuloendothelial system,
particularly in the liver and spleen. This giveserito about 300 milligrams of heme.
As heme is not reutilized, it has to be degradet excreted. Although heme is not
recycled, its iron is conserved. Normally, senes@m damaged erythrocytes are
sequestered by the spleen, which processes thamamner that preserves their iron
content. The microsomal heme oxygenase system efraticuloendothelial cells
starts degradation of heme.

Degradation of heme is catalyzed Hgme Oxygenase (HO) (EC 1.14.99.3). HO is
the first and the rate-limiting enzyme in the calam of heme to yield equimolar
amounts of biliverdin, carbon monoxide (CO) andefieon *** % The source of
bilirubin is from degradation of heme. In the preseof NADPH and @ the enzyme
add hydroxyl group to the methenyl bridge betweww tpyrrole rings with a
concomitant oxidation of ferrous iron (Fgto Ferric iron (F€™). In the second
reaction biliverdin reductase reduces the centratheme bridge of biliverdin,
producing bilirubin. Bilirubin is transported toeHiver by binding non-covalently to
albumin. In the hepatocyte, the solubility of hilin is increased by adding two
molecules of glucuronic acid, which catalyzed biirddoin glucuronyl-transferase
The major product is bilirubin diglucuronid&ilirubin diglucuronide is actively
transported against a concentration gradient ih® bile canaliculi and finally
excreted via feces and/or urine.
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1.6 Ferrochelatase

Human ferrochelatase (EC4.99.1.1) is encoded bnglesgene. The chromosomal
localization of the human ferrochelatase gene hesnbmapped to chromosome
18g21.3™> ® Ferrochelatase is an iron sensor in mitochontfia**® It is the
terminal enzyme of the heme synthetic pathWdyThe function of ferrochelatase is
to catalyze ferrous iron into protoporphyrin IX tmwrm heme. Mammalian
ferrochelatase utilizes ferrous iron as the phggjgial metal substrate. The enzyme is
capable of utilizing several other divalent metédsy. Zn™" Co™ and Ni’) as
substrates as weff” %! and there are a wide variety of IX isomer porjig/in vitro.
Certain other divalent metals such as*MrCd™, and Hg* are inhibitors'?% Ferric
ion is not used as a substrate

Decreased ferrochelatase activity leads to an aglation of precursor porphyrins
within cells, particularly in those tissues (eliyer and bone marrow) whetkere is a
high rate of heme synthesis. The excess produdfigirotoporphyrin results in the
disease protoporphyrid®’. As with most mitochondrial proteins, eukaryotic
ferrochelatase is nuclear encoded, synthesizeldeircytoplasm as a precursor form,
and subsequently processed to the mature proteingdtranslocation to the matrix
side of the inner mitochondrial membrane in an g@peequiring step that involves
proteolytic processing of the precursor form of fhietein to its mature forr¢> 28
Animal ferrochelatases possess a [2Fe-2S] clustér Recombinant human
ferrochelatase was produced and purified as prebjialescribed®.

1.7 The mechanisms involved in selective accumulaiti of PplX in tumor

Heme is formed physiologically out of its precursBplX. Under physiologic
conditions, heme synthesis is regulated in a negd@edback control of the ALA
synthase by free hemee., the amounts of the intermediate products betwedeh
and heme are regulated initially by ALA synthaseréasing concentration of heme
will create a feedback mechanism and further dosgwiate intracellular ALA
production from succinyl-CoA and glycine. Howevdhe negative feedback
mechanism can be overcome by an excess amountAafplied exogenously. That
is, if a high amount of ALA is applied to the syefiis pathway exogenously, this
negative feedback mechanism can be set out of aiprtonsequently leads to
accumulation of fluorescent porphyrins, mainly PpiXtissues of epithelial origin
and their malignant counterpaffs Following the addition of excessive amounts of
exogenous ALA, ferrochelatase will not be able rromiediately convert all of the
produced PplIX into heme. Therefore, PpIX accumal&enporarily in the cells and
renders them photosensitive and fluorescent femture
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There have been many attempts to elucidate the codale mechanisms of
tumor-selective PpIX accumulation by studying vas@spects of heme metabolism.
In general, it is thought to be induced by increélasellular uptake of ALA, increased
PplX synthesis, reduced PpIX conversion ofall

One theory is that there exists an increased eellyptake of ALA and retention of
the ALA-derived PplIX. The mechanisms may involveigher tumor cellular uptake
of ALA through an active transport mechanism, dawlised efflux of PpIX, and the
poorly organized vascular architecture of tumgrs™3®: 131 132,133, 134,135, 136, 13 o¢
is to say, the success of ALA-mediated accumulabbrPplX in cancerous cells
depends on an efficient ALA uptake leading to dicieht conversion of ALA into
PplX, and a low PplIX efflux.

In contrast Krieg et al. using excess ALA on colon cancer and fibrobladit loees
indicated that the metabolism of PplX determineaduspecific PplX fluorescence,
whereas ALA uptake is not significantly differemnang cell lines*’. The recent
attempt to improve uptake of ALA by increasing [pbdicity of ALA through
esterification of the molecule leads to improvedmbeane permeability®®
Brunner using different ALA esters on several qaoana cell lines showed an earlier
maximum of PplX accumulation, whereas no signiftcanprovement in tumor
selectivity was found when compared with ALA aftezating cells with a dose of
ALA esters 0.6 mmol/L}*°. These findings indicated a more important role pPX®
metabolism in tumor cell selectivity.

Another theory suggested that there could be aeased PBGD activity at a normal

or marginally increased FEC&ttivity, i.e,, a faster rate of conversion of ALA to
PpIX 141, 142, 143, 144, 145

An alternative hypothessuggests that an increased PplX formation is coetbiith

a reduced PplIX conversion in the heme synthetibvpay. The latteseem to be the
consequences of reduced FECH-enzyme activity arafioinsufficient intracellular
availability of iron. Those contribute to accumidat of PplX after ALA
application3? 143. 146. 147, 148, 149, 155 ataniet al. (2000) suggested that the FECH
activity was under the control of intracellular nraand possibly correlated with
formation of the Fe/S cluster at the C-terminal@agThe role of the Fe/S cluster was
confirmed by observations that the activity of Bli derrochelatase, which lacks a
FelS cluster, was insensitive to desferrioxaminem#xpressed in Cos7 ceftd Iron

is essential in a wide variety of cellular procasseluding cell proliferation, viability,
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and DNA synthesis. The iron is utilized as cofactor by heme, aconitase,
cytochromes®!, and ribonucleotide reducta$®. Tumor cells may have an increased
demand for iron to meet their rapid division. Ipsssible that the competition for iron

by other metabolic pathways results in its loweaedilability for FECH.

Although the decreased ferrochelatase activity repsrted in some types of human
cancers, and selective accumulation of PpIX in tumas suspected to be related to
lowered FECH enzyme activity, as far as we knowyunequivocal evidence has been
obtained for the involvement of the down-regulatadrfFECH expression correlating

directly with the accumulation of PpIX in tumordises.

1.8 RNAI

RNA interference (RNAI) is a recently described trmmsm for inhibiting gene
expression, which lead to post transcriptional galemcing (PTGS) after endogenous
production or artificial introduction into a cellf adouble-stranded RNA with
sequences complementary to the targeted §&€n&Vhereas the transcription of the
gene is normal, the translation of the proteinresvpnted by selective degradation of
its encoded mMRNA. The functional mediators of RNa&é small interfering RNA
(siRNA) **. The discovery of RNAI related previous work onGSin plants to the
activity of dsRNA. In the case of plants, it hasibenown for a long time that
transgenes can induce their own silencing and samebusly silence the homologous
endogenous gene by a process known as co-suppressit® Rich Jorgensen and
colleagues tried to deepen the purple color of pgetunia by introducing a
pigment-producing gene. Instead of the expectegp greple color, many of the
flowers appeared variegated or even white. This meased “co-suppression”, since
both the introduced exogenous gene and the homatogodogenous gene were
suppressed simultaneously.

Several sets of observations indicate that co-gag3pn might be initiated in at least
two distinct waysThere is strong evidence from plant systems thaf Rikbducts,
rather than simply the presence of multiple genocoigies of DNA sequences, can
trigger co-suppression in some caS¥sin plants, transgenes can be silenced at both
the transcriptional and post-transcriptional levélfie mechanism responsible for
PTGS is the selective degradation of mMRNAs triggdre double-stranded RNA.

It was not until 1990s that RNA was showed to teiggene silencing in an inheritable

manner. The first evidence that dsRNA could leadgéme silencing came from
investigations of Caenorhabditis elegans (C. elggan 1995. Both sense and
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antisense RNAs were proved to be effective at aitgnhomologous target genes
when injected separately. Guo and colleagues usdease RNA to shut down
expression of the par-1 gene in order to asses$gntsion. As expected, injection of
the antisense RNA disrupted expression of par-Iprsingly, injection of the
sense-strand control did t&8. This resulting was a puzzle until three yearsrlat

The seminal discovery following this was made e find Mello, who demonstrated
that the combination of sense and antisense RN@eather was substantially more
effective at producing interference than either arsdr individually. This
experimentally-induceBTGS, the first report of the use of RNAI as a tndbiology
was very potent and remarkably. Both the individgahse and antisense RNA
preparations separately had only marginal intenfggeactivity, requiring a very high
dose of injected RNA to produce any observablecefla contrast, a sense—antisense
mixture caused potent interference with endogemmens activity*>°. Electrophoretic
analysis indicated that the injected mixture materiwas predominantly
double-stranded RNA. The dsRNA was gel-purifiedrfrthe annealed mixture and
was found to retain potent gene silencing effetiuslthe dsRNA was proved to be
the key trigger of the gene silencing.

Tuschlet al. reported that RNAi-induced silencing was realizgal degradation of
messenger RNA, which is promoted by dsRNA but riogls-stranded RNA®,
RNAI is triggered by dsRNA which induces the effeetdegradation of target mRNA
through the generation of a sequence-specific aseleactivity. Hammondat al.
termed this enzyme “RNA-induced silencing compl€RISC) **%. This enzyme
contains an essential RNA component. After paptialfication, the sequence specific
nuclease co-fractionates with a discrete, 25-ntideoRNA species which may
confer specificity to the enzyme through homologyte substrate mRNAS! 162

Zamoreet al. (2000) and Bernsteid al. (2001) used the Drosophila in vitro system
to examine the the molecular mechanism during tRAiReaction, they found that
the cell extracts contained the ability to prodesg) dsRNA into 21 to 23-nt effector
RNAs termed “small interfering RNAs” (siRNAS§* 1%

Quickly, the molecular details of the assembly ¢6® were elucidated. RISC is a
sequence-specifc, multicomponent nuclease thatoysstarget mRNA. It was shown
to contain Dicer, the Argonaute-2 (Ago-2) proteimta~22-nt SiRNA.

Dicer is a member of the RNase Il family of nugles that speciacally cleave double
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stranded RNAS®. Dicer and Ago-2 might physically interact, persahprough their
shared PAZ domain¥ It is likely that the interaction between Ago-BdaDicer
facilitates the incorporation of siRNAs into RIS@Gneplexes and then the sense strand
of sSiRNA is peeled away, leaving the antisensendtren RISC as the sequence
specific target guider for cleavage of the completae target mRNA in the
cytoplasm.

Over the last few years, a more thorough undersignof the mechanism of action

and intracellular pathways of RNAi has developedwiver, a significant hurdle

remains to be overcome in the development of RNjAaaesearch and therapeutic
tool, i.e., double stranded RNA molecules longemtt30bp in length, in most of

mammalian cells can cause non-specific gene silence

In response to viral infection or long dsRNA, themmalian cells could secrete
interferon. Long dsRNA can activate protein kind&gPKR) and 2', 5' adenylate
synthetase (2,5AS). PKR can phosphorylate elongatidiation factor 2 (elF2.) to
block all protein synthesi$® **” The biologically active 2,5AS molecules can hiod
and convert RNase L, a ubiquitous 2,5AS-dependedbrébonuclease, from its
inactive monomer to its active dimmer form, whiaiduces non-specific mMRNA
degrading in the infected ceft&® Interestingly, dsRNA less than 30bp in length do
not activate the PKR and 2,5AS. If long dsRNAs eepped into small interfering
RNAs, these siRNA molecules will induce sequencecsjg gene silencing in
mammalian cells.

The first evidence that synthetic sSiRNAs can me&dRNAI in mammalian cells was
provided by Elbashir and co-workers in 2001 whex ¢hemically synthesized small
dsRNAs 21-23 nucleotides in length was shown talde to mediate cleavage of the
target RNA in a short span of tim&° The PKR activation was not effectively
triggered by these short dsRNA oligos. This findiogened the floodgates and
followed by a flood of papers that described RN&dhnology in mammalian systems.
These small dsRNA oligos are creating new dimerssionthe field of molecular
biology. Its applications are surprisingly numerous

In general, three different approaches are emplayegenerating siRNAs: (1n
vitro transcription; (2) Endogenous expression; an{8mical synthesis.

During in vitro transcription reactions, the siRNAs were prepawsshg T7 RNA
polymerase. Than vitro transcription approach is limited by specific segte
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requirements. T7 RNA polymerase starts transcmpéibthe final G in the promoter
sequence. The polymerase then transcribes the ippt®nd 3>5'. Thus, the first
base in the copy will be a G. That is, all sSiRNAsguced by this method will start
with a 5’-G residue and require a 3'-C residuehatterminal to allow annealing with
the complementary RNA™. Since the efficacy of siRNAs that targeted tdediént
regions of a gene varies dramatically, the numlbéne small dSRNA molecules that
can act as the effective candidate siRNAs genetatedis method could be limited.

Endogenous expression: Viral vectors have recdmtgn applied to RNAI. Viral
vectors are typically very efficient. They take adtage of viruses that have evolved
over millions of years to develop as sophisticatekicles to transfer nucleic acid into
mammalian cells. Vectors derived from viruses bg tise of recombinant DNA
techniques are most favored because they canesifigideliver nucleic acid into a
variety of cells directlyn vivo. Despite of their high transfer efficiency, virgctor
systems are still associated with biosafety corscéFhe use of viral vectors for tumor
targeting delivery of siRNAs is limited due to thinitations in tumor-tissues
selectivity, the potential of random integrationtointhe host chromosome and
subsequent activation of proto-oncogenes. Othedltertyges include the difficulty of
preparing, the costs of manufacturing, etc. Recamntii viral vectors are generally
rendered replication defective to minimize pathagén while preserving the gene
transfer capabilities of the native virus. Howewvhere still exists the possibility that
other versions of impurities with replication-cortgr® may reside in vector
preparations or the viral vector could revert will-type virion. Therefore, they are
potentially hazardous for the patients and theuwrenment. Furthermore, viruses are
inherently immunogenic. It is possible that the iomogenic properties of viral
vectors could initiate serious innate humoral immuesponse to the expressed viral
proteins and lead to difficulty with repeat admirasions. A relatively fit 18-year-old
patient with an inherited enzyme deficiency, di@dSeptember 1999, 4 days after a
genetically altered adenovirus was injected in®livier for human gene therapy.
Retroviral vectors would have unique advantages eyethetic vectors in terms of
persistency. However, a significant safety condsrithat the genomic integration
carries the grave risk of insertional mutagenesisl @otential carcinogenesis.
Retroviral vectors work by integrating parts of tiel genome into the host which
can introduce insertional mutations. Clinical siave been halted after two pediatric
patients undergoing experimental gene therapy ustrgviral vectors for x-linked
severe immune deficiency syndrome (x-SCID) develdpakemia > *"3 174

Plasmid vectors have been developed to express lshiopin RNAs (shRNAs) that
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can be subsequently converted into siRNAs in vimothe case of using shRNA
expression plasmid vector for in vivo RNAI activatj one of the disadvantages of
this endogenous expression construct is difficoltransfect due to the tissue and
cellular barriers. While most rapidly dividing celire easily transfected using shRNA
expression plasmids, these plasmid vectors are ewdily transfected into
non-dividing cells. Assuming that a plasmid base&NA expression vector can
overcome multiple tissue barriers to enter into téwget cell, further intracellular
barriers awaitj.e., endosomal trap and nuclear entry. In the absehcell division,
plasmid vectors cannot easily be introduced in® mlucleus, where the DNA is
transcribed. In addition, the process of cloninQNA sequence, which encoded the
expression of a shRNA, into plasmid constructs @niedneed for verification of the
cloned sequence are often time-consuming.

Chemical synthesis is a direct means of generatiRiyAs. Advantages of chemically
synthesized siRNA include the precise control ¢ #ttual amount and purity of
SiRNA, the possibility to characterize the siRNApdathe ability to introduce
modifications into the siRNA to enhance its effigand target specificity or label the
siRNA with a fluorescent probe to monitor quaniialy their interactions within
living cells. The siRNA duplex requires &8/droxyl group and a’fphosphate group
for functional activity’’>. The steps of chemical synthesis of siRNAs inclifue
generation of two homologous strands, ensuringlibtit sense and antisense strands
consist of 19 nucleotides with 2-nt overhangs a&rl, and annealing of the strands to
form a duplex'®®. The disadvantages of synthetic siRNA includetrigmsient gene
silencing and high cost, particularly very largeantities of siRNA required fom
vivo studies. However, the cost of chemically syntresiziRNA has already reduced
significantly over the past few years, and it appdahat there could be a trend that
will continue. Hopefully, cost should finally noela barrier to the use of this valuable
tool. Chemically synthesized siRNA mediated RNAs liecome widely used for a
variety of applications from functional genetic bsé to drug discovery. Today it is
one of the most commonly used techniques to retkweds of a particular gene to
study its function, elucidate a drug target, orlyrea particular cellular pathwaif.

1.9 Delivery of siRNA moleculesn vivo

1.9.1 The biodistribution characteristics of chemially synthesized siRNAs

Delivery of siRNA appears to be more efficient thllasmid DNA, possibly due to
the smaller size of siRNA. Furthermore, efficientlear entry is required for plasmid
but not if synthetic siRNA is involved, i.e., theatear import, which is a significant
barrier to the delivery of plasmid vector, is netjuired for sSiRNA. Hence the future
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for in vivo applications of synthetic siRNA looks bright. Roainsfection of siRNAs,
although delivery of these RNA oligos into cultureells can be achieved by most
delivery agents, their applications vivo remain a major challenge. Clearly,
shortcomings in one will adversely affect the sgscef the other. Realization of the
full potential of the RNAIi will depend significaptlon the development of efficient
in vivo delivery carriers. An effective siRNAn vivo delivery system need to
overcome a multitude of biological barriers to deaihe RNA oligos to reach their
action site.

The in vivo fate of a siRNA molecule is determined by both gigsicochemical
properties of the siRNA and the anatomical and ihggical characteristics of the
body. Rapid clearance of siRNAs by the renal systaay be one of the most
important factors that can govern the biodistributiof siRNAs in the body.
Santel et al. *"" used Cy3-labeled siRNAs to investigate the bioitistion
characteristics of systemically administered ligxeld sSiRNAs and naked siRNAs.
They found that naked siRNA molecules are rapidgreted through the kidney 5
min after intravenous injection, whereas there waoedetectable signals in other
organs (pancreas, heart, lung, liver, and sple€hgse observations suggest that
unmodified exogenous siRNAs should be excreteddhafly kidney following their
systemic administration. Watest al. '”® also demonstrated that after intravenous
administration of naked™in-siRNA, the in-DTPA-siRNA rapidly distributed
throughout the body, and a large amount was delivéo the kidneys and excreted
into the urine. One hour after injection, the antooinsiRNA present in the kidneys
was about 40 times higher than in the other ordares, brain, intestine, muscle, lung,
spleen, and blood). Tha vivo biodistribution characteristics of naked siRNAghti

be explained by their physicochemical propertiesy@gnion charges and molecular
weight).

In a healthy organism, the renal threshold is i@ tange of 30-50 kDa to avoid
leakage of body proteins into the bladdét Thus, molecules with a molecular
weight of less than 30 kDa are susceptible to gltaiae filtration and are excreted
into the urine. The molecular weight of duplex BRSA (21 nucleotides) for RNAI is

approx. 15,000, and therefore the kidneys are asgumplay an important role in the
disposition of siRNAs circulating in the vasculadf®. In bloodstream, naked siRNA
is rapidly removed from the circulation after intemous administration. Most of the
injected dose is excreted renally within minuted gaken up by liver Kupffer cells,

which make a very small percentage of the admirgdtdose of siRNA available, this
small percentage of siRNA is additionally subjextnuclease degradation within a
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short period of time. Thus, cellular uptake of rakéRNA seems to be inefficieHt’.

1.9.2 Non-viral vectors used for delivery of siRNAn vivo

Delivery of DNA/siRNA by using non-viral approaches considered to have far
fewer drawbacks. Synthetic delivery systems canpmmciple overcome the
limitations of viral vectors, although their delryeefficiency needs to be improved.

The most concrete structural evidence currentlylava for use in the rational design

of nonviral DNA delivery systems is the crystalusture of the nucleosome core

particle of chromatin. Lugeet al. have revealed the structure of a natural DNA
histone complex by X-ray analysi&". In the nucleus, DNA is wrapped around the
outside of the histone to form nucleosomes, muah thread wound around a spool.

This protein structure with cationic amino acidstlea surface can now act as a model
for the rational design of polycationic vectors RIXA/siRNA transfection.

Polymers with positively charged amine groups amgemals that electrostatically
bind DNA/RNA to form tight complexes (polyplexe3he resulting particles usually
range in size from a few tens to several hundretbmeters in diameter. These
complexes mediate cellular entry and protect tHeveted nucleic acid molecules by
sterically blocking the access of DNase/RNase. jlekes are typically toroidal or
spherical structure®?%3 Each polyplex particle most often contains sevBidA
molecules along with many polymer chains.

Nucleic acid-polymer complexes are internalized wadsorptive pinocytosis or
receptor-mediated endocytosis. In either case, eth@®8NA/siRNA-containing
complexes might remain localized in the endosorfaéied to escape into cytoplasm.
Endosomes are acidified rapidly to pH value of Bi& to the actions of ATPase
proton-pump enzymes in the vesicles membrane. Témsplexes can subsequently
be trafficked into lysosomes. Lysosomes are acmlganelles, containing various
degradative enzymes. Lysosomes are further aaidiiiea pH value of ~4.37°.
Therefore, the delivered DNA/sIRNA molecules witiceunter a hostile environment.

Endo-lysosomal escape is an essential prereqéisiteuccessful in vivo application
of RNAI technique. Only siRNA-containing complexean escape rapidly into the
cytoplasm, where the RNAiI machinery is located, dadhermore, the sSiRNA
molecules are also able to liberate from the corgdecan silence the mRNA of
interest.
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Serenseret al. ** demonstrated that intraperitoneal injection of D@TAposome
SsiRNAs-TNFa complex inhibited lipopolysaccharide-induced Td\gene expression.
They found that the development of sepsis in mickowing a lethal dose of
lipopolysaccharide injection was significantly ibhed by pre-treatment of the
animals with anti-TNFx siRNAs.Landenet al. **reported that DOPC-encapsulated
SiRNA targeting the oncoprotein EphA2 was highljeefive in reducing in vivo
EphA2 expression as measured by both Western $datyaand immunohistochemistry.
Zimmermannet al. used a liposomal formulation of SNALP to evaluatestemic
delivery of siRNAs directed towards apolipoprot&irfApoB), 80% silencing of liver
Apob mRNA and ApoB-100 protein was achieved witlsiagle 1mg/kg dose of
SNALP-formulated Apob-specific SiRNA®®. Torchilin et al. *®" successfully
deliveredsiRNA into lung-tumor cells by encapsulating siRNA#o liposomes
additionally bearing arginine octamer (R8) molesud¢tached to their outer surface.
The siRNA-loaded R8-liposomal complexes remainéacinin the blood serum even
after 24-h incubation, and showed very high tractgfa efficiency in all three tested
lung tumor cell lines. This offers the potentiaf fo vivo SiRNA delivery application.
Santelet al. developed a liposomalstem that consists of cationic and fusogenic
lipids for siRNA delivery. They used siRNA molecsleto knock-down
endothelia-specifically expressed genes CD31 ane2 Tand found that the
corresponding mRNA and protein levels were sigaiiity reduced after systemic
application of siRNA. To evaluate the effect of tlggosomalsystem on SiRNA
biodistribution in vivo, they injected 1.88 mg/kg of complexed Cy3-siRNA
intravenously in mice. Fluorescently labeled siRN#oplexes were taken up by the
endothelial cells in different vascular beds, maihber, heart, lung, spleen, and
kidney, showing a profound delay in the cleararate'f".

In the case of liposomal system for in vivo delivef siRNA, one of the most
important challengesis to overcome the clearance of liposomes caused by
opsonization. In general, liposomes are rapidlyogaized and removed from the
circulation by the reticuloendothelial system (RE®) '*® Macrophages recognize
liposomes as foreign particles through a processwhknas opsonization. The
liposomes are labeled by attaching serum protemgalled opsonins, which enhance
the clearance of liposome$®. These labeled liposomes are recognized by the
macrophages and then the liposomes are taken ugesitrdyed.

The cationic surface of liposome is able to intemaith biomolecules or nontarget

cells. Cationic liposomesave long been known to interact with serum prat@ithe
extracellularmatrix, leading to aggregation or release of naclacids fromthe
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complexes even before reaching the target cellallSand large molecules found in
serum such as oleic acid and heparin can disrepsttiuctural integrity of lipoplexes
by displacing nucleic acids and lipid componentadieg to heavily impaired
transfection efficiency®. In order to minimize their interactiavith serum proteins
or complement system, many liposoraattors have been coated with a polymer
called polyethylene glycol (PEG). These PEG-lipogsnare known as stealth
liposomes.

1.9.3 Enhanced permeability and retention effect

Enhanced permeability and retention effect (EPRagffresults from a combination of
the increased vascular permeability and the deedebsnphatic drainage caused by
the lack of functional lymphatic vessels in tumdsste ' 9% 1% |n general,
low-molecular-weight compounds diffuse into bothrmal and tumor tissue through
the endothelia layer of capillaries. However, comtius capillaries with tight
junctions are the most common type of capillaries normal tissues. Thus,
macromolecules cannot pass through the capillafis wa most normal tissues. In
contrast, tumor vasculature is known to containgh mumber of immature vessels.
These fenestrated vessels are leaky to circulatilagromolecules, and favor the
movement of large-molecular-weight diagnostic dmefrdapeutic agents across tumor
vessels'”. Under these circumstances, together with ingafficlymphatic drainage,
macromolecules are retained in the interstitiatepaf solid tumors. This feature has
been termed “enhanced permeability and retenti@ctf

1.9.4 Folate-PEG cationic liposomes

Besides ensuring the good nuclease stability andicreg renal filtration, using
strategies that provide an active targeting mamnodhe intended tissues would be
helpful to improve the efficiency and specificitysIRNAsin vivo delivery.

The strategies that could allow active targetingpine the surface functionalisation
of siIRNA carriers with ligands that are selectivegcognized by receptors on the
surface of the cells of interest, or by conjugatihgm with monoclonal antibodies
against characteristic components of the area tefast. Since ligand-receptor or
antigen-antibody interactions can be highly selectthese interactions could allow a
more precise targeting of the site of interest praimote specific cellular uptake via
receptor-mediateeindocytosis.

For example, by incorporating liposome with a lidasuch as folic acid, this can
target to the tumor-cell surface over expresseatdoteceptor (FR). The competitive
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dominance of the liposomes which conjugated wittepgor-specific ligand is their
active targeting delivery ability. Here, the aimaistive targeting to a desired site and
then triggers receptor-mediated internalization thie entire siRNA-carrying
lipoplexes into the cell interior, not just passitaggeting of the tumor tissue by
extravasating into the tumor interstitial spaceotigh the leaky vessels. Thus, more
SiRNA molecules are expected to be delivered imboar cells.

The humar isoform folate receptquhFR) is a glycosylphosphatidylinositol-linked
transmembrane protein with high affinity for folacid. ahFR is an important
molecule in the cellular uptake of folates and t®lanalogues. It is usually considered
as an essential component in the maintenasfceellular folate homeostasis.
Internalizationof folates by chFR involves receptor-mediated endocytosi&
Expression of thehFR is very low in most adult normal tissues. Imtcast,ahFR is

a cellular surface marker for numerous solid tumamd myeloid leukemias. High
levels of the expression ehFR have been reported in several tumor types. For
example, among the different cell types of the rarovary,chFR expression was
detected only in germinal epithelium. However, highFR mRNA levels were
observed in all of the serous cystadenocarcinomasieed'®. Other cancers with a
high level ofahFR expression relative to their normal countegartiude breast,
brain, lung, and colorectal cancérs 19 197. 198, 199, 200, 201

Folate receptor is an attractive molecular targetdmor-targeted drug delivery with
macromolecular carrier system. Folate-mediated tuanrgeting represents a popular
approach that has been used to deliver diagnosticti@erapeutic agents to folate
receptor expressing tumdrs 2%* 24 2%Reddyet al. reported that the overall tumor
transfection efficiency of widespread intraperitaheancers can be significantly
enhanced using folate-targeted techniqtfs Christopheret al. found that folate
liposomes can effectively deliver oligonucleotide® folate receptor-positive tumor
cells?”. Liposomal daunorubicin as well as doxorubicin evdelivered into various
tumor cells via the folate receptor were also regabf® ?*® Xing et al. used folate
receptorf - targeted liposomal doxorubicin (F-L-DOX) combahevith receptor
induction using all-trans retinoic acid (ATRA). Théound that the cytotoxicity of
F-L-DOX in leukemic cells was superior to that ipldsomal doxorubicin, exhibited a
strong dependence on FR expressfoh Folate-targeted liposomes have been
suggested as delivery vehicles for targeting tumwith haptens for tumor
immunotherapy'! and also been used for boron neutron capturepiéra

Folate receptor constitutes a useful target foraugpecific drug delivery. Folic acid
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molecules can also be covalently linked to catigmatymers to confer potential tumor
target specificity to these drug-carriers for detiv of siRNA. Kim et al. used
antisense oligodeoxynucleotide (AS-ODN), siRNA, aidRNA expressing plasmid
for inhibition of green fluorescent protein (GFRpeession. They conjugated above
three nucleic acids with Polyethylenimine (PEI) &@l-polyethylenaylycol-folate
(PEI-PEG-FOL). Among the three inhibitory nucle@ds, the PEI-PEG-FOL/siRNA
complex exhibited the most dose-effective and &igiene silencing effect for folate
receptor positive human oral carcinoma KB célfs In this study, we plan to utilize
folate-PEG cationic liposome as one of the vehitbeselivery of FECH-SIRNAN
Vivo.

1.9.5 Dendritic polyglycerol-based cationic polymesr

Hyperbranched polymer represents a polymer whicly b®a obtained by reaction
especially between multifunctional monomers. Thaulteng structures are imperfect
and polydisperse. Hyperbranched polymers are oftedom copolymers which have
a plurality of branch points and multifunctionabbches, leading to further branching
with polymer growth. The degrees of branching (@Bhyperbranched polymers is
lower (DB = 53-60 %) as compared to perfect deneirsm(DB = 100 %). The
core-shell architecture of hyperbranched polymsress pronounced in comparison
with perfect dendrimers.
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Figure 1.4 Hyperbranched PG PG-based cationic polymer

(The depicted structure is a small fragment of ldrge polymer, the technical data was kindly predicoy

Professor Rainer Haag)

Hyperbranched polyglycerol (PG) is one importanpdrpranched polymer and is
considered a possible alternative to the strudiuga@rfect dendrimers. Due to the
similar physicochemical properties, dendrimers dnyperbranched polymers are
referred to as dendritic polymers in the literatdriee use of hyperbranched polymers
instead of perfect dendrimers is justified by theimilar properties, better
accessibility and lower costs, which are all exegmimportant for large-scale
synthesis’**. Dendritic PG is globular structure in solution.dontrast to dendrimers
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which contain only dendritic and terminal unitsplybranched polyglycerols usually
consist of dendritic, linear, and terminal units.

Hyperbranched PG possesses an inert polyetheroktatach branch ends in a
functional hydroxyl-group, which renders hyperbiaad PG a highly functional
material. The high functionality coupled with thersatile and well-investigated
reactivity of hydroxyl-functions is the basis fowariety of derivative$*>. PG-PEG
and PG-PEG-Folate recently were prepared and igetsti as potential
drug-delivery system&'®. PG can also be used as core unit and functieuhlith
amine groups. Such polymers can be applied in DIRNA transfection. In this
study, we are interested in the application po#éntf the polyglycerol-based
nanocarriers for delivery of siRNAs to tumors.

1.10 Aims of the thesis
The objectives of the thesis focus on:

(1) the investigation of the relationship between FE@Wpression and PplX
formation

(2) the assessment of the possibility of utilizing fel®EG cationic liposomes and
PG-based cationic polymers as the vehicles foregtiof SIRNAs to tumor

(3) the evaluation of the diagnostic application patdrdf the siRNA-based inhibitor
of FECH for early cancer detection
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2 Materials and methods

2.1 Laboratory equipment

Tagman 7000 SDS Cycler, Applied Biosystems (Wekelts Germany); Eppendorf
Bio-photometer (Eppendorf AG, Hamburg, Germany); MKIELLCUT® laser
microdissection system (MMI Molecular Machines &irstries GmbH, Germany);
Reversed-phase RP18 column HPLC (Shimadzu, Duislégéegmany); Fluorimeter
(Merck, Darmstadt, Germany); Optical parametric ildor (OPO,
GWU-Lasertechnik, Erftstadt, Germany); Q-switched:YAG laser (GCR-230,
Spectra-Physics Inc., USA); Inverted microscopencstéZeiss Axiovert 35M, Carl
Zeiss, Oberkochen, Germany); Mode-locked titanisapphire (Ti:Sa) laser (MaiTai,
Spectra-Physics, Mountainview, CA); Closed loopvgabmeter scanner (GSI
Lumonics, Moorpark, CA, USA); Water immersion oltjee (N.A. 1.2, Carl Zeiss,
Oberkochen, Germany); Avalanche photo detector P@AQR — 14, Perkin Elmer
Inc., Santa Clara, CA, USA); PC plug-in counter rdogpci-6602, National
Instruments, Munich, Germany). Rotary evaporatotic{B, Essen, Germany),
LiposoFAST™ Basic system (Avestin, Ottawa, Canatggh-performance thinlayer
chromatography (Automated Multiple Development 8ystand Linomat 1V,
CAMAG, Muttenz, Switzerland), Coulter Counter N4ugl (Coulter Electronics,
Hialeah, USA) OLYMPUS BX 50 fluorescence microscope (Olympus ©oagion,
Japan); Leica TCS SP5 confocal microscope (Leicerddystems GmbH, Wetzlar,
Germany), fluorescence imaging system (Physikalig@thnische Bundesanstalt,
Berlin, Germany), EMCCD-Camera (electron multipli€€iCD-Camera, 1XON,
manufacturer Andor Technology, Belfast, Northeeidnd).

2.2 Chemicals and reagents

DEPC-water and all real-time PCR chemicals werdeasnotherwise stated, from
Applied Biosystems (Weiterstadt, Germany). Agaros&as obtained from
BioWhittaker Molecular Applications (Rockland, MBJSA). M-MLV Reverse
Transcriptase, RNasin, RNaseH, and dNTP were psechafrom ProMega
(Mannheim, Germany). RNeasy RNA-extraction Kit, Qhedder Kit, One-Step RT
PCR Kit, QiaEx-Il gel extraction Kit, chemically sthesized siRNAs, Cy3-labeled
siRNAs, and TransMessenger kit were purchased {agen (Hilden, Germany).
Phenol/Chloroform and other chemicals were puradhasem Roth (Karlsruhe,
Germany). Sucrose was obtained from Serva (Heidglligermany). Protoporphyrin
IX disodium salt, zinc acetate, Triton X-100, BSAaminolevulinic acid (ALA),and
4',6-Diamidino-2-phenylindole dihydrochloride hyttkg DAPI) were purchased from
Sigma-Aldrich (Munich, Germany); Dulbecco’s Modi&agle’'s Medium, fetal calf
serum, phosphate buffered saline, antibiotics, glnthmine from GIBCO, Life Tech
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(Eggenstein, Germany). Fluorescent mounting mexidiade reagent (DAKO, CA,
USA).1,2-Dioleoyl-3-Trimethylammonium-Propane(DOTRRE2-Distearoyl-sn-Glyc
ero-3-Phosphocholine(DSPC),1,2-Distearoyl-sn-GlyeziPhosphoethanolamine-N-[
Carboxy(PolyethyleneGlycol)2000](DSPE-PEG),1,2-@hsbyl-sn-glycero-3-phospho
ethanolamine-N-[folate(polyethylene-glycol)-2000] DSPE-PEG-Folate), and
cholesterol were purchased from Avanti Polar LipMabaster, AL, USA).
Polyglycerol-based SX141 nanoparticles were kirligvided by Professor Rainer
Haag. The degree of functionalisation (DF) of SX1ghearly 100 % according to
the technical data sheet.
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2.3 Patients’ tissue samples

Patients had been treated in the Department ofeBurgnd Surgical Oncology,
Robert-Roessle-Klinik in Berlin, Germany. Carcinotissues were excised carefully
from tumor specimens. Non-malignant mucosa was sd¢saped off at a distance of
over 50 mm from the tumor margin. Tissue was smapeh in liquid nitrogen by the
Tumorbank service of the Robert-Roessle-Klinik. cdamas were classified and
characterized according to the World Health Orgaion’'s UICC (Union
Internationale Contre le Cancer) system. Normaussrefers to peritumoral tissue
verified to be free of any pathologic traits. Alhtgents had been treated surgically
between 1999 and 2001. In each case, a comprebkdmnstopathological and clinical
record is available. Patient specimens were celtkafter informed consent and only
used after ethics-committee approval (Charité, iBerlFor quantitative RT-PCR
studies, a panel of 18 cases with esophageal ocaneis, 20 cases with gastric
carcinomas, 15 cases with colonic carcinomas, &dases with rectal carcinomas
along with their non-malignant counterparts, wexanmeined. Tumor stages were
equally represented.

2.4 Tissue preparation, RNA extraction and cDNA sythesis

Cryo-sections from tumor and normal tissue specgn&rere transferred into
RLT-Buffer containing 140 uMB-mercaptoethanol and frozen at -80° C. In order to
assure absence of tumor cells in normal tissuesaffitient tumor content in cancer
specimens, all tissue specimens were evaluated pgtleologist. Only specimens
containing more than 60% epithelial cells, but reyd?’s patches or necrotic areas
were further processed. RNA was isolated using @édgder and RNeasy Kits.
Integrity of isolated mMRNA was checked ByActin One-Step RT PCR, and RNA
concentration was determined photometrically. Al®yig of RNA were applied for
cDNA synthesis. In the presence of 4 pM random mmexaprimer, RNA was
incubated for 10 min. at 70° C, afterwards the orxtwas kept on ice for another 10
min. After addition of M-MLV-Buffer, 8 U/uL M-MLV Reverse Transcriptase, 0.8
U/uL RNasin, 0.1 pg/uL BSA and 1.25 mM dNTP andifidubation at 37° C, twice
the volume of absolute ethanol was added. Followihgnin. at -40° C, samples were
spun down in a centrifuge at 15,000 g at 4° C fon#n. and washed once with 70%
ethanol. Finally, cDNA was reconstituted in 50 pEPC water and frozen at -20° C.

2.5 Cell culture

MDA-MB-231, MDA-MB-435 breast cancer cell lines,cahS174T, SW480, HT29,
colorectal cancer cell lines originating from thenérican Type Culture Collection
(ATCC), were grown in Dulbecco’'s modified Eagle’s edium (DMEM)
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supplemented with 10 % FBS, 2 mM glutamine, 0.6pgagicillin/ ml (equivalent to
100 Units) and 0.1 mg streptomycin / ml medium. Guiluent adherent cells were
harvested by a mixture of trypsin (0.05%) and EQ0A2%), rescued with their own
medium and washed with phosphate buffered saliB&)YP

2.6 Extraction and purification of RNA from culture d cells and cDNA synthesis

About 1 x 16 cells were trypsinizedrom the cell-culture vessel, total RNA
purification from the harvested cells using QIAGERWMeasy Mini Kit according to
manufacture’s instructiongspirated medium, and washed cells with PBS. Asgira
PBS and added trypsin to trypsinize the cells,rafédls detach from the cell-culture
vessel, added medium (containing serum to inaeitta trypsin), transferred cells to
an RNase-free polypropylene centrifuge tube, adiétpe by centrifugation at 300 x
g for 5 min. Completely aspirated supernatadded 350ul of Buffer RLT (ensured
that B-ME is added to Buffer RLT before use), vortexedpgreted to mix, ensured
that no cell clumps were visible before proceedimgiext step; pipeted the lysate
directly onto a QIAshredder spin column placed ir2 anl collection tube, and
centrifuged for 2 min. at maximum speedided 350ul of 70% ethanol to the
homogenized lysate, and mixed well by pipettingd Dot centrifuge, theapplied up
to 700ul of the sample, including any precipitate that rhaye formed to an RNeasy
mini column placed in a 2 ml collection tube. Clddke tube gently, and centrifuged
for 15 s at>8000 x g £10,000 rpm), discarded the flowthrough, added i0Buffer
RW1 to the RNeasy column. Closed the tube gentlg,cntrifuged for 15 s aB000

X g 10,000 rpm) to wash the column, discarded the Hloreugh and collection tube,
transferred the RNeasy column into a new 2 ml ctbe tube, pipeted 500 Buffer
RPE onto the RNeasy column, closed the tube geatig, centrifuged for 15 s at
>8000 x g £10,000 rpm) to wash the column, discarded the flonough, added
another 500ul Buffer RPE to the RNeasy column, closed the tgeatly, and
centrifuged for 2 min. ab8000 x g £10,000 rpm) to dry the RNeasy silica-gel
membrane. To elute, transferred the RNeasy colunaartew 1.5 ml collection tube,
pipeted 5Qul RNase-free water directly onto the RNeasy sigehmembrane, closed
the tube gently, and centrifuged for 1 min.>#000 x g £10,000 rpm). RNA
concentration was determined by using EppendorfpBiotometer. Approx. 3 pg of
RNA were applied for cDNA synthesis. In the present 4 uM random hexamer
primer, RNA was incubated for 10 min. at 70° Cesftards the mixture was kept on
ice for another 10 min. After addition of M-MLV-Bigr, 8 U/uL M-MLV Reverse
Transcriptase, 0.8 U/uL RNasin, 0.1 pg/uL BSA ang851mM dNTP and 1 h
incubation at 37° C, twice the volume of absolutearol was added. Following 30
min. at -40° C, samples were spun down in a cemgeifat 15,000 g at 4° C for 20 min.
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and washed once with 70% ethanol. Finally, cDNA vegonstituted in 50 uL DEPC
water and frozen at -20° C.

2.7 Quantitative real-time TagMan PCR
For all genes, Assays-on-Demand (ABI) primer andbps were employed. For
guantitative analysis of gene expression, 100 ngDiflA were used per well. All
reactions were carried out threefold. After mixiwgh the appropriate volume of
TagMan Universal PCR Master Mix, quantitative reale PCR was run in a
MicroAmp Optical 96-Well Reaction Plate using th&IA7000 Sequence Detection
System. Thermal cycle conditions were as follows’ @ for 10 min., initially, then
40 cycles of 95° C for 15 s and 60° C for 1 minohder to analyze expression data
according to thé\AC; method®’, C; values were exported from the ABI Prism 7000
SDS Software into Microsoft Excel (Seattle, WA).\@lues of a cDNA stock from
the cell line LS174T were used as calibrator. Thergene expression in a sample
under investigation is reported as a multiple dff loge expression. This expression is
achieved by employing the equation

RelativeAmount = 2_(A0t53""'e-_mc”‘b'a‘°'-) :
wherein AC; stands for the difference between @lues of gene of interest and
housekeepg-Actin.

2.8 PplX determination

PpIX Fluorescence in homogenized centrifuged peligom cell culture was
guantitatively determined by time-resolved fluomsme spectroscopy. PpIX
fluorescence was excited with an optical parametiscillator (OPO,
GWU-Lasertechnik, Erftstadt, Germany), pumped lgyttiird harmonicX = 355 nm,
Epuse = 100 mJ) of a Q-switched Nd:YAG laser (GCR-23@e&ra-Physics Inc.,
USA). The OPO was tuned to provide laser radia@nA =505 nm to excite
PplIX-fluorescence. The energy and duration of dufauses amounted typically to
501 J and 3 ns, respectively. The laser beam was adupte a 600 um hard clad
silica fiber used for illumination of cell sampléhe fluorescence light was collected
by the same fiber and a dichroic beam splitterestto separate reflected laser light
from fluorescence. Approx. 5% of the remainingofiescence intensity were
separated by a quartz plate and coupled into adtaddsilica fiber, approx. 5 m long,
whereas the main fluorescence intensity (90 %) fwassed into a second fiber, 1 m
long. In this way, fluorescence in the first chdmnwas delayed with respect to the
second channel by approx. 20 ns, which allowed léameous recording of prompt
and delayed fluorescence intensity. For this pwepdise ends of both fibers were
attached one above the other to the entrance flanoimaging polychromator
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equipped with an intensified CCD-camera (Model ICETIH, Princeton Instruments
Inc, Trenton, USA.). The intensifier was gated by electrical pulse (-180 V) of
approx. 10 ns duration derived from a high-voltafjdV) pulse generator
synchronized with the laser pulse. The HV pulseegator was triggered by a pulse
provided by the power supply of the Nd:YAG lased appropriately delayed by
means of a digital delay generator. In this waynediate and delayed fluorescence
intensities were recorded. Furthermore, two longsspdilters were applied
(As0% =550 nm) to cut off the remaining scattered exwtn light from emitted
fluorescence light. For quantification, we calcathtthe normalized fluorescence
intensity of the main PplX-fluorescence band Xat 633 nm. A factor of 18
corresponded to the ratio of the transmitted afidated fluorescence intensity by the
quartz plate.

2.9 Determination of ferrochelatase enzyme activity

FECH activity was determined as described by vdled#rsbergt al with minor
modifications. Briefly, approx. 5*10frozen cells were powdered in 500 pl ice-cold
H,O using a tissue-homogenizer (Braun, Germany). Theérul of the homogenate
were added to 100 pul buffer A, consisting of 25 ms/HCI, 0.1 % Triton X-100,
1.75 mM palmitic acid, pH 8.2. Protein content Inre tsupernatant was determined
using the BioRad protein assay. 50 ul of a 250 pdMgporphyrin solution in 0.01 N
KOH were added, and the reaction was started bytiaadf 50 pl 200 uM zinc
acetate. After 60 min. at 37°C, the reaction waspmed by addition of 1 ml
dimethylsulfoxide:methanol (30:70). After centrifitgon at 16000 x g for 5 min., 100
pl supernatant were injected into a reversed-pRE3 column HPLC (Shimadzu,
Duisburg, Germany) with acetone/methanol/water/forracid (560:240:200:2), 1
ml/min as the mobile phase. Zinc-Protoporphyrin wlasected using a fluorimeter
(Merck, Darmstadt, Germany) with an excitatiorr 415 nm and an emission
wavelengtht = 580 nm. One unit of activity was defined as theoant of enzyme
catalyzing the formation of 1 umol product/min. Thaetivity of the enzyme was
given in nU/mg protein.

| 147

2.10 Preparation of siRNA and transfectiorin vitro

All siRNA-molecules were designed according to dtad procedures and obtained
from Qiagen (Hilden, Germany). Three different sm=wes were used:

siRNA-sequence FECH-510, 5’-gauucaagagcaguaccgmdéring the FECH mRNA,

transcript variant 1, with accession NM_001012515etween nucleotides 510-528,
and FECH mRNA, transcript variant 2, with accessidi_000140.2 between

nucleotides 492-510, respectively; siRNA FECH-118l0gaauauccucuugguuccg -3’,
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covering the FECH mRNA, transcript variant 1, wahcession NM_001012515.1
between nucleotides 1140-1158, and FECH mRNA, ¢rgpts variant 2, with
accession NM_000140.2 between nucleotides 1122;11dfpectively; SiRNA
FECH-2107, 5'- guacaguguucaugauacg -3’, coverirgg RECH mRNA, transcript
variant 1, with accession NM_001012515.1 betweenlemtides 2107-2125, and
FECH mRNA, transcript variant 2, with accession N0M0140.2 between nucleotides
2089-2107, respectively. The following siRNA sequemwas used as negative control:
5’- gaccaugggacuucaagag -3'. The negative contiRNA was compared with
NM_001012515.1 and/or NM_000140.2 sequences. Resshiowed that no
significant similarity was foundi.e., the negative control siRNAs exhibit no target
MRNA in the transcripts of both NM_001012515.1 &id_000140.2.

For siRNA-treatment, the TransMessenger kit (Qidgemas used. Cell seeding
density in 6-well plates was always 2X1d®lls per well. Transfection experiments
were performed 24 hours after seeding, siRNA innal fconcentration of 50 nM.
Briefly, 0.44 pg siRNA was mixed with buffer andhemcer and incubated at room
temperature for 5 minutes. Thereafter, 2.2 ul Tvdessenger were added, and the
entire solution was mixed by pipetting up and dowhen, the complexes were
incubated for 10 min. at room temperature to allamsfection-complex formation to
take place. During this time, the growth medium \gastly aspirated and cells were
carefully washed. DMEM medium 600 ul (without seromantibiotics) were added
into the no-siRNA & no-transfection reagent contnadlls, and 500 pl/well DMEM
medium (without serum or antibiotics) were added ihe other wells. Then, 100 pl
of the transfection complexes were added into threesponding wells. Cells were
incubated with the transfection complexes for 4 rdar their normal growth
conditions. Washed cells with 2ml PBS, and then0i2000 ul DMEM medium
(containing serum and antibiotics) per well wereledl A second siRNA-treatment
was conducted on day 5. Cells were harvested at6dakll experiments were
performed at least threefold.

2.11 Two-photon microscopy

Experiments were carried out on a two-photon etoita confocal equipment

established in Physikalisch-Technische Bundesdandbapartment of Biomedical

Optics, Berlin by utilizing an inverted microscoptand (Zeiss Axiovert 35M, Carl

Zeiss, Oberkochen, Germany). In short, the systemsisted of a mode-locked

titanium: sapphire (Ti: Sa) laser (MaiTai, Sped®aysics, Mountainview, CA) that

generated pulses with a duration of approx. 108tfa repetition rate of 80 MHz.

After having passed beam-neutral density filterd arbeam expander, the excitation
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light was directed to a dichroic mirror that wagtly reflective in the near infrared
and transparent below 725 nm (725DCX SP, AHF, Gaynalhus, the laser beam
was coupled into the optical epi-illumination path the microscope. To allow
imaging, we incorporated a two-dimensional lasexAbescanner consisting of two
mirrors driven by a closed loop galvanometer sca(@81 Lumonics, Moorpark, CA,
USA). A tube lens and a 10x magnification oculaotkb Carl Zeiss) acted as
relay-lens system between the scanner mirrors &ed dbjective. Finally, the
excitation light was focused into the sample by3a 6-apochromat, water immersion
objective (N.A. 1.2, Carl Zeiss, Oberkochen, Gempaihe fluorescence radiation
was collected by the same microscope objective tard passed scan lenses and
scanning mirrors. Since for two-photon excitatibe excited fluorescence light was
of shorter wavelength than the excitation lighte thenerated fluorescence signal
passed the dichroic beam-splitter mentioned ab®wefurther suppress scattered
excitation light, an additional short pass (700 8PF) was incorporated into the
detection path. Although in two-photon microscopyconfocal aperture is needed for
axial sectioning its inclusion in the detectiontpegduces the contribution of scattered
out-of focus fluorescence and residual ambienttlighd, hence, increases the
signal/background ratio. Therefore, the fluoreseentensity was imaged by an
achromat (f = 600 mm) onto an adjustable apertieediameter of which was set to
1.8 mm. The overall magnification was measured ¢oabout 1,530 for the 63x
magnification objective. Light passing the confoapérture was spectrally filtered for
analysis by a long pass filter with 50% transmissa 595 nm and two band pass
filters (535% 17.5 nm and 63% 20 nm) (AHF Analysentechnik AG, Tuebingen,
Germany). The light of each path was focused omcawalanche photo detector
(SPCM — AQR — 14, Perkin Elmer Inc., Santa Clar&, GSA), which converted the
detected photons into standard TTL pulses. Theepulgere counted by a PC plug-in
counter board (pci-6602, National Instruments, MbniGermany). Measurement of
excitation spectra (not shown) in the tunable rasfgbe excitation laser (760-920 nm)
yielded a PplIX excitation maximum at= 760 nm. The one-photon excitation
maximum of PpIX was located at approx. 400 nm. Ageeted”'® the two-photon
excitation maximum was slightly blue-shifted congzhto the one-photon excitation
spectrum. Images of 200x200 pixels were acquiretineyscans at = 760 nm. The
excitation power measured at the sample positicW&+0.1 mW. The inter-pixel
distance selected amounted to 0.98 pm correspondiadotal field of view of 197 x
197 um. The exposure time per pixel was varied &éetw0.25 ms and 1.25 ms
according to the overall fluorescence intensityhaf sample to assure good detection
statistics with the lowest possible excitation powEotal data acquisition times,
therefore, varied between 10 and 50 s.
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2.12 Preparation of PEG cationic liposomes and fale-PEG cationic liposomes
Liposomes were prepared by the lipid film/hydratidechnique as described
previously by Huwyleet al. with a minor modificatiorf*®. Briefly, cationic liposome
formulations composed of DOTAP, cholesterol, DSPQ@SPE-PEG-Folate or
DSPE-PEG. The properties of liposomes were indicateTable 2.1 & Table2.2. A
mixture from stock solutions of above lipids incaund-bottomed flask was dried to a
thin lipid film in a rotary evaporator (Biichi, EsseGermany). The flask containing
the thin lipid film was then placed under vacuum fohour to remove residual
organic solvent and the lipid film was dried thagbly. After that, the dried layer was
hydrated with a glucose solution (5%, w/v) to aafirconcentration of 5mM of
DOTAP, then the flask was shaken in 53Ww&rm water-bath for 10-15 min. until the
lipid suspension became even and uniform. Multiléeneresicles were obtained by
12 hours of shaking. Large unilamellar vesicles {.\Wvere prepared by extruding
the resulting multilamellar vesicles 20 times rdpdly through polycarbonate
membranes of 100 nm pore size using the LiposoFASd%ic System (Avestin,
Ottawa, Canada). The lipid content and liposomahmaosition of the preparations
were determined by high-performance thinlayer clatmgraphy (Automated
Multiple Development System and Linomat 1IV; CAMAG|uttenz, Switzerland).
Vesicle size determination was performed by dyndigltt-scattering measurements
with a Coulter Counter N4 plus (Coulter Electroniesaleah, USA). Mean particle
size distribution (based on solid sphere weightltskis given as polydispersity index
(Pl) - varying from O (entirely monodisperse) to (tompletely polydisperse
suspension).

Table 2.1Composition and properties of Folate-PEG-catidipizsomes

Liposome composition DOTAP : cholesterol : DSPC : DSPE-PEG-Fola{e
Molar ratio 5 47 5 0.3
Suspension media aqueous 5% glucose solution

Mean size (diameter) 105 £ 48nm

Polydispersity index 0.22

Table 2.2Composition and properties of PEG-cationic lipogem

Liposome composition DOTAP : cholesterol : DSPC : DSPE-PEG
Molar ratio 5 47 5 0.3
Suspension media aqueous 5% glucose solution

Mean size (diameter) 104 + 22nm

Polydispersity index 0.04
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Figure 2.2 Schematic structure of the folate-PEG ¢anic liposome-siRNAcomplex depicted in this thesis

2.13 Preparation of the siRNA-carrying PGbasednanoparticles

The protocol described by professor Rainer Haag fe#lswed. SiRNAs were
encapsulated in the SX141 nanoparticles in a 1:Bmmatio. Briefly, to prepare the
stock solution of siRNA, 297@ FECH-1140 siRNA were added to 1 ml buffer.
Solution of PG-based nanoparticle was prepared Issolding SX141 in
phosphate-buffered saline (PBS). For intratumagatipn, we used the concentration
of siRNA at a dose of 0.067 nmol per gram of bodyght, and the SX141 at a dose
of 0.536nmol per gram of body weight. Animals wadeministered in an intratumor
injection of total volume 5@ sSiRNA-SX141 mixture per mouse/day.

2.14 Fluorescent microscopy

MDA MB 231 cells were seeded in 8-well chamberesled a cells-plating density of
1x10" /well. Cells were grown in standard culture coiodis before transfection. 24h
after seeding, PEG cationic liposomal complex dat&ePEG cationic liposomal
complex containing siRNA labeled with the fluoropbidCy3 (50nM), as well as
naked Cy3-siRNA (50nM) and no-siRNA & no-liposontrol media were placed
separately in the 8-well chamber slides. After sh¢ubation with the transfection
media, the cells were washed twice with PBS, andn thixed with 4%
paraformaldehyde in PBS for 10 min. at room tenipeea The cells were washed
with PBS again and nuclei were stained with 300 41Md-diamidino-2-phenylindole
dihydrochloride hydrate (DAPI; D8417, Sigma) for bfin. After that, cells were
washed twice with PBS. Finally, the fluorescent mwg media antifade reagent
(DAKO, CA, USA) was applied and a cover slip wasied above the slide to prepare
for microscopy.

35



The cells were viewed by using an Olympus BX50 oscope (Olympus Corporation,
Japan) modified for fluorescence capabilities, Yt Epifluorescence lllumination
applied in conjunction with transformator OLYMPUSRFL-T. Fluorescence within
the cells was visualized using a filter-cube UVFMWU; TPF: U-MWIB set. Digital
pictures were captured by using an Olympus Softglnta Solutions ColorView I
digital camera, flanged onto the microscope. Aapiituorescence images then were
transferred to the computer. The camera was céedrdly the analySIS image
analysis software (Software Imaging Solutions fdfeLScience Microscopy
Olympus Soft Imaging Solutions GmbH, Germany). Tlasftware enabled
acquisition, processing and visualization of flemence images. Photography was
similar to other fluorescent techniques, fluoreseefrom both the DAPI (blue) and
the cy3 (red) could be acquired and recorded segparand later recombined in a
merged false color image.

2.15 Confocal microscopy

MDA MB 435 cells were seeded in 8-well chamberesled a cells-plating density of
1x10" /well. Cells were grown in standard culture coiodis before transfection. 24h
after seeding, FECH-siRNA (50nM) in folate PEG @ait liposome-siRNA complex
was applied to the chamber slide and incubated fgrFolate PEG cationic liposome
alone without siRNA treatment was used as negativerols. After incubation, cells
were washed with PBS and replaced with their owrdiom. A second SiRNA
treatment was conducted on day 4. Cells fluorescenpabilities were viewed at day
6 by confocal microscopy: at day 6, the slides weashed twice with PBS, and the
cells were fixed with 4% paraformaldehyde in PBEX0 min. at room temperature.
Afterwards, cells were re-washed twice with PBSally, the fluorescent mounting
media antifade reagent (DAKO, CA, USA) was appked a cover slip was added
above the slide. Slides were viewed under Leica BPS confocal microscope for
fluorescence capabilities.

2.16 PplIX-mediated fluorescent imaging for detectig tumorsin vivo

Mice were used for all experiments and all animal pracesl were approved by the
regional authorities according to German animaéa&gulations. The female nude
mice used in the present experiments were 6 toeksvef age and weighed approx.
20 g at initiation of the experiments. Human mamntarcinoma MDA MB 435 cells
(1x10/mouse) were inoculated in the right/left inguifeti pad of nude mice at day O.
Then the animals were kept for another 2 - 3 wdekallow the development of
tumors with a size of approximately 3 mm in diamef@imor-bearing mice were
randomized for the studies. The nude mice bearampgraft tumors were assigned to
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7 different groups as follows:

Group A (2 mice) animals were injected intratumigrat day 16, day 18, and day 21
with 50 ul folate-PEG cationic liposomes without FECH-SIRNg&ving as control.

Group B (4 mice) animals were injected intratumlgrat day 16, day 18, and day 21
with 50ul folate-PEG cationic liposomes plus an intraturhengection of ALA at
different drug concentrations: 5mg (1mouse), 10fmgduse), and 15 mg/kg (2mice),
at day 22.

Group C (3 mice) animals were injected intraturngrat day 16, day 18, and day 21
with 50 ul folate-PEG cationic lipoplexes containing FECHAQISiRNAs at a doss
0.067 nmol/gram of body weight.

Group D (5 mice) animals were injected intratumlgrat day 16, day 18, and day 21
with 50 ul folate-PEG cationic lipoplexes containing FECHAQISiRNAs at a dose
0.067 nmol/gram of body weight plus an intratumaongéction of ALA at a single
doseof 15 mg/kg at day 22.

Group E (3 mice) animals were injected intratumgrat day 16, day 18, and day 21
with 50 pl siRNA carrying-SX141 nanoparticles (encapsulateih a doseof
0.067nmol/gram of FECH-1140 siRNAS) plus an intnadual injection of ALA at a
single dosef 5 mg/kg at day 22.

Group F (3 mice) animals were injected intratumgrat day 16, day 18, and day 21
with 50 pl siRNA carrying-SX141 nanoparticles (encapsulawgth a dosef 0.067
nmol/gram of FECH-1140 siRNAs) plus an intratumongction of ALA at a single
doseof 10 mg/kg at day 22.

Group G (3 mice) animals were injected intratumgrat day 16, day 18, and day 21
with 50 pl siRNA carrying-SX141 nanoparticles (encapsulawgth a dosef 0.067
nmol/gram of FECH-1140 siRNAS) plus an intratumongction of ALA at a single
doseof 15 mg/kg at day 22.

Tumors in xenografted human tumor model of nudeemniere detected at day 22 by
probing the emission of PplIX fluorescence. Imagesrewacquired by using a
non-invasive intravital fluorescence imaging systefRhysikalisch-Technische
Bundesanstalt, Berlin, Germany), which consistedaofED (Luxeon 1W, center

37



wavelength 505nm) as excitation light source andEMICCD-Camera (electron
multiplied CCD-Camera, IXON, manufacturer Andor fAieology, Belfast, Northern
Ireland). For detection, a camera with a 50mm Nikon objectind 2 long pass filters
(550 nm omega optical inc., Brattleborough, USA)eveised. Due to the broad
emission spectrum of LED, we used a 550 nm shad pler in front of it.

2.17 Data evaluation

All in vitro experiments were repeated with at least threepeident measurements
performed from differensamples. Each performed in triplicate. Results wéren in
the form of mean = SD (standard deviations). Cati@hs between clinical
parameters and gene expression as measured by gB@Ranalysed by Wilcoxon
test. A value oP < 0.05 was considered statistically significanat®were analysed
with SPSS 14.0 (SPSS, Chicago, IL).
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3 Results

3.1 Expression of heme metabolism relevant enzymiescolorectal tissues
d-aminolevulinate synthagse (ALAS;), porphobilinogen deaminase (PBGD),
ferrochelatase (FECH), and heme oxygenase (HO) mBRphession were
determined in microdissected specimens of colorec@cinoma tissue and
corresponding normal mucosa. Quantitative singte-stultiplex RT-PCR in relation
to that of the housekeeper gene 3-Actin and in esispn with the colorectal cell line
SW480 was used (Figure 3.1). Results showed tha#SALMRNA-expression was
reduced in colorectal carcinomas compared to thabtoomal tissue of the same
patients (P<0.031, Wilcoxon-test of matched paitgd. significant alterations in
PBGD mRNA-expression between colorectal carcinoara normal mucosa were
detected. HO mRNA-expression was reduced in cdlar@arcinomas compared to
normal tissue of the same patients (P<0.021, Wdoetest of matched pairs).
Ferrochelatase expression was significantly reduaedcolorectal carcinomas

compared to normal tissue of the same patients.(®80 Wilcoxon test of matched
pairs).
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Figure 3. 1 Expression of heme metabolism enzymigscolorectal tissues

The mRNA expression ofd-aminolevulinate synthase (ALAS),
ferrochelatase (FC) and heme oxygenase (HO) in extimrtumor tissue and corresponding normal mueasa
determined by using quantitative RT-PCR. A total 06fcases of colorectal carcinomas were examineedoh
enzyme. Ferrochelatase mRNA expression was signific higher in normal mucosa compared to carcinoma
tissue (P<0.005, Wilcoxon-test). Computational asialpf expression data was made byAheCt -method with

reference to B-actin expression. Abbreviations: €¢inoma tissue; NM, normal mucosa. X-axis: tissarmples;

porphobilinogereathinase (PBGD),

Y-axis, relative amount of expression; * %alepict samples which were rated as extremes tiemut
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3.2 FECH mRNA expression in different parts of thegastrointestinal tract

Ferrochelatase mRNA-expression in microdissectatphss of gastrointestinal tissue
was determined by quantitative single-step mulkidRer-PCR as described above.
In general, FECH expression is significantly redlizegastrointestinal carcinomas in
comparison to normal mucosa of the same patienis Tecrease in FECH

MRNA-expression was highly significant as well imsgic (P<0.001), colonic

(P<0.005), and rectal (P<0.031) carcinomas compaoedaorresponding normal

mucosa (Wilcoxon-test of matched pairs). FECH essiomm of esophageal

carcinomas was also lower than that of corresp@hdormal mucosa. However, this
difference was not significant, presumably becatiSEH expression in esophageal
tissues showed higher variation (Figure 3. 2).
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Figure 3.2 Ferrochelatase mRNA expression in diffent parts of the gastrointestinal tract

Ferrochelatase mRNA expression was determined bytdative RT-PCR in different parts of the gastrestinal
tract. A panel of 18 cases with esophageal carcaspr®0 cases with gastric carcinomas, 15 casescoitnic
carcinomas, and 15 cases with rectal carcinomasgalith their non-malignant counterparts were darah
Throughout the gastrointestinal tract, except inpbsgeal tissue, ferrochelatase expression wasficagly
higher in normal mucosa compared to carcinoma disg£0.05; Wilcoxon-test). Computational analysfs
expression data was made by using MeCt method in comparison to R-actin expression (se¢ehNals &
Methods). Abbreviations: CA, carcinoma tissue; NMymal mucosa. X-axis: tissue samples; Y-axis, inadat

amount of expression; *, rdepict samples which were rated as extremes tieut
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3.3 FECH expressiorcorrelates with the potential to accumulate PplX

In an in wvitro model consisting of several carcinoma cell lindsECH
MmRNA-expression and FECH enzyme activity were irtelently determined. FECH
MmRNA-expression was measured by quantitative sisiglp multiplex RT-PCR in
relation to that of 3-Actin. FECH enzyme activitpswdetermined as described by van
Hillegersberg'’. FECH mRNA-expression correlated well with enzymsivity
(Table 3.1). PpIX-accumulation was induced by exogs ALA-stimulation with 0.1
mM ALA for 4 hours and determined by time-delay&tfescence measurements as
described above. Down-regulation of FECH expressmothe carcinoma cell lines
corresponded to their potential to accumulate Ppfter ALA-stimulation. The
tendency for high PpIX content accompanied by lewdchelatase expression and
vice versa was observed.

Table 3.1 Comparison of ferrochelatase mRNA-expression, emzgativity, and concentration of

protoporphyrin-1X in arin vitro model of several human carcinoma cell lines

Ferrochelatase mRNA expression | Ferrochelatase enzyme activity
Cell line PpIX (nmol /10°cells)
(relative amount) (nU/mg)
HT29-P92 0.526+0.03 8.92+0.6 16.96+4.1
SW480 0.551+0.02 10.92+4.1 27.94+3.8
HT29-P37 0.696+0.02 12.33+3.8 19.15+3.2
MDA-MB-435 0.921+0.08 18.33+1.9 0.73+0.3
LS174T 1.000+0.05 23.5416.3 1.76+0.3

Cells were cultured in 6-well plates for 5 days. ftitative RT-PCR was used for determination of felnedatase
mRNA-expression. Computational analysis of expassiata was made by using theCt method with reference
to B-actin. Zn-Protoporphyrin was used as reacpooduct to determine ferrochelatase enzyme actility
HPLC-based fluorescence detection. Intracellulaotgporphyrin-IX concentration was determined by
time-resolved fluorescence spectroscopy using cellich were harvested after addition of 0.1 mM
§-aminolevulinic acid for 4 hours. As depicted inlwan 2 and 3, FECH enzyme activity showed a strong
correlation with mRNA expression?0.95). Determination of PpIX showed that cell §neith high FECH
enzyme activity displayed low PplIX-fluorescencé=(r71). Given are the means of five independent
measurements. Cells used were colorectal carcinefle lS174T, SW480, HT29 (two different passagasy

MDA-MB-435 cells, originally derived from a mammacgrcinoma.

3.4 Silencing of FECH-expression by siRNA-treatmerin vitro
For silencing of FECH gene expression by siRNAttremt, the colorectal carcinoma
cell line LS174T was chosen. These cells displagdatively high amount of FECH
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MRNA expression level and enzyme activity, and ailery low PplX-fluorescence
could be observed after ALA-addition. We used siRNdéirected towards three
different coding regions of human ferrochelatas€ @#99.1.1), starting from base
pairs 510, 1140, and 2107 of the FECH sequence e(geank accession
NM_001012515.1) in a concentration of 50 nM. In iadd, a 50 nM mixture
composed of all 3 sequences was used. Cells of rgomkp were treated with a
50 nM of negative control siRNA, which was not tethto heme biosynthesis and
exhibited no target mRNA in the transcripts of FEGéhjuence. Among the three
candidate siRNAs, the most effective working ones WeRNA FECH-1140, which
blocked about 65 % of the FECH expression founanock-treated LS174T cells
(Table 3.2).

Table 3.2 Comparison of the efficacy of different siRNAs filencing of FECH gene expression

siRNAs FECH mRNA (relative amount) | Inhibition rate (%)
Mock siRNAs 1.000
FECH-510 siRNAs 0.382 (£ 0.12) 61.80
FECH-1140 siRNAs 0.354 (+0.28) 64.60
FECH-2107 siRNAs 0.438 (+0.13) 56.20
FECH-mixture siRNAs | 0.323 (£0.13) 67.70

2x10° LS174T cells were treated twice (see Materials &Hdds) with 50 nM siRNAs directed towards three
different coding regions of human ferrochelatasg 499.1.1), starting from base pairs 510, 1140,24@¥ of the
FECH gene sequence (gene bank accession NM_001Q12%1% concentration of 50 nM. In addition, arda
mixture composed of all 3 candidate siRNAs as desdrabove was used. Cells were also treated withrdvbof
negative control siRNA, which was not related to behiosynthesis and exhibited no target mRNA in the
transcripts of FECH sequence. Quantitative RT-PCR waed for determination of ferrochelatase
mRNA-expression. Computational analysis of expmssiata was made by using th&Ct method with reference
to R-actin.Abbreviations: mock-siRNAs: siRNA sequences which are not relatedv@éme biosynthesis and
exhibit no target mRNA in the transcripts of both N001012515.1 and NM_000140.2; FECH-510 siRNAs:
siRNAs directed towards the ferrochelatase sequstarting at bp 510; FECH-1140 siRNAs: siRNAs directed
towards the ferrochelatase sequence starting atld®; FECH-2107 siRNAs: siRNAs directed towards the
ferrochelatase sequence starting at bp 2107; FEGtimisiRNAs: equal amounts of the mixture compaxfedl|

3 candidate siRNAs as described above. Given amnéams of five independent measurements.

3.5 PpIX accumulation in LS174T cells treated wittFECH-SiRNA

After treatment of LS174T cells with FECH-siRNA,lloéar PpIX of the LS174T
cells was quantitatively determinéy a time-resolved fluorescence spectroscopy.
Cellular concentration of PpIX in FECH-1140 siRN#ansfected LS174T cells was
increased more than 20-fold compared to mock LSIC&NE (Figure 3.3).
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Figure 3.3 PpIX accumulation in LS174T cells treatedavith siRNAs directed towards ferrochelatase mRNA

LS174T cells were treated two times (see Mategalslethods) with 50 nM siRNA directed towards diffate
regions of the ferrochelatase mRNA sequence (FECH MRianscript variant 1, gene bank accession
NM_001012515.1). PpIX was quantitatively determindy time-resolved fluorescence spectroscopy.
Abbreviations mock: no siRNA-treatment; other: negative conti®NA; FECH-510: siRNA directed towards
the ferrochelatase sequence starting at bp 510; FEI@H: siRNA directed towards the ferrochelatasaisege
starting at bp 1140; FECH-2107: siRNA directed towatte ferrochelatase sequence starting at bp 2107,
FECH-mixture: equal amounts of the siRNAs directedatals different regions of the ferrochelatase mRNA
sequence. X-axis: siRNA-treatment; Y-axis: nmol Pp#r 1§ LS174T cells. Given are the means of five

independent measurements.

3.6 PplIX accumulation after combined FECH-siRNA andALA treatment

In order to study the effect of a combined treatiwath FECH siRNA in conjunction
with ALA, LS174T cells were treated twice with FEEGHRNA. Thereafter, ALA was
added in a concentration of 0.1 mM for 240 min. Asconsequence, PplX
fluorescence was increased more than 50-fold aftertbined FECH-1140 siRNAs
treatment and ALA stimulation compared to ALA-treant alone (Figure 3.4).
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Figure 3.4 PplX accumulation in cells treated withFECH-siRNA and ALA

LS174T cells were treated twice (see Materials &hdds) with 50 nM siRNA directed towards differeagions

of the ferrochelatase mMRNA sequence (FECH mRNA, triptscvariant 1, gene bank accession
NM_001012515.1). Thereafter, ALA was added in acemtration of 0.1 mM ALA for 4 hours. PpIX was
quantitatively determined by time-resolved fluosssme spectroscopy. PplIX fluorescence was incraasee than
50-fold after combined FECH-1140 siRNAs treatment Ahé\ stimulation compared to ALA-treatment alone
(mock). Abbreviations mock: no siRNA-treatment; other: negative contiBINA; FECH-510: siRNA directed
towards the ferrochelatase sequence starting &1Bp FECH-1140: siRNA directed towards the ferrodasia
sequence starting at bp 1140; FECH-2107: siRNA dicktiwards the ferrochelatase sequence startiog 2107;
FECH-mixture: equal amounts of the siRNAs directedainls different regions of the ferrochelatase mRNA
sequence. X-axis: SiRNA-treatment; Y-axis: nmol Ppt¥ér 16 LS174T cells. Given are means of five

independent measurements.

3.7 Two-photon microscopy for intracellular PpIX fluorescence imaging

Images of treated LS174T-cells were generated loypginoton microscopy. Due to
the high depth of field of two-photon microscopjetimages showed sections
through the LS174T cells, where the fluorescergia icollected stems from a layer of
approximately 1 pm thickness. Imaging was perforfigdm above the cover slide
surface. With cell diameters of approx. 10 um, fmages are shown in figures
(Figures 3.5) and (Figures 3.6) represent sectimosigh the axial center of the cells.
The images show the fluorescence detected in th¥ Bipannel reduced by the
fluorescence intensity detected in the autoflu@ese channel. Since endogenous
fluorescence emission takes place in a broad wagtierange, almost identical
autofluorescence intensities are detected in blofimmels. Therefore, the distribution
of the autofluorescence signal in the PpIX chacaalbe compensated by subtracting
the fluorescence intensities detected in the awtoflscence channel from the
fluorescence signal detected in the PplX chanmehddition, corresponding scatter
plots show the correlation between the images titeat different detection
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wavelengthsi.e., PpIX at 63520 nm and endogenous fluorescen&8%&t17.5 nm.
The use of scatter plots for signal decompositias Wwemonstrated by Moertelmaier
et al. ?® While mock-treated cells showed only wefiikorescence in the PplX
emission band (Figures 3.5 a,b), treatment of L$1d&lls with 50 nM FECH-1140
SsiRNAs resulted in a strong increase in PpIX flsoence, which showed increased
brightness of the image and higher fluorescenaensity spots up to values of 250
counts PplIX/ms (Figures 3.5 c,d). Similarly, treatmhof LS174T cells with 1 mM
ALA alone led to a strong increase of PplIX fluoessce compared with mock
treatment (Figures 3.6 a,b). However, PpIX fluoeese intensity was much higher
up to 2500 counts PpIX/ms after combined FECH-144RNAs treatment and ALA
stimulation (Figures 3.6 c,d).
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Figure 3.5 Two-photon microscopy images of untreatecells and FECH-1140 siRNA treated LS174T cells

In the images a) and c), cells fluorescently lathddg PplX are displayed. Fluorescence is as deteotthe PplX
channel, corrected for the fluorescence intensitthe autofluorescence channel. Please note tleaintensity
scale is cropped in false colors for better vigipihnd intensity. Values that exceed the scaleshmvn in white.
The sharp yellow spot in image a) is an artefactrédponding scatter plots of two-photon-microscopgges of
LS174T-cells b) and cells treated with FECH-1140 RN are presented as well. The scatter plots stiawv
correlation pixel by pixel between images detecétddifferent emission wavelengths. X-axis, endogesno

autofluorescence at = 535+17.5 nm; Y-axis, PpIX fluorescence Jat= 635+20 nm; counts/ms, counts/

millisecond.
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Figure 3.6 Two-photon-microscopy images of cells éated with ALA and cells treated with FECH-1140
siRNA in conjunction with ALA
In the images a) and c), cells fluorescently lathddg PplX are displayed. Fluorescence is as deteotthe PplX
channel, corrected for the fluorescence intensitthe autofluorescence channel. Please note tleaintiensity
scale is cropped in false colors for better vigijpihnd intensity. Values that exceed the scaleshmvn in white.
Corresponding scatter plots of two-photon-microscopgges of LS174T-cells treated for 4 h with 1 mMAA
alone b) and cells treated with FECH-1140 siRNA injaoction with 1 mM ALA d) are presented as welheT
scatter plots show the correlation pixel by pixetvieen images detected at different emission wagéhs. X-axis,
endogenous autofluorescencerat 535+17.5 nm; Y-axis, PpIX fluorescence Jat= 635+20 nm; counts/ms,

counts/ millisecond.
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3.8 Visualization of the process of cationic liposnes mediated uptake of SiRNAs

For evaluating the efficiency of PEG cationic liposes and folate-PEG cationic
liposomes mediated uptake of siRNAs, we used femece micrography to observe
the Cy3-labeled siRNAs (red) inside MDA MB 231 selAfter washing and fixing,
cell nuclei were stained with the fluorescent mafRAPI (blue) to more accurately
determine the location of the fluorescently labet®#&NA and to observe nuclear
morphological structure. Fluorescent images anderdihtial interference contrast
(DIC) images are shown in (Figure 3.7).
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B: nd=NA & no-liposome control TPF 100x

C: siRNA alone control DIC 100x D: RBIA alone control TPF 100x

A e

G: no-siRNA & no-liposome control DIC 100x  H: ndR®A & no-liposome control TPF 100x
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I: siRNA alone control DIC 100x J: iRBIA alone control TPF 100x

K: Folate-PEG liposome-siRNA DIC 100x L: Fe®EG liposome-siRNA TPF 100x

Figure 3.7 Fluorescent microscopy of PEG-iposome drFolate-PEG-iposome-mediated

uptake of Cy3 labeled siRNA:
MDA MB 231cells were seeded in 8-well chamber skden cells-plating density of 1 x 40well. Cells were
grown 24h in standard-culture conditions prior tansfection. Cy3-labeled siRNA-PEG cationic liposbma
complexes or Cy3-labeled siRNA-folate PEG catioipodomal complexes were applied to cells and inttha
for 4 h. After washing and fixing, the cells weliewed by using an Olympus BX50 Microscope for flismence
capabilities. Cell nuclei were stained with DAPIU®). No-siRNA & no-liposome and naked Cy3-siRNA were

used as negative controls.

52



As can be seen from the photographs presentedgurd=B.7 F, in the field of view
(Magnification 100x) about 40% of MDA MB 231 cellsy which the uptake of
cy3-siRNA mediated by PEG cationic liposomes, Wrigdd fluorescence could be
observed. Whereas in the case of the uptake oBiB3RA mediated by folate-PEG
cationic liposomes (Figure 3.7 L), virtually all MDMB 231 cells showed bright-red
fluorescence in the field of view (Magnification@{).

3.9 Silencing efficacy of FECH-siRNA transfected by fate-PEG cationic liposomes

To evaluate the silencing efficacy of the FECH-si&Nwhich were transfected by
folate-coupled PEG cationic liposomes, confocabriiscence-microscopy studies
were performed on MDA MB 435 cells by using a Lei€€S SP5 confocal
microscope for fluorescence detectintntracellular PplX was excited with an
excitationA =543 nm, a programmable Leica Spectral-Photomet& ¢8tector)
system setup allowed the acquisition of fluoreseeamission spectra between 633
and 800 nm for detection. Confocal microscopy insagenfirmed that there was a
considerable enhancement of PpIX fluorescence i@GH-BIRNA transfected MDA
MB 435 cells compared with mock-treated cells (F&g8.8).
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A. Mock-treated MDA MB 4 35 cells

B. FECH- siRNA transfected MDA MB 435 cells

Figure 3.8 Silencing efficacy of FECH-siRNAs transfcted by folate-PEG liposomes in MDA MB 435 cells
MDA MB 435 cells were seeded in 8-well chamber skde cells-plating density of 1 x “40well. Cells were
grown in standard culture conditions prior to tfanton. 24h after seeding, FECH-1140 siRNA (50nMiralate
PEG cationic liposome-siRNA complex was appliedatiscand incubated for 4 h. A second siRNA treatrmeas
conducted on day 4. Cells were viewed at day 6 bygus Leica TCS SP5 confocal microscope for fluczese
capabilities. Folate PEG cationic liposome alonauit sSiRNA treatment was used as negative contBuafocal
microscopy images showed a considerable enhanceshéilX fluorescence in FECH-siRNA transfected cells

compared with mock-treated cells.
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3.10 Preliminary results for detecting millimeter-szed tumors in the mouse model
Xenografted tumor foci in nude mice were detectgghtobing the emission of PplX
fluorescencen vivo. Images were acquired with the fluorescence intagystemas
described in materials and methods section. Restdtshown in Table 3.3 and Figure
3.9.

Table 3.3 Comparison of the detected positive xenograftedotufmci in vivo with respect to their fluorescence

imaging for different treatment groups

Experimental groups Inoculated xenograft tumor (n) Fluorescence positive tumor (A1)
(A) Liposome alone 2 0
(B) ALA alone 4 0
(C) siRNA alone 3 0
(D) siRNA- lipoplexes +ALA (15mg/kg) 5 3
(E) SiRNA-PG SX141+ALA (5mg/kg) 3 3
(F) sSiRNA-PG SX141+ALA (10mg/kg) 3 3
(G) SiRNA-PG SX141+ALA (15mg/kg) 3 2

Immediately after ALA injection, no fluorescencetliease was observed anywhere in
all of the mice. The fluorescent signals from grodgFigure 3.9 A), mice were
injected intratumorally with liposome alone, gro&p (Figure 3.9 B), mice were
injected intratumorally with ALA at different drugoncentrations: 5mg (1mouse),
10mg (1mouse), and 15mg/kg (2mice), and group QufEi 3.9 C), mice were
injected intratumorally with 0.067 nmol/gram of €©H-1140 siRNA alone were
close to the background and showed little nonsjpedfiorescent signals, which
failed to detect the xenografted tumors in nudeemic contrast, in group D (Figure
3.9 Dy, D2, and B3), mice were treated with folate-PEG cationic lijges containing
FECH-1140 siRNAs at a dose of 0.067 nmol/gram Wdd by a single dose of
15mg/kg ALA, fluorescent signals started to incee@s tumors 120 minutes after
ALA injection. Dramatic enhancement of PplX fluocest signals from the areas of
xenografted tumors were detected at 180 minuteseawhed the highest level at 240
minutes after application of ALA. Xenografted tursoapproximately 3 mm in
diameter were easily recognized by detecting Pp#Rethdent fluorescence emissions.
Similarly, mice were injected intratumorally withRNA-SX141 nanopatrticles in
conjunction with a low dose of ALA led to strongcrease of PplX-dependent
fluorescence. Localized fluorescent hotspots weeteaded at the sites of the
millimeter-sized tumors (Figure 3.9 E, F, and Giiclés indicate the xenografted
tumors of the nude mice.

55



t=120min t=180min t=240min t=300min

(B) ALA treatment alone

(C) siRNA treatment alone
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t=120min t=180min t=240min t=300min

(D3) siRNA-ipoplexes+ALA 15 mg/kg (mouse#3)
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t=120min t=180min t=240min t=300min

0 9 0

Mouse#!  Mouse#?  Mouse®3 7 Mouse#3Q Mouse#!  Mouse#z Mo i Mouse#  Mouse#2

o 0 o

Mouse#!  Mouse#2 M 3 Mouse#!  Mouse#2 Mo J0 Mouse#!  Mousedz Mouse#3

#

Mouse #1 ;Mo 3| Mouse#t  Mouse#z W I Mouse#!  Mouse#z Mo 0 Mouse#  Mouse#z  Mou

(G) siRNA-PG SX141+ALA (15 mg/kg)

Figure 3.9 Tumor fluorescent images in nude mice

The fluorescence signals from (A) Liposome treatna@one, (B) ALA treatment alone and (C) siRNA treafrn
alone, mice were close to the background and shdittlechonspecific fluorescence signals whichddilto detect
the xenografted tumors in nude mice. In contrastnaitic enhancement of PpIX fluorescent signaisfiioe areas
of xenografted tumors were detected in mice whignewtreated with folate-PEG cationic lipoplexestaaring
FECH-1140 siRNAs at a dose of 0.067 nmol/gram, foldvby a single dose of 15 mg/kg ALA ([D,, D5).
Similarly, mice were injected intratumorally witiRNA-SX141 nanoparticles in conjunction with diffete
concentrations of ALA (5 mg, 10 mg, and 15 mg/Kgl] to strong increase of PplX-dependent fluoreseen
Localized fluorescent hotspots were detected asities of the millimeter-sized tumors (E, F, G).d&s indicate

the xenografted tumors.
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4 Discussion

4.1 Relationship between FECH expression and PplXofmation

Tumor and surrounding normal tissue exhibit a d#fe pattern of porphyrin

metabolites. A better understanding of heme meistnohnd the different expression
levels of relevant enzymes between normal and mahg tissue is a key step in
clarifying the molecular mechanisms leading to twsmlective accumulation of
endogenous PplX.

We used quantitative RT-PCR to determine the mRMNpression levels of crucial
enzymes in heme metabolism pathway, includi®d@minolevulinate synthase
(ALAS), porphobilinogen deaminase (PBGD), ferroclt@ée (FECH), and heme
oxygenase (HO) in microdissected specimens of eotal carcinoma tissue and
corresponding normal mucosa (Figure 3.1). Ferrethsé expression was
significantly reduced in colorectal carcinomas canmggd to normal mucosa. Similarly,
a significant down-regulation of FECH mRNA expressiwas shown in gastric,
colonic and rectal carcinomas compared to normmalig (Figure 3.2).

Among the heme metabolic relevant enzymes, PBGDFHH are assumed to be
the two most important regulatory molecules in Alodluced PplX formation.
Previous investigations indicated that PBGD agtivitight be a strong regulatory
factor in ALA-induced PplIX formatioh*! 142 143 144 14594innen suggested that a ratio
of PBGD and FECH could be used as a diagnosticaleecPDT power index*,
However, no significant alterations in PBGD mRNApegssion between colorectal
carcinomas and normal mucosa were detected irsthdy. Our data confirmed the
result seen previously by Hi#t al. who constructed plasmid vectors containing the
PBGD DNA and demonstrated that transient transfactif cells with the cDNA of
PBGD was successful in elevating enzyme activitgumor cell lines, but this did not
result in a comparable difference in the level®pkX ?%°.

Our present results demonstrated that ALABRNA was reduced in colorectal
carcinomas compared to corresponding normal muwfokee same patients. Although
further investigation will be required to clarifhe correlation between the mRNA
expression and enzyme activity, our data suppoet phevious observation by
Kondoet al. *** who found that hepatoma-derived cell lines exhibilecreased ALA
synthase activity. The exact mechanisms involvedeoreased ALASmMRNA and
HO mRNA expression in colorectal carcinomas areyebtlear.

59



Application of exogenous ALA is certainly an impamt factor for inducing
accumulation of PpIX in cancerous cells. Howevegsitles the uptake of the
exogenous ALA, what is important for an increasgtiXPformation seems to be the
degree that heme cycle is activated in cells, Arddegree to which it is altered. No
matter how good the delivery of ALA may be, thenfi@ation of PpIX requires the
activity of several enzymes (Figure 1.3). Moreogetective accumulation of PplX in
cancerous tissues had been proved to occur unde€litioms without administration
of exogenous ALA® 2%2! Thys, one of the main reasons for a selectiveraatation
of PpIX in cancerous tissues seems to be the diftey in the metabolizing ability of
the heme synthetic pathway between cancerous anthhbssues.

Previous investigations reported that the defest$ECHcause the accumulation
of protoporphyrin in patients wigrythropoietic protoporphyri&® ?** Data obtained
from our studies agree with prior studies in shagwihat the selective porphyrins
formation in human cancers was relatedetatively lowered FECH enzyme activity
15,130,143, 147, 222, 22 noreover, our data revealed that a transcriptidoan-regulation
of FECH occurred in gastrointestinal malignantues¢Figure 3. 1 and Figure 3. 2).

In an in vitro model, we also found a close correlation betwe&CH MRNA
transcriptional level and enzyme activity. An inseng tendency for accumulation of
PpIX was accompanied by a decrease in the expresdi¢-ECH, andvice versa
(Table 3.1). Our data also showed that there wede \wdividual variations of the
FECH expression levels among different cell-typigios, which might possibly be
one of the causes for different capacity of theXPiokrmation in different cancer-cell
types.

The functional argument to prove the causal retatiqp between FECH expression
and PplX formation is now provided by the fact thie# observed ALA resistance of
LS174T cells which showed a relatively high leveF&ECH mRNA expression, can
be overcome by functional application of siRNAsdited towards FECH gene. After
knocking down FECH expression in siRNA-transfect&1 74T cells, cellular PplX
was increased more than 20-fold compared to mazkdd cells (Figure 3.3). These
results support that there is an inverse relatipnbletween FECH-expression and
PplIX-formation under the condition without exogeso@&LA. The functional
application of FECH-siRNA alone can lead to an obgiincrease in accumulation of
PplIX within colorectal cancerous cells by affectthg cellular heme metabolism.
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Incubation of LS174T cells with 0.1 mM ALA for 4 acs did not induce significant
accumulation of PplIX, However, if cells were trehteith FECH-SIRNA followed by

0.1 mM ALA, a dramatic enhancement of PplX accurioitaby a factor of 50 was
achieved compared to ALA-treatment alone cells feg 3.4). Sharply red
PplIX-dependent fluorescence could be observed il74% cells in which

FECH-siRNA was transfected alone (Figures 3.5 @d)in conjunction with

exogenous ALA (Figures 3.6 c,d).

We used siRNAs to block the translation of FECH MDA MB 435 cells.
Confocal-microscopy images revealed that there \wwas obvious increase of
PplIX-fluorescence in siRNA-transfected cells (FeuB.8), implying that the
down-regulation of FECH-gene expression was aswutiavith a considerable
enhancement of PplX accumulation in siRNA-trangfdatells compared to untreated
cells.

RNAI can act as a powerful tool to switch off a sifie gene expressioff®. Although
the expression of FECH varies widely from one dele to another, functional
application of siRNAs can achieve dramatic increagbe concentrations of PplX in
different tumor cells.

4.2 Tumor targeting delivery of siRNAs mediated bynonviral vehicles

Targeting delivery is the ability to preferentialtirect the drug-loaded system to
clinically relevant organs, tissues, cells or reéoep Tumor-specific delivery of drugs
by carriers can be broadly categorized as passivk aative targeting strategies
according to drug transport mechanism. Passivetiagis the method determined by
the physicochemical properties, e.g., molecularghteiand electric charges of the
macromolecular carriers relative to microvasculla@h#éecture characteristics of the
healthy and malignant tissues. Active targetingssally achieved by highly specific
interactions between receptors on cell surfacetamgting moieties conjugated to the
drug carriers, which allow preferential accumulataf the drug in the tumor tissues.
As far as tumor-targeting delivery of siRNA meddtey nonviral vehicle is
concerned, there are at least three aspects, Waioh to be addressed: transfection
efficiency, tumor selectivity, and biocompatibility

4.2.1 Transfection efficiency

The first aspect involves the transfection efficigrin the case of nonviral carriers for
in vivo delivery of siRNA, the sufficient amounts of siREIAhould be delivered to
the intended tissues and then to appropriate numbeiarget cells selectively.
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Furthermore, the siRNAs have to be delivered tar thesired action site inside the
targeted cells in sufficient concentration. Thecefhcy of RNAI in cell culture is
often lost when siRNA is useih vivo. It is most likely due to rapid clearance of
siRNAs by renal systerth’” *"® degradation by nucleas&S, competitive uptake by
nontarget cells’® difficulty in transporting across cell membramege in the target
tissues®® and endosomal trappinge., upon uptake via endocytosis, the siRNAs
remain localized in the endosomes and/or lysosorfabng to escape to the
cytoplasnt®°.

A variety of nonviral vehicles have been used icleie acid delivery studies, but
their effectiveness remains orders of magnitude rggoahan viral vectors.
Development of an effective delivery system is afighe most critical issues for
using siRNA as a diagnostic agent.

Among the nonviral transfer technologies, lipofentis probably the most commonly
used gene transfer method, providing safety of gemesfer associated with
reasonable transfer efficiendg vitro andin vivo ??”. Although their gene transfer
efficiency andin vivo stability need to be improved, cationic liposomensfection
systems are considered relatively safe, simpled¢pgre and use, may be modified to
enhance the internalization rate, and thereforeoff@n a safe alternative to their viral
counterparts.

A chemically synthesized siRNA molecule is typigalll nucleotides in length with
42 negative charges. This renders siRNA to be palghic in nature. The

electrostatic repulsion effect between the siRNAl @ell membrane results in an
extremely low membrane permeability for cellulartakg of naked siRNA. The
positively charged amine groups of the cationicodipmes can help in the
complexation and delivery of siRNA molecules. Deticr polyglycerol-based

nanocarriers, which incorporated with positivelyaafed amine groups, may
spontaneously form complexes with siRNAs, and itaté the intracellular uptake of
SsiRNAs by the same token.

In this study, folate-PEG cationic liposome and BASed cationic polymers were
selected as candidates for tumor-targeting deliedrgiRNAs. MDA MB 231 cells

transfected with Cy3-labeled siRNA were examined floprescence microscopy.
There was a higher efficiency of uptake of Cy3-laesiRNA in cells treated with
folate-PEG cationic liposomal siRNA complex (Figu8e/ L) compared to PEG
cationic liposomal siRNA complex (Figure 3.7 F).r@mcal microscopy confirmed
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that the folate-PEG cationic liposome is efficiamdelivering siRNA to tumor cells
(Figure 3.8). FECH-siRNA transfected by folate-PEsationic liposomes can
selectively knock down FECH expression in MDA MB%48ells, consequently
leading to a higher accumulation of PpIX in thoslsc

Folate-PEG cationic liposomes containing SiRNAs ewveocally applied to
xenografted tumors on nude mice. Neither applicatb a low dose of ALA alone
(Figure 3.9 B) nor treated only with siRNA (Figug9 C) can obtain sufficient
fluorescent signals fomn vivo detection of the xenografted tumors. The mostyike
explanation might be the different conditions betwdluorescence detected vivo
andin vitro. In contrast, dramatic enhancement of PpIX flucees signals from the
areas of xenografted tumors were detected in tldsenice treated with siRNA
followed by a low dose of ALA (Figure 3.9:PD,, and I@). Similarly, mice were
injected intratumorally with SIRNA-SX141 nanopal@s in conjunction with a low
dose of ALA, which led to a strong increase of Pypkpendent fluorescence.
Localized fluorescent hotspots were observed atsites of the millimeter-sized
tumors (Figure 3.9 E, F, and G).

Although the precise mechanisms for folate-PEGooati liposomes and PG-based
cationic polymers mediated delivery of siRNAs tomtus are still not fully
understood, it is likely that both of them contaositively charged groups to form
lipoplexes/polyplexes with siRNAs, and further, rgdhe proper conformation and
appropriate size to increase the contact betweeplixes/polyplexes and tumor cells,
finally, enter to tumor cells, then escape intoopydsm to trigger RNAI to block
FECH expression, because silencing efficiency o€ HEIRNA had been observed
bothin vitro (Figure 3.8 B) andh vivo (Figure 3.9 B, D,, D3 E, F, and G).

Hyperbranched PG is one of the most important Hyeched polymers, which can
be used as the core unit and functionalized withinangroups to introduce
DNA/siRNA transfection. Various parameters, suchragecular weight, amount of
nitrogen atoms, their protonation behavior at @ertaH values, degree of
functionalisation (DF), and degrees of branchingBYDof a PG-based vector,
influence the efficiency of this vector for DNA/S\R transfection.

For successful DNA/RNA transfection, the nucleidanolecules have to be released
from endolysosomal vesicles before degradation NAIRNA starting. Polyplexes
covered in positive charges interacting with thé ceembrane will produce a high
local concentration of polymers in endolysosomasiales, which renders these
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vesicles to become more sensitive to osmotic stréss On the other hand, the
accumulated dendritic polymers can buffer the ean@d pH, causing the ATPase to
transport more protons to reach the desired pH.d¥ew the accumulation of protons
in the vesicle must be balanced by an influx ofrteuions, which leads to an influx
of chloride anions. In the presence of dendrititypers there will be a large increase
in the ionic concentration within the endolysosdifieMoreover, the protonation of a
large number of amines in the dendritic polymerH also expand their polymeric
network by electrostatic repulsion of the interpaskitive charge$?®. The increased
osmotic pressure ultimately causes swelling andturepof the endolysosomal
membraneé?® #°. Consequently, the DNA/RNA introduced by catiopaymers will
be rapidly liberated from the damaging endolysoda@naironment. This is known as
“proton-sponge effect”. Shorter lifetime of the engtic vesicles leads to faster
release of the nucleic acid molecules. Thus, tlggadation of DNA/RNA molecules
could be avoided. However, whether there existesinalar phenomenon in the
process of PG-based cationic polymers-mediated AiRkansfection remains
unknown. Further basic research will be requiradluding precise measurements of
the endosomal CI concentration, pH, and the volume of endosomesr aft
internalization of polyplexes composed of siRNAsdadendritic PG cationic
polymers, etc.

4.2.2 Tumor selectivity

The second problem relates to the cancer spegibithe synthetic vehicles. The size
of the macromolecule is a crucial factor with redp® uptake by the tumor. An
understanding of the functional size and physiaalgiregulation of transvascular
pathways is necessary to optimize the methods liwedg of SiRNAs to tumors.
Passively targeted liposomal nanocarriers for amgidrapid reticular-endothelial
system clearance and renal excretion have beerestgggto be in the range of
70-200 nm in diameter®® 3! 232 The general trend for liposomes of similar
composition is that increasing size translates imore rapiduptake by the
RES?#% 233234 On the other hand, small liposomes60nm) could be excreted out of
kidney more rapidly than large ones. Liposomes défined size can be prepared by
the extrusion of lipid suspensions through a palycaate filter containing pores of a
similar size (e.g., 100 nm in diameter) to yielcsickes with their average diameter
around the pore size of the filter us&d' *® Design of liposomal drug delivery
system using such small particle size puts thiaditraf medicine within the regimen
of nanotechnology.

Growing solid tumors have a higher vascular perntigathan normal tissues. Stealth
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liposomes of approx. 100 nm in size passively tasgdid tumors by extravasation
into their extracellular space on intravenous adstration. Extravasation is achieved
due to the disorganized tumor vasculafiife?® 239 240

Most normal tissues contain continuous capillaviét tight junctions®*’. The clefts
between adjacent endothelial cells are usually 6A7 in width, which are
impermeable to lipoplexes. However, there existisondal capillaries in liver, spleen,
and bone marrow. Sinusoids are very large cambBardiameter >3Qum) with
numerous fenestrae and a discontinuous basal lab@oause of the interruptions.
Large compounds, even cells such as macrophageqassa in and out of the blood
through the sinusoidal capillaries. Therefore thisra tendency for accumulation of
lipoplexes/polyplexes in those organs.

The homeostatic regulation of tissue and the graitiiood vessels are broken down
in solid cancers. Tumor cells often have the paaéfdr more rapid proliferation than
normal cells?®*? Unlike normal blood vessels, tumor vessels afateti and poorly
differentiated*® Tumors are proved to have a poorly organizedulas@architecture,
irregular blood flow and the absence of functidgaiphatic vessels. These immature
vessels have wide interendothelial junctions, langeaber of fenestrae, discontinuous
or absent basement membranes, and have leaky apsrag large as 600 to 800 nm
between adjacent endothelial celf$® The majority of tumors exhibited a
characteristic vascular pore cutoff size betwee® &8d 780 nn>*. These factors
favor the movement of macromolecules across tunessels. A number of studies
have confirmed passive accumulation of intravenourglected macromolecules in
experimentabnd clinical cases of solid tumots" 9% 193 #Mmacromolecules can
extravasatehrough the leaky capillary walls into the tumoteirstitial space in a
size-dependentmanner **  Furthermore, tumors have impaired lymphatic
drainage®®® 9% %3 which is exacerbated by the compression of lyrtipheessels by
rapidly proliferative cancer celf8? Thus, the drug carriers concentrate in the tumor,
and large increas@stumor-drug concentrations candmhieved*? 24,

The exact location of the filtration barrier of kiely is the glomerular capillary wall,
which consists of thin endothelial cells with fetnas measuring 60 — 80 nm in
diameter”*’. As mentioned above, tumor vessels are provedve keaky open gap.
The liposomes that we used in animal experimentsldeen prepared with a mean
size of 105 nm in diameter. Such liposomes wouldabk to avoid rapid RES
clearance. Moreover, they are large enough to pteepid renal excretion yet small
enough to extravasate into the tumor interstit@dce through the leaky capillary
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walls.

Naked siRNAs are poly-anionic in nature and hawe toembrane permeability. In
order to facilitate the intracellular uptake of BiRs, cationic functional groups are
usually required foin vivo delivery of siRNA. Liposome-siRNA complexes prdtec
siRNAs from rapid renal excretion by increasingitla@parent size above the cut-off
value as well as from nuclease degradation bycsiiriblocking the access of RNase.
However, due to the positive charges, these compléand to form aggregates by
binding to negatively charged biomolecules in theoll stream. Moreover, such
positively charged complexes possess a propersityteract with virtually any cell
type they will encounter, creating a need to inguthe interactive surface of these
complexes to promote the specificity of tumor tairge*®°.

Shielding of the cationic surfaces of these lipossniy engrafting polyethylene
glycol on to the surfaces of the liposomes is sgpddo gain a new conformational
state, which is capable of facilitating the transfethese liposomes/lipoplexes across
the leaky tumor vessels and increasing the cobkteteen lipoplexes and tumor cells.
As coating liposomes with PEG renders their surfacee hydrophilic, which inhibits
the hydrophobic and electrostatic interactions betw a wide variety of blood
components, e.g., opsonins and the lipopléfesonsequently prevents recognition
by macrophages and reduces the rate of clearance lipoplexes by
reticular-endothelial system. These sterically ititadal liposomes can also reduce the
rate of nonspecific binding of lipoplexes to nongtt cells, so as to enable them to
remain in the circulation longér? #** A longer liposomal blood-residence time will
lead to repeated passages of these lipoplexesgthrine tumor microvascular bed,
and result in a greater efficiency of the extratiagaper unit volume of the
convective current®® However, this solution may create another probleen, the
steric barrier imparted by PEG chains can interfeite the binding capacity of the
PEG-liposomes. To circumvent this hurdle, ligands de coupled to the distal
terminus of the PEG chains. This strategy is exgoetd provide perfect accessibility
to the ligand molecules for their target cells. idettargeting ligands are believed to
restore the binding capacity of PEG-coated lipopéernd lead to accumulation of
these lipoplexes in tumor tissues with more preaighan that the passive targeting
processes will allow’®.

Folates are essential for cell survi?dl Tumor cells may have an increased demand

for folic acid to meet their rapid division. Folateeceptors are frequently
over-expressed in a range of tumor tisstrds'%: 197: 198, 199,200, 204 5 covalent
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attachment of folic acid to PEG terminal possessescognition signal for specific
interaction with folate-receptor-positive tumorlsebnd guides the lipoplexes to enter
into these cells via the same pathway as the ke dcid molecules. By combining
both the EPR effect and receptor-mediated intezattin pathway, more siRNA
molecules are expected to be delivered into turalts.dHowever, the requirement for
targeting ligands may not be obligatory. In the waysing lipoplexes for delivery of
SiRNA to tumor, the most important reason seemigetéhe consequence of passive
convective transport through a leaky endothelfdAlthough active targeting is a
very attractive approach, successful results oftepend on the effective passive
targeting, i.e., the success in passive targetiigelp us achieve a successful result
for tumor-targeted siRNA delivery. It could be tekame reason for the preferential
accumulation of siRNA-carrying dendritic PG nandja$es in solid tumors.

Kainthanet al. used a hyperbranched polymer based on PG and ®B@Ed DNA.
Results showed that the multivalent cationic polssneere able to condense DNA to
highly compact, stable, water-soluble nanopartigeshe range of 60 — 80 nAT".
Polyplexes within the size range of 70 to 200 nensanall enough to extravasate into
the tumor interstitial space through the leaky kampes in the tumor tissue while
cannot pass through the capillary walls with tighhctions in normal tissue.
Differences in angiogenesis and microvascular sgchire between the healthy and
malignant tissues are responsible for the passiganaulation of macromolecules in
tumors.

Based on our animal experimental results, despiee fpreliminary character, it is
tempting to speculate that folate-PEG-cationicdimal siRNA vehicle and dendritic
PG nanoparticles could be able to improve locahwadability of siRNAs within
tumor tissue and facilitate the transfer of siRN#&soss the tumor cell membrane. A
considerable large part of siRNAs could have bedeased into the cytoplasm, as
silencing efficiency of FECH-siRNA had been observéreatment of the mice with
FECH-1140 siRNA containing lipoplexes/polyplexescomjunction with a low dose
of ALA led to strong increase of PplX-dependenbfiscence, localized fluorescent
hotspots were detected at the sites of the milkmgized tumors of the nude mice
(Figure3.9 3, D, D3, E, F, and G). In contrast, treatment of the sdose of ALA
alone failed to detect the xenografted tumors idenmice (Figure 3.9 B).

4.2.3 Biocompatibility

The third question refers to the biocompatibilifytiee synthetic vectors. Felgnetral.
pioneered gene delivery with liposomes containingsyathetic cationic lipid
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(DOTMA). These small unilamellar liposomes can iaté spontaneously with DNA
to form lipid-DNA complexe€>'. Cationic liposome-mediated transfection has been
routinely applied as an efficient method in baothvitro andin vivo gene delivery
studies, and in many human gene-therapy clinidalst® Liposomal systems offer
significant advantages over viral delivery optidoasin vivo delivery of nucleic acid
molecules. The Doxil (liposomal doxorubicin) theyais currently used to treat
several human cancers. Many groups have alreadyteebthe usefulness of cationic
liposomes or modified liposomes for vivo use. A significant benefit of liposomal
drug delivery systems for medical applicationshit tthey are relatively safe (related
to their lack of immunogenicity and integration)ngpared to viral systen?$® %2
suggesting that liposome could be one of good dates forin vivo delivery of
SiRNA.

In the same way, biocompatibility is one particlylaadvantageous characteristic of
polyglycerol (PG). PG contains an inert polyethackbone with functional
hydroxyl-groups at every branch-end. This strudtufeature resembles the
polyethylene glycol (PEG). As is well known, PEGaisynthetic non-toxic polymer.
PG and its derivatives represent a versatile aachising class of materials for future
biomedical application$'®. Kainthanet al. synthesized a hyperbranched polymer
based on polyglycerol and PEG and then studiedbthed compatibility of these
aminated PG-PEG polymers. Polymers showed insagmfi effects on complement
activation, platelet activation, coagulation, ergttyte aggregation and hemolysis
compared to polyethyleneimine (PEI). Cytotoxicifytkese polymers is significantly
lower than that of PE*°.

4.3 The diagnostic application potential of the siRA-based inhibitor of FECH for early
cancer detection
Most of invasive cancers are preceded by premaligalberations, such as dysplasia
or carcinomdn situ, and no anatomical imaging technique is availéabldetect such
alterations®*. PplX-dependent fluorescence is associated wighethrly stages of
carcinogenesis and correlated with the progressiarancerous lesions: 1% 2063234
Certain cancerous and pre-malignant tissues sedcticcumulated with PplX and a
significant tumor and normal (T/N) tissue contrhatl been obtained following the
addition of excessive amounts @kogenous ALA'™ 2> 2% However, a significant
hurdle remained for the development of this techaigs a routine clinical diagnostic
tool is that a fairly large dose of ALA must be &pg for achieving sufficient cellular
levels of PplX for detection of tumors.
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Although the success of using ALA-induced PplIX éarly cancer detection depends
on many factors such as the administration routeslLd\,, excitation and detection
modes, light wavelength, the location of the tuntissue type, and the concentration
of ALA, in terms of safety, the dose of ALA is alistely the most important factor.

Tumors located in deeper tissue layers will requardarger dose of ALA for

PplX-fluorescent detection. So far, using ALA-meddch PDD or PDT, fairly large

doses of exogenous ALA (100-500mg/kg of body weitiatve to be administered in
order to achieve sufficient cellular levels of PplKat are diagnostically or
therapeutically relevant in clinical studies orraal experimentg® 3¢: 39 47,55 255,256

Obviously, under extremely high-dose conditionse tindesired side effects of
exogenous ALA seem to be inevitaffje?#? 83 84.85 86,8788, %rharefore, there is an
urgent need for safe and efficient PpIX-inducingraachin vivo.

Here, we introduce a new concept for early cancetmsues characterization. A
siRNA-based inhibitor of FECH is capable of corltng PplX fluorescence emission
in cancerous cells. In conjunction with a very ldase of ALA (a single dose of 5
mg/kg) and encapsulated siRNA with dendritic PGapamticles, the siRNA-based
inhibitor of FECH can identify the millimeter-sizeédmor in a mouse model (Figure
3.9 E). This provides a distinct advantage ovengutar ALA-induced PplX mode in
ensuring the safe use of ALA.

PplX-mediated PDD is one type of the simplest imggmethods for viewing
tumor-selective fluorescence. In connection witbastopic visualization techniques,
it is possible to utilize the investigator’s nakeyks as a detector to find early stages
of malignancies. Thus, to further explore this siRbased fluorescent approach
holds a promising potential to distinguish cancerassues from normal tissues and
obtain safer, more diagnostic accuracy for detgatamcers at their earlier stages.

Our data confirm a recent observation (2005) regbly Ohgari*° who used arin
vitro model to investigate the expression of FECH andkgof ALA related to the
accumulation of protoporphyrin. When mouse fibrosara MethA cells, mouse
fibroblast L929 cells and Balb/3T3 cells were teshtwith ALA, the greatest
accumulation of protoporphyrin was observed in Metklls, whereas the expression
level of FECH was the lowest in MethA cells. Thégoaexamined the uptake of ALA
by all three cell lines. The extent of ALA uptake MethA and L929 cells was bigger
than in the Balb/3T3 cells. Those results signitieat not only the low level of FECH
but also the exogenous ALA contributed to the aadation of protoporphyrin 1X in
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cancer cells.

The relative contribution of the FECH-sIRNA versMsA to induce selectively PpIX
accumulation within cancerous tissue is unknowrerEso, under the experimental
conditions employed here, the cumulative effectsarhbined treatments could be a
synergistic interaction. As showed in Figure 1I®& final step of heme synthesis is
the incorporation of ferrous iron into PpIX to forheme, which is catalyzed by
FECH when sufficient cellular ferrous iron is aehile. It might become a
“bottle-neck” for PplIX conversion if ALA is applieto heme-synthesis pathway
exogenously. Under this condition, even a sligduotion of FECH activity in tumor
cells may contribute to the selective accumulabbi®plX in tumor tissues. In other
words, the approach that combines both the incdeBgX formation and reduced
PplIX conversion may yield much stronger efficacyPpiX accumulation than either
the sole application of exogenous ALA (increasiagrfation of PplIX) or the siRNA
treatment alone (reducing conversion of PplIX).

Despite the fact that the siRNA-based inhibitor FECH was proved to work
effectivelyin vitro, e.g., treatment of FECH-siIRNAs alone can obtain sudfitiPplX
fluorescence signals to visualize cancerous céligufe 3.5 ¢ and Figure 3.8 B),
under the conditions employed in our animal expents, the presence of a low dose
of ALA was required for using siRNA-based inhibitof FECH to identify the
millimeter-sized tumoin vivo. However, these results do not necessarily coictrad
the hypothesis of inverse relationship between FEE&ptession and PplX-formation,
but suggest that the detection of tumors locatedelatively deeper tissue layers
might require a much higher accumulation of PplXcancerous cells, which can be
achieved by combining both manipulation of increaBpIX synthesis and reduced
PpIX conversion.

The ability to accurately quantify thea vivo fluorescence is a critical step for
evaluating the exact level of PpIX accumulationtumor tissue. This is a major
challenge. The detection of fluorescent signalsivo is influenced by numerous
factors other than the fluorescent marker only. Tlapplication of
fluorescence-imaging techniques in living tissuecestainly complicated by the
penetration depth of the excitation light, the apson of light by endogenous tissue
chromophores, and the multiple scattering featfitheexcited fluorescence light.

The absorption of light by fluorophores is wavelgndependent and the tissue
penetration is greater at longer wavelengths. Bonmpinelated photosensitizers are
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most efficiently activated by blue light since tbesvavelengths are generally
absorbed most easily by this sort of compouffds®™® However, blue-light tissue
penetrance does not penetrate beyond depth asalétd.45 mm. Penetration depth of
0.7 mm may be achieved by green light. Penetratepth of 1 mm can be achieved at
a red light. Radiation with longer wavelengths geates more deeply into the tissues,
e.g., the penetration average values of near-infraigdtt (at 775 - 904 nm) ranged
between 6.3 and 8.5 nfiit. Since hemoglobin absorption diminishes at wagthen
>600 nm, red light can be used to photosensitiapeletissue structures. However,
porphyrin-related photosensitizers typically absath light less efficiently than blue
light ", For example, their red absorption maxima at 680ane nearly 35 times less
intense than blue peaks at 405 fif**®. When we used a LED with a peak-emission
wavelength of 505 nm as excitation light sourcee (8éaterials & Methods), the
penetration depth was limited within 1 mm and s absorption intense than blue
light.

On the other hand, PplIX fluorescence propagatiotissue decreases exponentially
with distance due to part of the fluorescence Wwél reabsorbed, and the multiple
scattering feature of excited fluorescence coulbngfly decrease the overall
fluorescence intensity during its transportation the detector. So that in vivo
fluorescence image can be subject to various etsiféhat can compromise the
guantitative accuracy and lead to a negatmevo fluorescence imaging result.

In contrast, when fluorescent images were acquireditro, for example, when
applying confocal microscopy, the thickness of tk# sample was less than ffh
and such cells allowed forming a thin layer of #anple on the slide surface. The
excitation laser beam penetrated the cells effelgtiand the returning fluorescence
was directed to the confocal pinhole and photorpligti undisturbed. Thus, it is quite
feasible for the acquisition of a higher resoluti®plX fluorescence imaging
compared ton vivo detecting methods.

Limited by its penetrating depth, PpIX-mediated PDiay be more suitable for
detecting superficial macroscopically indiscernilfalignancies rather than deep
invasive lesions, as the excitation light penegrately the superficial layers of tissue.
However, most of human cancers originate from efighcells, which cover body
surfaces and the interior of orgafi& Many early malignancies occurred in areas of
relatively superficial tissues, in intraepitheli@yers at depths of a few hundred

microns?% 262
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Therefore, early detection of carcinomas ofteneslbn techniques to detect tissue
abnormalities on these interior hollow-organs stefand the surface of the body
cavities. Photodynamic diagnosis used in conjunctith conventional white-light
endoscopy could offer a practical method fior situ detection of the PplX
fluorescence in the superficially transformed egitll cells or neoplastic tissues of
the accessible internal hollow organs, and thergluyease the sensitivity and
specificity of endoscopic diagnosis for finding lganalignancies.

Overall, the following conclusions can be drawrstion up this dissertation:

(1) A significant transcriptional down-regulation of EH expression occurred in
gastrointestinal malignant tissues.

(2) FECH is the key player in PpIX conversion. Silegcof FECH by functional
application of siRNA alone can lead to a dramatithamcement of PplX
accumulation in LS174T colorectal carcinoma cehsl MDA-MB-435 human
mammary carcinoma cells.

(3) In vivo application of siRNA-based inhibitor of FEQn conjunction with a very
low dose of ALA leads to a significantly higher eg@nous PplX level at the site
of the xenografted tumor in the mouse model. Eiti@NAs encapsulated within
folate-PEG cationic liposomes or bound to polygiptédased nanocarriers
worked well in this regard, supporting the hypotbehat down-regulation of
FECH expression plays a crucial role for selectaceumulation of PpIX in
cancerous tissues.
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5 Prospects and future research directions

In the present work, the role played by FECH far $lelective accumulation of PpIX
in cancerous tissues and the possibilities of usiRiNA-based inhibitor of FECH to
induce accumulation of PplIX in cancerous tissuege haeen discussed. The main
benefit of this approach lies in the fact that aymeduce the undesired side effects of
exogenous ALA which are inevitable when fairly largoses currently must be used
in a singular ALA-induced PpIX mode. Some of theules deserve to be further
explored.

Although the siRNA-based inhibitor of FECH was pedvto work effectivelyn vitro
and resulted in encouraging results in the animpéements, it cannot be claimed to
be feasiblein vivo now. Numerous challenges remain before this siRidéed
fluorescent approach can be translated into clinios become a realistic
tumor-diagnostic tool. The development of non-virattors forin vivo DNA/SIRNA
delivery, especially clinical applications, hasfetgd from low transfer efficiency,
e.g., the cationic polymers are still lacking three evsl of magnitude compared to
viral systems, and therefore investigations hawenldecused on improvement of their
delivery efficiency. The following criteria shoultk taken into account on the design
of a synthetic vector for delivery of siRNAs vivo: providing the ability to complex
and compact the siRNAs, ensuring the good nuclstedality and reducing renal
filtration, having the capacity of preventing reodgn and clearance by the
reticular-endothelial system, increasing the adbaisg of the complexes to interact
with the intended tissues and avoiding nonspec#itbinding, efficient endocytosis,
with the capability of endolysosomal escape, engusiRNAs to be liberated from
the complexes after endolysosomal escape, and iloyvéhe cytotoxicity of the
vector, etc.

As described above, for successiul vivo RNAIi activation, siRNAs need to
overcome multiple barriers to reach the sites tdrast, e.g., the rapid renal excretion
of naked siRNAs; nonspecific distribution of thes®NA-containing complexes
throughout the body; degradation of siRNAs by nasés and so on. Moreover, due
to the positive charges, the siRNA-containing catiocomplexes possess a
propensity to interact with virtually any cell typleey will encounter. The cationic
complexes also tend to form aggregates by bindiag negatively charged
biomolecules in the blood stream, which may leadntoe rapid clearance of these
siRNA-containing complexes by reticular-endothelgistem. Local injection of
siRNAs at the site of pathology can avoid many hef tifficulties that would be
encountered after systemic administration. Thusalloapplication of SiRNAs
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becomes a popular approach to increase tumor tissoeentrations of SiRNAs.
Unfortunately, local administration of sSiRNAs camit the effects on distance tissues
and it is not always feasible because the targsti® cannot be reached or covers an
area that is too large to be feasible for a lonpdtion protocol®®. Furthermore, in
terms of early cancer diagnosis, the local appboaapproach is difficult to obtain an
ideal distribution of fluorescence for using PpIX @& diagnostic probe to scan early
malignancies, because cancerous lesions could dagelb in different parts of the
epithelial tissues inside the body. Thus,vivo systemic siRNA-delivery approach
will be required.

In addition, it is fair to assume that using FEQRMA to manipulate the heme
synthetic pathway in tumor tissues is likely toeaff other tissues. The nonspecific
silencing effect could be reduced after having iggpfolate-PEG cationic liposomes
or PG-based nanoparticles as tumor-targeting carrie deliver FECH-siRNA.
However, the extent of the selectivity for malighaellsin vivo remains unknown.
Further studies based on animal models will be irequto evaluate whether
folate-PEG cationic liposomes and PG-based nanrolegrtcan act as the ideal
vehicles forin vivo systemic delivery of siRNA as well as their stapiland
cytotoxicity. These will need to be performed iseaies of separate experiments.

74



List of references

1. Liotta LA, Kohn EC: Invasion and Metastases. @ancer Biology, Cancer Medicine, 5th Edition, B&cRer Inc, London
(2000).

2. Liotta LA, Kohn EC: Invasion and Metastases. @ancer Biology, Cancer Medicine, 6th Edition, BEcRer Inc, London
(2003).

3. Liotta LA, Stetler-Stevenson WG: Tumor invas@rd metastasis: an imbalance of positive and negeggulation. Cancer
Res 51: 5054s-5059s (1991).

4. Duffy MJ: Inhibiting tissue invasion and metasiseas targets for cancer therapy. Biotherapy 6261992).

5. Fidler 1J: The organ microenvironment and cameetastasis. Differentiation 70: 498-505 (2002).

6. Fidler 1J: Critical determinants of metastaSsmin Cancer Biol 12: 89-96 (2002).

7. Wittekind C, Neid M: Cancer Invasion and MetastaOncology 69 (suppl 1): 14-16 (2005).

8. WeissledeR: Molecular Imaging in Cancer. Science 312(57768t1171 (2006).

9. Orth K, Russ D, Steiner R, Beger HG: Fluoreseetetection of small gastrointestinal tumours: giples, technique, first

clinical experience. Langenbeck’s Arch Surg 383-484 (2000).

10. Kohn EC, Liotta LA: Molecular insights into azer invasion: strategies for prevention and intetiee. Cancer Res 55(9):
1856-1862 (1995).

11. Cho KR, Vogelstein B: Genetic alterations ia #tlenoma—carcinoma sequence. Cancer 70:1727-1932) (

12. Weinberg RA: How cancer arises. Sci Am 27542)70 (1996).

13. Kerr KM: Pulmonary preinvasive neoplasia. h@®athol 54: 257-271 (2001).

14. Pasanen AV, Vuopio P, Borgstrom GH, Tenhunehi&m biosynthesis in refractory sideroblastic amaeassociated with
the preleukaemic syndrome. Scand J Haematol 23%144 (1981).

15. el-Sharabasy MM, el-Waseef AM, Hafez MM, SalA: Porphyrin metabolism in some malignant diseaBes] Cancer
65(3): 409-412 (1992).

16. Sokolov K, Follen M, Richards-Kortum R: Opticgdectroscopy for detection of neoplasia. Currepinion in Chemical
Biology 6: 651-658 (2002).

17. Campbell DL, Gudgin Dickson EF, Forkert PG, tieotRH, Kennedy JC: Detection of Early Stages afdhogenesis in
Adenomas of Murine Lung by 5-Aminolevulinic Aciddnced Protoporphyrin IX Fluorescence. Photochewniaind
Photobiology 64 (4): 676-682 (1996).

18. Dorward AM, Fancher KS, Duffy TM, Beamerl WGaNVH: Early neoplastic and metastatic mammary tursicof
transgenic mice detected by 5-aminolevulinic atinnslated protoporphyrin IX accumulation. Britishuinal of Cancer 93:
1137-1143 (2005).

19. Inaguma M, Hashimoto K: Porphyrin-Like Fluoresce in Oral Cancer. Cancer 86: 2201-2211 (1999).

20. Onizawa K, Okamura N, Saginoya H, Yoshida Hai@bterization of autofluorescence in oral squantellsarcinoma. Oral
Oncology 39(2): 150-156 (2003).

21. Moesta KT, Ebert B, Handke T, Nolte D, NowakH&aensch WE, Pandey RK, Dougherty TJ, Rinneber&dthlag PM:
Protoporphyrin IX Occurs Naturally in Colorectalr@ars and Their Metastases. Cancer Research 6B989@001).

22. Weissleder R, Mahmood U: Molecular Imaging. iBagy 219: 316-333 (2001).

23. Allport JR, Weissleder Rn vivo imaging of gene and cell therapies. Exp Hemat@ P9 1237-1246 (2001).

24. Palladino F, Canade A, Bianchi A, Lesti G, Anitd OM, Macis G, Marano P: Molecular imaging: staf the art. Rays 28(1):

75



45-61 (2003).

25. Thakur M, Lentle BC: Report of a summit on necolar imaging. Radiology 236: 753-755 (2005).

26. Profio AE, Doiron DR: A feasibility study of ¢huse of fluorescence bronchoscopy for localizatbsmall lung tumors.
Phys Med Biol 22(5): 949-957 (1977).

27. Kinsey JH, Cortese DA, Sanderson DR: Detectibinematoporphyrin fluorescence during fiberoptrorithoscopy to
localize early bronchogenic carcinoma. Mayo Clind®$3: 594-600 (1978).

28. Dougherty TJ, Kaufman JE, Goldfarb A, Weish&Rt Boyle D, Mitteleman A: Photoradiation therdpy the treatment of
malignant tumors. Cancer Res 38: 2628-2635 (1978).

29. Harris DM, Wekhaven J: Endogenous Porphyriarfiscence in tumors. Lasers Surg Med 7: 467—47&7{19

30. Weishaupt KR, Gomer CJ, Dougherty TJ: Iderdifan of singlet oxygen as the cytotoxic agent fotpinactivation of
murine tumor. Cancer Res 36: 2326-2329 (1976).

31. Moan J, Sommer S: Oxygen dependence of thegmsitizing effect of haematoporphyrin derivaiiveNHIK 3025 cells.
Cancer Res 45: 1608-1610 (1985).

32. Pottier RH, Chow YF, LaPlante JP, Truscott Rénnedy JC, Beiner LA: Non-invasive technique fbtaining fluorescence
excitation and emission spectravivo. Photochem Photobiol 44(5):679-687 (1986).

33. de Villiers KA. Kaschula CH, Egan TJ, Marqudd:HSpeciation and structure of ferriprotoporphyiin agueous solution:
spectroscopic and diffusion measurements demoestiiaierization, but nofi-oxo dimer formation. J Biol Inorg Chem
12:101-117 (2007).

34. Peng Q, Warloe T, Berg K, Moan J, Kongshaug3i¢ércksky KE, Nesland JM: 5-aminolevulinic acid-edghotodynamic
therapy: clinical research and future challengesc@r 79: 2282-2308 (1997).

35. LudickeF: Photodynamic diagnosis of ovarian cancer usiegaminolaevulinate: a preclinical study. Britishudwl of
Cancer 88: 1780-1784 (2003).

36. Major AL, Rose GS, Chapman CF, Hiserodt JCpilrerg BJ, Krasieva TB, Tadir Y, Haller U, DiSaig Bé&rns MW:In vivo
fluorescence detection of ovarian cancer in theNLJ epithelial ovarian cancer animal model usiran@nolevulinic acid
(ALA). Gynecol Oncol 66: 122-132 (1997).

37. Major AL, Rose GS, Svaasand LO, Ludicke F, CamapA, van Gemert MJ: Intraperitoneal photodynath&rapy in the
Fischer 344 rat using 5-aminolevulinic acid andetidaser light: a toxicity study. J Photochem Rhatl B 66: 107-114
(2002b).

38. Loning M, Diddens H, Kiipker W, Diedrich K, Himann G: Laparoscopic fluorescence detection ofiamatarcinoma
metastases using 5-aminolevulinic acid-inducedoparphyrin IX. Cancer 100(8): 1650-1656 (2004).

39. Hornung R, Major AL, McHale M, Liaw LH, Sabimia LA, Tromberg BJ, Berns MW, Tadir ¥tn vivo detection of
metastatic ovarian cancer by means of 5-aminoleicubcid-induced fluorescence in a rat model. J Assoc Gynecol
Laparosc 5: 141-148 (1998).

40. LéningMC, Diddens HC Holl-Ulrich K, Léning U, Kipker W, Diedrich K Huttmann G: Fluorescence staining of human
ovarian cancer tissue following application of Shastevulinic acid: Fluorescence microscopy studiessers Surg Med
38(5):549-554 (2006).

41. Regis C, Callinet P, Farine MO, Mordon S: Corgmm of aminolevulinic acid and hexylester aminvalenate-induced
protoporphyrin IX fluorescence for the detectionasfarian cancer in a rat model. Photomed Laser 36(4): 304-311

(2007).

76



42. Na R, Stender IM, Wulf HC: Can autofluorescedeenarcate basal cell carcinoma from normal skircdparison with
protoporphyrin IX fluorescence. Acta Derm Vener@bl 246-249 (2001).

43. Krieg RC, Messmann H, Rauch J, Seeger S, Keli&HMetabolic characterization of tumor cell-sfiegrotoporphyrin IX
accumulation after exposure to 5-aminolevuliniaagihuman colonic cells. Photochem Photobiol 76838-25 (2002).

44. Berlin NI, Neuberger A, Scott JJ: The metalolisf 5-aminolaevulic acid. 1. Normal pathways, studiethwie aid of 15N,
Biochem J 64: 80-90 (1956).

45. Berlin NI, Neuberger A, Scott JJ: The metalolif 5-aminolaevulic acid. 2. Normal pathways, studiethwhe aid of 14C,
Biochem J 64: 90-100 (1956).

46. Novo M, Hittmann G, Diddens H: Chemical indtgbiof 5-aminolevulinic acid used in the fluoresce diagnosis of
bladder tumours. J Photochem Photobiol B 34: 148{1896).

47. Hua Z, Gibson SL, Foster TH, Hilf R: Effectiess of delta-aminolevulinic acid-induced protopgrphas a photosensitizer
for photodynamic therapiy vivo. Cancer Res 55: 1723-1731 (1995).

48. Gederaas OA, Berg K, Romslo I: A comparatiwelgtof normal and reverse phase high pressuredlicquiomatography for
analysis of porphyrins accumulated after 5-aminglieic acid treatment of colon adenocarcinoma céllancer Lett 150:
205-213 (2000).

49. Malik Z, Lugaci H: Destruction of erythroleukaie cells by photoactivation of endogenous porpisuBr J Cancer 56(5):
589-595 (1987).

50. Divaris DXG, Kennedy JC, Pottier RH: Phototod@mmage to sebaceous glands and hair folliclesic# following systemic
administration of 5-aminolevulinic acid correlatesth localised protoporphyrin IX fluorescence. Antcan Journal of
Pathology 136(4): 891-897 (1990).

51. Kennedy JC, Pottier RH, Pross DC: Photodynah@tapy with endogenous protoporphyrin IX: Basiogiples and present
clinical experience. J Photochem Photobiol B 6:-148 (1990).

52. Kennedy JC, PottierRH: New trends in photolygl&ndogenous protoporphyrin IX, a clinically udgfhotosensitizer for
photodynamic therapy. Journal of PhotochemistryRimakobiology B: Biology 14(4): 275-292 (1992).

53. Moan J, Van Den Akker JTHM, Juzenas P, Ma LWg&ll-Petersen E, Gadmar @B, lani V: On the basisumor selectivity
in the 5-aminolevulinic acid-induced synthesis @btpporphyrin IX. Journal of Porphyrins and Phtlegtnines 5(2):
170-176 (2001).

54. Stummer W, Stepp H, Mdller G, Ehrhardt A, Learth M, Reulen HJ: Technical principles for protq@omin IX

fluorescence guided microsurgical resection of gmalt glioma tissue. Acta Neurochir 140: 995-1Q¥D8).

55. Stummer W, Stocker S, Novotny A, Heimann A, &aD, Kempski O, Plesnila N, Wietzorrek J, Reuleh IH vitro andin
vivo porphyrin accumulation by C6 glioma cells aftepesure to 5-aminolevulinic acid. J Photochem PhotoB
45:160-169 (1998).

56. Leunig A, Betz CS, Mehimann M, Stepp H, ArbddgasGrevers G, Baumgartner R: Detection of squaneell carcinoma of
the oral cavity by imaging 5-aminolevulinic acidiirced protoporphyrin IX fluorescence. Laryngoscbpe: 78-83 (2000).

57. Betz CS, Stepp H, Janda P, Arbogast S, Gré&yeBaumgartner R, Leunig A: A comparative studynofmal inspection,
autofluorescence and 5-ALA-induced PplIX fluoreseefor oral cancer diagnosis. Int J Cancer 97:245{28502).

58. Gossner L, Stolte M, Sroka R, Rick K, May A,hAeEG, Ell C: Photodynamic ablation of high-gradsplasia and early
cancer in Barrett's esophagus by means of 5-aminoie acid. Gastroenterology 114: 448—-455 (1998).

59. Mayinger B, Neidhardt S, Reh H, Martus P, H&i@1 Fluorescence induced with 5-aminolevulinic goidthe endoscopic

77



detection and follow-up of esophageal lesions. @agest Endosc 54: 572-578 (2001).

60. Endlicher E, Knuechel R, Hauser T, Szeimis F¢hdlmerich J, Messmann H: Endoscopic fluoresceletection of low
and high grade dysplasia in Barrett's esophagung ssistemic or local 5-aminolevulinic acid senatisn. Gut 48: 314-319
(2001).

61. Messmann H: 5-Aminolevulinic acid-induced ppmigphyrin IX for the detection of gastrointestimiisplasia. Gastrointest
Endosc Clin N Am 10: 497-512 (2000).

62. Mayinger B, Horner P, Jordan M, Gerlach C, Hotb T, Hohenberger W, Hahn EG: Endoscopic fluoresespectroscopy
in the upper Gl tract for the detection of G| canadtial experience. Am J Gastroenterol 96:26 B2-2(2001).

63. Baumgartner R, Huber RM, Schulz H, Stepp HkRicGamarra F, Leberig A, Roth C: Inhalation o&&inolevulinic acid:
a new technique for fluorescence detection of estdge lung cancer. J Photochem Photobiol B 361789%1996).

64. Hillemanns P, Weingandt H, Baumgartner R, Digghh Xiang W, Stepp H: Photodetection of cerviggtaepithelial

neoplasia using 5-aminolevulinic acid-induced pgrphfluorescence. Cancer 88: 2275-2282 (2000).

65. Duska LR, Wimberly J, Deutsch TF, Ortel B, Hdaslouck K, Hasan T: Detection of female lowerig@rtract dysplasia
using orally administered 5-aminolevulinic acid ueed protoporphyrin IX: a preliminary study. Gyne@mcol 85: 125-128
(2002).

66. Kriegmair M, Baumgartner R, Knuechel R, Steaib#®, Ehsan A, Lumper W, Hofstadter F, HofstetterFRiorescence
photodetection of neoplastic urothelial lesiondofeing intravesical instillation of 5-aminolevulimiacid. Urology 44(6):
836-841 (1994).

67. Kriegmair M, Stepp H, Steinbach P, Lumper Wsd&hA, Stepp HG, Rick K, Knuchel R, BaumgartnetRfstetter A:
Fluorescence cystoscopy following intravesicaliilasion of 5-aminolevulinic acid: a new proceduséth high sensitivity
for detection of hardly visible urothelial neopksi Urol Int 55(4): 190-196 (1995).

68. Kriegmair M, Baumgartner R, Kniichel R, Stepp Htfstadter F, Hofstetter A: Detection of early didar cancer by
5-aminolevulinic acid induced porphyrin fluorescend Urol 155(1):105-110 (1996).

69. Waidelich R, Hofstetter A, Stepp H, Baumgarti®r Weninger E, Kriegmair M: Early clinical experee with
5-aminolevulinic acid for the photodynamic theragyipper tract urothelial tumors. J Urol 159: 400441998).

70. Koenig F, McGovern FJ, Larne R, Enquist H, $cacker KT, Deutsch TF: Diagnosis of bladder cantiaousing

protoporphyrin IX fluorescence induced by 5-amirelalinic acid. BJU Int 83: 129-135 (1999).

71. Riedl CR, Daniltchenko D, Koenig F, Simak Rebing SA, Pflueger H: Fluorescence endoscopy wiminolevulinic acid
reduces early recurrence rate in superficial bladdecer. J Urol 165:1121-1123 (2001).

72. Zaak D, Kriegmair M. Stepp H, Baumgartner Refleder R, Schneede P, Corvin S, Frimberger D, Kelug, Hofstetter A:
Endoscopic detection of transitional cell carcinowith 5-aminolevulinic acid: results of 1012 flusoence endoscopies.
Urology 57: 690-694 (2001).

73. Malik Z, Ehrenberg B, Faraggi A: Inactivatioheoythrocytic, lymphocytic and myelocytic leukenaells by photoexcitation
of endogenous porphyrins. J Photochem Photobiol B98-205 (1989).

74. Rittenhouse-Diakun K, Van Leengoed H, Morgahighorenko E, Paszkiewicz G, Whitaker JE, Osefd®. The role of
transferrin receptor (CD71) in photodynamic therayactivated and malignant lymphocytes using thend precursor
d-aminolevulinic acid (ALA). Photochem Photobiol &R23-528 (1995).

75. Bartosova J, Hrkal Z: Accumulation of protogorpn-IX (PplIX) in leukemic cell lines following uuction by

5-aminolevulinic acid (ALA). Comparative Biochentisind Physiology Part C 126: 245-252 (2000).

78



76. Gold MH: Aminolevulinic acid photodynamic thpyafor actinic keratoses and photorejuvenation. dexpgReview of
Dermatology 2(4): 391-402 (2007).

77. Regula J, MacRobert AJ, Gorchein A, Buonacddssi Thorpe SM, Spencer GM, Hatfield AR, Bown S@Gpkbsensitisation
and photodynamic therapy of oesophageal, duodeal, colorectal tumors using 5 aminolaevulinic aaiduced
protoporphyrin IX: a pilot study. Gut 36: 67-75 @B).

78. Gorchein A, Webber R:-Aminolevulinic acid in plasma, cerebrospinal flughliva and erythrocytes: studies in normal,
uraemic and porphyric subjects. Clin Sci 72: 103-(11987).

79. Floderus Y, Sardh E, Méller C, Andersson CKkfRer L, Andersson DEH, Harper P: Variations in ghabilinogen and
5-Aminolevulinic Acid Concentrations in Plasma duidne from Asymptomatic Carriers of the Acute Imbéttent Porphyria
Gene with Increased Porphyrin Precursor Excret@imical Chemistry 52: 701-707 (2006).

80. Feldman DS, Levere RD, Lieberman JS: Presynaggtuiromuscular inhibition by delta-aminolevulircid, a porphyrin
precursor. Trans Amer Neurol Assoc 93: 206-208 ).96

81. Goldberg A, McGillion FB: Proceedings: Centrgltake and cardiovascular effects of delta-aminoii@ic acid. Br J
Pharmacol 49(1): 178P (1973).

82. Shanley BC, Neethling AC, Percy VA, Carstens Neurochemical aspects of porphyria. Studies on phssible

neurotoxicity of delta-aminolevulinic acid. S Afreéd J 49: 576-580 (1975).

83. Helson L, Braverman S, MangiardisdAminolevulinic acid effects on neuronal and gliaimor cell lines. Neurochemical
Research 18(12); 1255-1258 (1993).

84. Russell VA, Lamm MCL, Taljaard JJF: InhibitiohNal, K1-ATPase activity by delta-aminolevulirsicid. Neurochem Res
8: 1407-1415 (1983).

85. Percy VA, Lamm MCL, Taljaard JJF: d-Aminolewiidi acid uptake, toxicity, and effect on [14C] gimobutyric acid
uptake into neurons and glia in culture. J NeurotB86: 6976 (1981).

86. Emanuelli T, Pagel FW, Alves LB, Regner A, So@O: Inhibition of adenylate cyclase activity byaBinolevulinic acid in
rat and human brain. Neurochem Int 38: 213-218100

87. Mitchell G, Larochelle J, Lambert M, MichaudGrenier A, Ogier H, Gauthier M, Lacroix J, Vanasdelarbrisseau A:
Neurologic crises in hereditory tyrosinemia. N Eddlled 49: 432-437 (1990).

88. Novotny A, Xiang J, Stummer W, Teuscher NS, tBBE, Keep RF: Mechanisms of 5-Aminolevulinic Aditbtake at the
Choroid Plexus. Journal of Neurochemistry 75: 328-@000).

89. Brennan MJW, Cantrill RC: The effect of deltaiaolaevulinic acid on the uptake and efflux of amacid neurotransmitters
in rat brain synaptosomes. Journal of Neurocheyn®&3r 721-725 (1979).

90. Albert C. Yeung LW, Moore MR, Goldberg A: Pafjenesis of Acute Porphyria. Quarterly Journal ofidime, New Series
63(241): 377-392 (1987).

91. Cutler MG, Moore MR, Dick JM: Effects of deltaminolaevulinic acid on contractile activity of lbduodenum. Eur J
Pharmacol 64: 221-230 (1980).

92. Cutler MG, McLaughlin M, McNeil E, Moore MR: fetts of delta-aminolaevulinic acid on contractletivity in the

isolated small intestine of the rabbit. Neuropharofagy 24: 1005-1009 (1985).
93. Krnjevic K, Schwartz S: The action of gamma+awbutyric acid on cortical neurons. Exp Brain Re829-336 (1967).
94. Walker JE: Glutamate, GABA and CNS diseasevew. Neurochem Res 8: 521-550 (1983).

95. Dichter HN, Taddeini L, Lin S, Ayala GF: Del@aninolaevulinic acid. Effect of a porphyrin preaursn an isolated

79



neuronal preparation. Brain Res 126: 189-195 (1977)
96. Becker DM, Viljoen D, Kramer S: The inhibitiasf red cell and brain ATPase by deltaaminolaevaliacid. Biochim
Biophys Acta 225: 26-34 (1971).

97. McGillion FB, Thompson GG, Moore MR, Goldberg Phe passage @faminolevulinic acid across the blood-brain barrier
of the rat. Biochem Pharmacol 23: 472-474 (1974).

98. Princ FG, Juknat AA, del Carmen Batlle AM: Rogmnogenesis in rat cerebellum: effect of higdaminolevulinic acid

concentration. Gen Pharmac 25: 761-766 (1994).

99. Juknat AA, Kotler ML, del Carmen Batlle AM: Hiig-aminolevulinic acid uptake in rat cerebral corteffect on porphyrin

biosynthesis. Comp Biochem Physiol 111C: 143-15®%).

100. Mustajoki P, Koskelo P: Hereditary hepaticghgrias in Finland. Acta Med Scand 200: 171-17& )9

101. Webber J, Kessel D, Fromm D: Side effects@matosensitization of human tissues after amindieiuacid. J Surg Res
68: 31-37 (1997).

102. Radin, NS, Rittenberg D, Shemin D: The rolglg€ine in the biosynthesis of heme. J Biol Che8d:1745-754 (1950).

103. Wittenberg J, Shemin D: The location in prombyrin of the carbon atoms derived from the @&ecaratom of glycine.
J Biol Chem 103-116 (1950).

104. May BK, Bawden MJ: Control of heme biosyntkesianimals. Semin Hematol 26: 150-156 (1989).

105. Scotto AW, Chang LF, Beattie DS: The char@aéon and submitochondrial localization of det@inolevulinic acid
synthase and an associated amidase in rat livechuhdria using an improved assay for both enzyth&sol Chem 258:
81-90 (1983).

106. Shemin D: On the synthesis of heme. Naturwisg®aften 57: 185-190 (1970).

107. Xu W, Kozak CA, Desnick RJ: Uroporphyrinogéinslynthase, molecular cloning, nucleotide sequeegpression of a
mouse full-length cDNA, and its localization on rse.lchromosome 7. Genomics 26: 556-562 (1995).

108. Elder GH, Evans JO: Evidence that the coppiposmogen oxidase activity of rat liver is situdtien the intermembrane
space of mitochondria. Biochem J 172: 345-347 ()978

109. Grandchamp B, Phung N, Nordmann Y: The mitodhial localization of coproporphyrinogen lll oxiska Biochem J 176:
97-102 (1978).

110. Snot S, Granick S: Mitochondrial Coproporphggen Oxidase and Protoporphyrin Formation. J Blbem 236(4):
1173-1180 (1961).

111. Ferreira GC, Andrew TL, Karr SW, Dailey HA:danization of the terminal two enzymes of the hémsynthetic pathway:
orientation of protoporphyrinogen oxidase and evigefor a membrane complex. J Biol Chem 263: 3G3331988).

112. Jones MS, Jones OTG: The structural organizaif haem synthesis in rat liver mitochondria. dsiem J 113: 507-514
(1969).

113. Maines MD: The heme oxygenase sytem: Upddig.2Zntiox Redox Signal 7: 1761-1766 (2005).

114. Maines MD, Gibbs PEM: 30 some years of hem@emxase: from a “molecular wrecking ball” to a “mesizing” trigger
of cellular events. Biochem Biophys Res Commun 388-577 (2005).

115. Whitcombe DM, Carter NP, Albertson DG, Smith Bhodes DA, Cox TM: Assignment of the human fehedatase gene
(FECH) and a locus for protoporphyria to chromosdi®g22. Genomics 11(4): 1152-1154 (1991).

116. Brenner DA, Didier JM, Frasier F, Christen&#, Evans GA, Dailey HA: A molecular defect in hum@otoporphyria.

Am J Hum Genet 50(6):1203-1210 (1992).

80



117. Taketani S, Adachi Y, Nakahashi Y: Regulatbthe expression of human ferrochelatase by ietiaar iron levels. Eur J
Biochem 267: 4685—-4692 (2000).

118. Taketani S, Kakimoto K, Ueta H, Masaki R, kawa T: Involvement of ABC7 in the biosynthesisheime in erythroid
cells: Interaction of ABC7 with ferrochelatase. 8ib101(8): 3274-3280 (2003).

119. Ferreira GC, Franco R, Lloyd SG, Moura |, ModdG, Huynh BH: Structure and function of ferrdatese. J Bioenerg
Biomembr 27: 221-229 (1995).

120. Camadro JM, Ibraham NG, Levere RD: Kinetidis of human liver ferrochelatase. Role of endogemmetals. J Biol
Chem 259(9): 5678-5682 (1984).

121. Camadro JM, Labbe P: Kinetic studies of fdratatase in yeast. Zinc or iron as competing satestr Biochim Biophys

Acta 707: 280-288 (1982).

122. Dailey HA: Metal inhibition of ferrochelatas&nn NY Acad Sci 51481-86 (1987).

123. Porra R, Jones OTG: Studies on ferrochelafaséssay and properties of ferrochelatase fronigdiyer mitochondrial
extract. Biochem J 87: 181-185 (1963).

124. Rand EB, Bunin N, Cochran W, Ruchelli E, OithdM, Bloomer JR: Sequential Liver and Bone Marrdvansplantation
for Treatment of Erythropoietic Protoporphyria. Réxdcs 118(6):€1894-1897 (2006).

125. Karr SR, Dailey HA: The synthesis of murinedehelatasén vitro andin vivo. Biochem J 254: 799-803 (1988).

126. Camadro JM, Labbe P: Purification and propertif ferrochelatase from the yeast Saccharomyaresisiae. Evidence for
a precursor form of the protein. J Biol Chem 2613575-11682 (1988).

127. Dailey HA, Finnegan MG, Johnson MK: Human &enelatase Is an Iron-Sulfur Protein. Biochemi88y403-407 (1994).

128. Burden AE: Human ferrochelatase: crystallaraticharacterization of the [2Fe-2S] cluster antemi@ination that the
enzyme is a homodimer. Biochimica et Biophysicaa&BA) 1435(1-2): 191-197 (1999).

129. Koenig F, Knittel J, Stepp H: Diagnosing Canné/ivo. Science 292(5520): 1401-1403 (2001).

130. Ohgari Y, Nakayasu Y, Kitajima S, SawamotoNiri H, Shimokawa O, Matsui H, Taketani S: Mechamssinvolved in
d-aminolevulinic acid (ALA)-induced photosensitivibf tumor cells: Relation of ferrochelatase andalptof ALA to the
accumulation of protoporphyrin. Biochemical Pharolagy 71(1-2): 42-49 (2005).

131. Jain RK: Transport of molecules in the tunmstértitium: a review. Cancer Res 47(12): 3039-305B7).

132. Rud E, Gederaas O, Hogset A, Berg K: 5-aminditeic acid, but not 5-aminolevulinic acid esteis,transported into
adenocarcinoma cells by system BETA transportdrstdehem Photobiol 7540—647 (2000).

133. Dreher MR, Liu W, Michelich CR, Dewhirst MWud#n F, Chilkoti A: Tumor Vascular Permeability, Awgulation, and
Penetration of Macromolecular Drug Carriers. JN®irdal of the National Cancer Institute 98(5): 338+ (2006).

134. Hobbs SK, Monsky WL, Yuan F, Roberts WG, @hfL, Torchilin VP, Jain RK: Regulation of transppathways in tumor
vessels: Role of tumor type and microenvironmerdc Matl Acad Sci USA 95: 4607-4612 (1998).

135. Baish JW, Gazit Y, Berk DA, Nozue M, Baxter,LJain RK: Role of tumor vascular architecture wtrient and
drug-delivery: An Invasion Percolation-Based Netwbtodel. Microvascular Research 51(3): 327-346 )99

136. Andersson-Engels S, Brun A, Kjellén E, Salfb@l Svanberg K, Svanberg S: Identification of braimours in rats using
laser-induced fluorescence and haematoporphyrimatiete. Lasers Med Sci 4: 241-249 (1989).

137. Abels C, Heil P, Dellian M, Kuhnle GE, Bauntgar R, Goetz AEin vivo kinetics and spectra of 5-aminolaevulinic
acid-induced fluorescence in an amelanotic melanaittze hamster. Br J Cancer 70(5): 826-833 (1994).

138. Gaullier JM, Berg K, Peng Q, Anholt H, Selld¢, Moan J: Use of 5-aminolevulinic acid estersrpiove photodynamic

81



therapy on cells in culture. Cancer Res 57: 1488614997).
139. Gederaas OA, Holroyd A, Brown SB, Vernon D,aval, Berg K: 5-aminolevulinic acid methyl estemsport on amino
acid carriers in a human colon adenocarcinomdinell Photochem Photobiol 73: 164-169 (2001).
140. Brunner H, Hausmann F, Krieg RC, EndlicheB&holmerich J, Knuechel R, Messmann H: The effecEaminolevulinic
acid esters on protoporphyrin IX production in hmnaalenocarcinoma cell lines. Photochem Photobio?24-725 (2001).
141. Hinnen P, de Rooij FW, van Velthuysen ML, Edixen A, van Hillegersberg R, Tilanus HW, Wilson, Biersema PD:
Biochemical basis of 5-aminolaevulinic acid-inducedotoporphyrin IX accumulation: a study in patentith
(pre)malignant lesions of the oesophagus. Br J &art(5): 679-682 (1998).
142. Gibson SL, Cupriks DJ, Havens JJ, Nguyen Milf R: A regulatory role for porphobilinogen dearase (PBGD) in
delta-aminolaevulinic acid (delta-ALA)-induced pbsensitizationBr J Cancer 77(2): 235-242 (1998).
143. Kondo M, Hirota N, Takaoka T, Kajiwara M: Hefiesynthetic enzyme activities and porphyrin acalation in normal
liver and hepatoma cell line of rats. Cell Biol Ta{ 9: 95-105 (1993).
144. Leibovici L, Schoenfeld N, Yehoshua HA, ManfetRakowsky E, Shindel A, Atsmon A: Activity of pgaobilinogen
deaminase in peripheral blood mononuclear celgatients with metastatic cancer. Cancer 62: 229023988).
145. Navone N, Polo C, Frisardi A, Batlle A: Mouseammary carcinoma porphobilinogenase and hydroxXyyitgtane
synthetase. Comp Biochem Physiol B 98: 67-71 (1991)
146. Krieg RC, Fickweiler S, Wolfbeis OS, Knueclfel Cell-type specific protoporphyrin IX metabolism human bladder
cancetin vitro. Photochem Photobiol 72: 226-233 (2000).
147. van Hillegersberg R, van den Berg JWO, Kort W&kpstra OT, Wilson JHP: Selective accumulatibrercdogenously
produced porphyrins in a liver metastasis modeaia. Gastroenterology 103: 647-651 (1992).
148. Berg K, Anholt H, Bech O, Moan J: The influenof iron chelators on the accumulation of protppgrin IX in
5-aminolaevulinic acid-treated cells. Br J Cancer688—697 (1996).
149. linuma S, Farshi SS, Ortel B, Hasan T: A maitia study of cellular photodestruction with 54aplaevulinic
acid-induced porphyrin. Br J Cancer 70(1): 21-230d).
150. Pourzand C, Reelfs O, Kvam E, Tyrrell RM: Tioa regulatory protein can determine the effectass of 5-aminolevulinic
acid in inducing protoporphyrin IX in human primaskin fibroblasts. J Invest Dermatol 112: 419-42890).
151. Lash A, Saleem A: Iron metabolism and its l&tipn. A review. Ann Clin Lab Sci 25: 20-30 (1995)
152. Kauppi B, Nielsen BB, Ramaswamy S, LarseriTielander M, Thelander L, Eklund H: The three-disienal structure of
mammalian ribonucleotide reductase protein R2 ieweanore-accessible iron-radical site than Eschiicoli R2. J Mol
Biol 262: 706-720 (1996).
153. Bosher JM, Labouesse M: RNA interference: iem&nd and genetic watchdog. Nature Cell Biol@g¥#31-E36 (2000).
154. McManus MT, Sharp PA: Gene silencing in mansnisl small interfering RNAs. Nature Reviews Gersefic 737-747
(2002).
155. van der Krol AR, Mur LA, Beld M, Mol JN, StjetAR: Flavonoid genes in Petunia: addition ofraitéd number of gene
copies may lead to a suppression of gene expres3iant Cell 2: 291-299 (1990).
156. Napoli C, Lemieux C, Jorgensen R: Introductwina chalcone synthase gene into Petunia resnltseversible
co-suppression of homologous genes in trans. Blah®: 279-289 (1990).
157. Bingham PM: Cosuppression comes to the anir@als90: 385-387 (1997).

158. Guo S, Kemphues KJ: par-1, a gene require@dt@ablishing polarity in C. elegans embryos, eesaa putative Ser/Thr

82



kinase that is asymmetrically distributed. Cell 811-620 (1995).

159. Fire A, Xu S, Montgomery MK, Kostas SA, Driv&E, Mello CC: Potent and specific genetic intemee by
double-stranded RNA in Caenorhabditis elegans. ida&801: 806-811 (1998).

160. Tuschl T, Zamore PD, Lehmann R, Bartler DRarBHPA: Targeted mRNA degradation by double-strdriRIBA in vitro.
Genes & Dev 13: 3191-3197 (1999).

161. Hammond SM, Bernstein E, Beach D, Hannon GJRAA-directed nuclease mediates posttranscriptigeae silencing

in Drosophila cells. Nature 40293-296 (2000).

162. Hamilton AJ, Baulcombe DC: A species of sraatisense RNA in posttranscriptional gene silenainglants. Science 286:
950-952 (1999).

163. Zamore PD, Tuschl T, Sharp PA, Bartel DP: RNDWuble-stranded RNA directs the ATP-dependeravelge of mMRNA
at 21 to 23 nucleotide intervals. Cell 101: 25-3800).

164. Bernstein E, Caudy AA, Hammond SM, Hannon Bdle for a bidentate ribonuclease in the initatgtap of RNA
interference. Nature 409: 363-366 (2001).

165. Hammond SM, Boettcher S, Caudy AA, KobayashHBnnon GJ: Argonaute2, a link between genetic dadhemical
analyses of RNAI. Science 293: 1146-1150 (2001).

166. Manche L, Green SR, Schmedt C, Mathews MBeraations between doublestranded RNA regulatorstiaadrotein
kinase DAI. Mol. Cell Biol 12: 5238-5248 (1992).

167. Williams BR: Role of the double-stranded RN#haated protein kinase (PKR) in cell regulatioio&em. Soc. Trans. 25:
509-513 (1997).

168. Minks MA, West DK, Benvin S, Baglioni C: Sttucal requirements of doublestranded RNA for thévation of
2',5'-0ligo(A) polymerase and protein kinase ofarferon-treated Hela cells. J Biol Chem 254: 1018083 (1979).

169. Elbashir SM, Harborth J, Lendeckel W, Yalcin\Weber K, Tuschl T: Duplexes of 21-nucleotide RNAsdiate RNA
interference in cultured mammalian cells. Naturg: 4B4-498 (2001).

170. Donze O, Picard D: RNA interference in mamarakells using siRNAs synthesized with T7 RNA polyase. Nucleic
Acids Res 30: e46 (2002).

171. Marshall E: Gene Therapy Death Prompts Rewfefdenovirus Vector. Science 286: 2244-2245, (3999

172. Kohn DB, Sadelain M, Dunbar C, Bodine D, KietR, Candotti F, Tisdale J, Riviere |, Blau CA, Ricth RE: American
society of gene therapy (ASGT) ad hoc subcommitieeetroviral-mediated gene transfer to hematoosem cells.
Molecular Therapy 8:180-187 (2003).

173. Hacein-Bey-Abina S, von Kalle C, Schmidt M, Deist F, Wulffraat N, Mcintyre E, Radford I, Viltal JL, Fraser CC,
Cavazzana-Calvo M, Fischer A: A serious adversenteafter successful gene therapy for X-linked seveombined
immunodeficiency. N Engl J Med 348:255-256 (2003).

174. Anson DS: The use of retroviral vectors fong¢herapy-what are the risks? A review of ret@vpathogenesis and its
relevance to retroviral vector-mediated gene dgfiv@enet Vaccines Ther 2 (1): 9 (2004).

175. Dykxhoorn DM, Novina CD, Sharp PA: Killing tmeessenger: Short RNAs that silence gene expredsamn Rev. Mol.
Cell Biol 4: 457-467 (2003).

176. Khanna D, Balgir PP, Gurlovleen K: RNA inteeflece: An Ancient Mechanism for Novel Therapeuti€ee Internet
Journal of Genomics and Proteomics 2: 1540-263071R0

177. Santel A, Aleku M, Keil O, Endruschat J, Eseh€isch G, Dames S, Loffler K, Fechtner M, Arndid Giese K, Klippel A,

83



Kaufmann J: A novel siRNA-lipoplex technology foNR interference in the mouse vascular endotheliGene Ther 13:
12221234 (2006).

178. van de Water FM, Boerman OC, Wouterse AC,rPel€., Russel FG, Masereeuw R: Intravenously adtened short
interfering RNA accumulates in the kidney and d@lety suppresses gene function in renal proximbutes. Drug Metab.
Dispos 34: 1393-1397 (2006).

179. Haag R, Kratz F: Polymer Therapeutics: Corcepmtd Applications. Angewandte Chemie InternatioBdition 45:
1198-1215 (2006).

180. Oliveira S, Storm G, Schiffelers RM: Targefeelivery of siRNA. Journal of Biomedicine and Bickeology, Article ID
63675:1-9 (2006).

181. Luger K, Mader AW, Richmond RK, Sargent DFgtithond TJ: Crystal structure of the nucleosome parécle at 2.8 A°
resolution. Nature 389: 251-260 (1997).

182. Wagner E, Cotten M, Foisner R, Birnstiel Mlrafsferrin—polycation—-DNA complexes: the effectpofycations on the
structure of the complex and DNA delivery to ceftsoc. Natl Acad. Sci. USA 88: 4255-4259 (1991).

183. Hansma HG, Golan R, Hsieh W, Lollo CP, Mullezy P, Kwoh D: DNA condensation for gene therapyramitored by
atomic force microscopy. Nucleic Acids Res 26: 248187 (1998).

184. Sgrensen DR, Leirdal M, and Sioud M: Genensitgy by systemic delivery of synthetic siRNAs oiult mice. J Mol Biol,
327: 761-766 (2003).

185. Landen CN Jr, Chavez-Reyes A, Bucana C, SdflininDeavers MT, Lopez-Berestein G, Sood AK: Thetdic EphA2
gene targetingn vivo using neutral liposomal small interfering RNA deliy. Cancer Res 65: 6910-6918 (2005).

186. Zimmermann TS, Lee AC, Akinc A, Bramlage Bniuot D, Fedoruk MN, Harborth J, Heyes JA, JeSsJddin M, Judge
AD, Lam K, McClintock K, Nechev LV, Palmer LR, Racil, Rohl |, SeiSert S, Shanmugam S, Sood V, Soeksd,
Toudjarska |, Wheat AJ, Yaworski E, Zedalis W, Hiatesky V, Manoharan M, Vornlocher HP and MacLachla
RNAi-mediated gene silencing in non-human primagture 441: 111-114 (2006).

187. Zhang C, Tang N, Liu XJ, Liang W, Xu W, TorlahNP: siRNA-containing liposomes modified withlgarginine
effectively silence the targeted gene. Jourh@antrolled Release 112: 229-239 (2006).

188. Gregoriadis G., Wills EJ, Swain CP, Tavill ABrug-carrier potential of liposomes in cancer cb#rerapy. Lancet, I:
1313-1316 (1974).

189. Ishida T, Harashima H, Kiwada H: Liposome @leae. Bioscience Reports 22(2):197-224 (2002).

190. Zelphati O, Uyechi LS, Barron LG, Szoka FCEJfect of serum components on the physico-chenpicaperties of cationic
lipid/oligonucleotide complexes and on their intgi@ns with cells. Biochimica et Biophysica Acta9D3119-133 (1998).

191. Matsumura Y, Maeda H: A new concept for maalecular therapeutics in cancer chemotherapy: nmestma of
tumoritropic accumulation of proteins and the amtibr agent smancs. Cancer Res 46:6387-6392 (1986).

192. Seymour LW: Passive tumor targetiofgsoluble macromolecules and drug conjugates. Rait Ther Drug Carrier Syst
9:135-187 (1992).

193. Maeda H, Wu J, Sawa T, Matsumura Y, Hori Kmbu vascular permeability and the EPR effect in no@olecular
therapeutics: a review. J. Controlled Release 85:284 (2000).

194. Rijnboutt S, Jansen G, Posthuma G, Hynes dBorBagel JH, Strous GJ: Endocytosis of GPI-linkeembrane folate
receptora. J Cell Biol 132:35-47 (1996).

195. Wu M, Gunning W, Ratnam M: Expression of felegceptor type in relation to cell type, malignarend differentiation in

84



ovary, uterus, and cervix. Cancer Epidemiol BioreaskPrev 8:775-782 (1999).
196. Weitman SD, Lark RH, Coney LR, Fort DW, Fras¢t&urawski VR Jr, Kamen BA: Distribution of thelfte receptor
GP38 in normal and malignant cell lines and tissGescer Res 52:3396—3401 (1992).

197. Garin-Chesa P, Campbell |, Saigo PE, LewisQld LJ, Rettig WJ: Trophoblast and ovarian carmetigen LK26.
Sensitivity and specificity in immunopathology anblecular identification as a folate-binding prateiAm J Pathol
142:557-567 (1993).

198. Ross JF, Chaudhuri PK, Ratnam M: Differerégjulation of folate receptor isoforms in normadl analignant tissuem
vivo and in established cell lines. Physiologic andicél implications. Cancer 73:2432—-2443 (1994).

199. Goren D, Horowitz AT, Tzemach D, Tarshish Mligsky S, Gabizon A: Nuclear delivery of doxorubiwia folate
targeted liposomes with bypass of multidrug-resisteefflux pump. Clin. Cancer Res 6 : 1949-1950@0

200. Weitman SD, Weinberg AG, Coney LR, Zurawski,\JBnnings DS, Kamen BA: Cellular localization vé folate receptor:
potential role in drug toxicity and folate homeastaCancer Res 52: 6708-6711 (1992).

201. Melani C, Figini M, Nicosia D, Luison E, Ramakna V, Casorati G, Parmiani G, Eshhar Z, CanesaColombo MP:
Targeting of interleukin 2 to human ovarian caramaoby fusion with a single-chain FR of antifolageeptor antibody.
Cancer Res 58: 4146-4154 (1998).

202. Leamon CP, Low PS: Delivery of macromolecuiés living cells: a method that exploits folateeptor endocytosis. Proc.
Natl Acad. Sci. USA 88:5572-5576 (1991).

203. Lee RJ, Low PS: Delivery of liposomes intoterdd KB cells via folate receptor-mediated endosigt J Biol Chem 269:
3198-3204 (1994).

204. Lu Y, Low PS: Folate-mediated delivery of nmmolecular anticancer therapeutic agents. Adv. Dbejiv. Rev 54:
675-693 (2002).

205. Gabizon A, Shmeeda H, Horowitz AT, Zalipsky Bumor cell targeting of liposome-entrapped drugghw

phospholipid-anchored folic acid-PEG conjugates:.Atug Deliv. Rev 56: 1177-1192 (2004).

206. Reddy JA, Abburi C, Hofland H, Howard SJ, \daH, Wils P, Leamon CP: Folate-targeted, catidimposomemediated
gene transfer into disseminated peritoneal tun@esie Ther 9: 1542-1550 (2002).

207. Leamon CP, Cooper SR, Hardee GE: Folatelipesonediated antisense oligodeoxynucleotide targeatincancer cells:
evaluationin vitro andin vivo. Bioconjug. Chem 14: 738-747 (2003).

208. Ni S, Stephenson SM, Lee RJ: Folate receptgeted delivery of liposomal daunorubicin into trroells. Anticancer Res
22:2131-2135 (2002).

209. Pan XQ, Wang H, Lee RJ: Antitumor activityfofate receptor-targeted liposomal doxorubicin iR oral carcinoma
murine xenograft model. Pharm. Res 20: 417-4223R00

210. Pan XQ, Zheng X, Shi G, Wang H, Ratnam M, RdeStrategy for the treatment of acute myelogef@uleemia based on
folate receptof-targeted liposomal doxorubicin combined with reéoefinduction using all-trans retinoic acid. Blo@@O0:
594-602 (2002).

211. Lu Y, Low PS: Folate targeting of haptens aocer cell surfaces mediates immunotherapy of sygigemurine tumors.
Cancer Immunol. Immunother 51: 153-162 (2002).

212. Stephenson SM, Yang W, Stevens PJ, TjarksalthBRF, Lee RJ: Folate receptor-targeted liposomsegsossible delivery
vehicles for boron neutron capture therapy. AntiearRes 23: 3341-3345 (2003).

213. Kim SH, Mok H, Jeong JH, Kim SW, Park TG: Cargiive Evaluation of Target-Specific GFP Generfsileg Efficiencies

85



for Antisense ODN, Synthetic siRNA, and siRNA Plabi@omplexed with PEI-PEG-FOL Conjugate. Bioconjeg&hem
17 (1): 241-244 (2006).

214. Frey H, Haag R: Dendritic polyglycerol: a nesvsatile biocompatible Material. Reviews in MolizBiotechnology 90:
257-267 (2002).

215. Gottschalk C, Wolf F, Frey H: Multi-Arm Staoly(L-lactide) with Hyperbranched Polyglycerol Cofdacromolecular
Chemistry and Physics 208: 1657-1665 (2007).

216. Tziveleka LA, Kontoyianni C, Sideratou Z, Tisieas D, Paleos CM: Novel functional HyperbrancRetyether
Polyols as Prospected Drug Delivery Systems. MaotoBiosci 6: 161-169 (2006).

217. Livak KJ, Schmittgen TD: Analysis of relatigene expression data using real-time quantitat@ Bnd the 2(-Delta Delta
C(T)) Method. Methods 25: 402-408 (2001).

218. Mortelmaier M, Kogler DJ, Hesse J, SonnleitierHuber LA, Schutz GJ: Single molecule microscapyiving cells:
Subtraction of autofluorescence based on two ¢elmrding. Single Mol 3: 225-231 (2003).

219. Huwyler J, Wu D, Pardridge WM: Brain drug detly of small molecules using immunoliposomes, Rxatl Acad Sci
USA 93: 14164-14169 (1996).

220. Hilf R, Havens JJ, Gibson SL: Effect of deltainolevulinic acid on protoporhyrin IX accumulation tumor cells
transfected with plasmids containing porhobilinogeaminase DNA. Photochem Photobiol 70: 334—-3409)L9

221. Ferreira GC: Ferrochelatase. Int. J. Biocheetl. Biol 31: 995-1000 (1999).

222. Schoenfeld N, Epstein O, Lahav M, Mamet R k&tiaM, Atsmon A: The heme biosynthetic pathwaylymphocytes of
patients with malignant lymphoproliferative disorsleCancer Letters (Shannon, Ireland) 43: 43-48§).9

223. Dailey HA, Smith A: Differential interactiorf porphyrins used in photoradiation therapy withrehelatase. Biochem J
223: 441-445 (1984).

224. Heidersbach A, Gaspar-Maia A, McManus MT, Ram&antos M: RNA interference in embryonic stertiscand the
prospects for future therapies. Gene Therapy 13486 (2006).

225. Agostini F, Dapas B, Farra R, Grassi M, RadgghiKlingel K, Kardolf R, Heindenreich O, Mercata#, Rainaldi G,
Altamura N, Guarnieri G, Grassi G: Potential apgtiiens of small interfering RNAs in the cardiovaseufield. Drugs of
the Future 31(6): 513-525 (2006).

226. Ragusa A, Garcia |, Penadés S: Nanopartidedoaviral Gene Delivery Vectors. NanoBiosciendefEE 6: 319-330
(2007).

227. Lasic DD: Recent developments in medical appibns of liposomes: sterically stabilized lipogsnin cancer therapy and
gene delivery. J Controlled Release 48:203-2227)L99

228. Behr JP: The proton sponge: a trick to ergls the viruses did not exploit. Chimia 51: 34{36897).

229. Sonawane ND, Szoka RC, Verkman AS: Chloridaumclation and swelling in endosomes enhances Diéster by
polyamine—DNA polyplexes. J Biol Chem278: 44826-3182003).

230. Harashima H, Hiraiwa T, Ochi Y, Kiwada H: Siependent liposome degradation in blaodvivo/in vitro correlation by
kinetic modelling. J Drug Target 3:253-261 (1995).

231. Litzinger DC, Buiting AMJ, Rooijen NV, Huang: [Effect of liposome size on the circulation timedaintraorgan
distribution of amphipathic poly(ethylene glycobstaining liposomes. Biochim Biophys. Acta 1190 4% (1994).

232. Drummond DC, Meyer O, Hong K, Kirpotin DB, Rhadjopoulos D: Optimizing Liposomes for Delivery o

Chemotherapeutic Agents to Solid Tumors. Pharm@ewl51: 691-744 (1999).

86



233. Abra RM, Hunt CA: Liposome dispositiamvivo. Ill. Dose and vesicle-size effects. Biochim BigptActa 666: 493-503
(1981).

234. Senior JH: Fate and behaviour of liposomesvo: A review of controlling factors. CRC Crit Rev THerug Carrier Syst 3:
123-193 (1987).

235. Olson F, Hunt CA, Szoka FC, Vail WJ, Papahaaijtos D: Preparation of liposomes of defined simgribution by
extrusion through polycarbonate membranes. Biod@imphys Acta 557: 9-23 (1979).

236. Szoka F, Olson F, Heath T, Vail W, Mayhew Bp&hadjopoulos D: Preparation of unilamellar lipnes of intermediate
size (0.1-0.2 um) by a combination of reverse pleasporation and extrusion through polycarbonatmbnanes. Biochim
Biophys Acta 601: 559-571 (1980).

237. Gabizon A, Price DC, Huberty J, Bresalier R&)ahadjopoulos D: Effect of liposome compositiod ather factors on the
targeting of liposomes to experimental tumoursdiswibution and imaging studies. Cancer Res 5QL&3378 (1990).

238. Papahadjopoulos D, Allen TM, Gabizon A, MayHeyMatthay K, Huang SK, Lee KD, Woodle MC, LasiDbRedemann
C, Martin FJ: Sterically stabilized liposomes: impements in pharmacokinetics and antitumour thertapefficacy. Proc
Natl Acad Sci USA 88:11460-11464 (1991).

239. Wu NZ, Da D, Rudoll TL, Needham D, Whorton ABRewhirst MW: Increased microvascular permeabiitytributes to
preferential accumulation of stealth liposomesuimar-tissue. Cancer Res 53:3765-3770 (1993).

240. Huang SK, Lee KD, Hong K, Friend DS, Papathzaljos D: Microscopic localization of stericallyabtlized liposomes in
colon carcinoma-bearing mice. Cancer Res 52: 5138-51992).

241. Lum H, Malik A: Regulation of vascular enddthkbarrier function. Am. J. Physiol 267: L223—-1241994).

242. Minchinton Al, Tannock IF: Drug penetrationsialid tumours. Nature Reviews Cancer 6: 583-59262

243. Allen TM, Cullis PR: Drug Delivery Systems:tEring the Mainstream. Science 303:1818-1822 (2004)

244. Moein Moghimi S, Christy Hunter A, Clifford Muay J: Long-Circulating and Target-Specific Nantigtes: Theory to
Practice. Pharmacol. Rev 53: 283-318 (2001).

245, Jain RK: Transport of molecules across turasculature. Cancer Metastasis Rev 6(4):559-5937)198

246. Northfelt DW, Martin FJ, Working P, VolberdirRA, Russell J, Newman M, Amantea MA, Kaplan LD:xBabicin

encapsulated in liposomes containing surface-bgafykthylene glycol: pharmacokinetics, tumor lozation, and safety
in patients with AIDS-related Kaposi's sarcom&lih. Pharmacol 36: 55-63 (1996).

247. Rostgaard J, Qvortrup K: Sieve Plugs in Feaestf Glomerular Capillaries - Site of the Filtoat Barrier? Cells Tissues
Organs 170(2-3):132-138 (2002).

248. Jhaveri MS, Rait AS, Chung KN, Trepel JB, Gh&i: Antisense oligonucleotides targeted to theadmuafolate receptor
inhibit breast cancer cell growth and sensitizediés to doxorubicin treatment. Mol Cancer Ther585-1512 (2004).

249. Gabizon AA: Stealth Liposomes and Tumor TamgetOne Step Further in the Quest for the MagidleBuClinical Cancer
Research 7: 223-225 (2001).

250. Kainthana RK, Gnanamanib M, Ganguli M, GhosBiboks DE, Maiti S, Kizhakkedathu JN: Blood cortipitity of novel
water soluble hyperbranched polyglycerol-based imaléint cationic polymers and their interaction hwiDNA.
Biomaterials 27: 5377-5390 (2006).

251. Felgner PL, Gadek TR, Holm M, Roman R, Chan, M¥#&nhz M, Northrop JP, Ringold GM, Danielsen M: dfiection: a
highly efficient, lipidmediated DNA-transfectiongmredure. Proc. Natl Acad. Sci. USA 84: 7413-74187).

252. Gene Therapy Clinical Trials. The Journal eh& Medicine online. http://www.wiley.co.uk/geneatey/clinical/

87



253. Chaudhury NK, Chandra S, Mathew TL: Oncologjgplications of Biophotonics: Prospects and ProlsleApplied
Biochemistry and Biotechnology 96: 183-204 (2001).
254. Mehlmann M, Betz CS, Stepp H, Arbogast S, Bzanner R, Grevers G, Leunig A: Fluorescence stgimf laryngeal
neoplasms after topical application of 5-aminol@valacid: preliminary results. Lasers Surg Med3)%{14-420 (1999).
255. Otake M, Nishiwaki M, Kobayashi Y, Baba S, KohE, Kawasaki T, Fujise Y, Nakamura $tlective accumulation of
ALA-induced PpIX and photodynamic effect in chenflicanduced hepatocellular carcinoma. British Jairof Cancer 89:
730-736 (2003).

256. Henderson BW, Vaughan L, Bellnier DA, van Lgeed H, Johnson PG, Oseroff AR: Photosensitizatfomurine tumor,
vasculature and skin by using 5-aminolevulinic aniuiced porphyrin. Photochem Photobiol 62: 780-7%&®5).

257. Wyss P, Svaasand LO, Tadir Y, Haller U, Bevi\&, Wyss MT, Tromberg BJ: Photomedicine of the emdtrium:
experimental concepts. Hum Reprod 10(1):221-2265).9

258. Kimel S, Tromberg BJ, Roberts WG, Berns MWhgBét oxygen generation of porphyrins, chlorins phthalocyanines.
Photochem. Photobiol 50:175-183 (1989).

259. Faris F, Thorniley M, Wickramasinghe Y, Hous®, Rolfe P, Livera N, Spencer A: Non-invasivevivo near-infrared
optical measurement of the penetration depth im#mmatal head. Clin Phys Physiol Meas 12(4):338(3991).

260. Yamada KM and Clark K: Cell biology: Survivalthree dimensions. Nature 419: 790-791 (2002).

261. Frank SA: Dynamics of Cancer. Princeton UrsigiPress, Princeton and Oxford (2007).

262. Fléjou JF: Barrett's oesophagus: from metaptaslysplasia and cancer. Gut 54 Suppl 1:i6-0D%2.

88



Abbreviations

AKs Actinic keratoses

ALA d-Aminolevulinic acid

ALAS d-Aminolevulinate synthase

ALAD d-Aminolevulinate dehydratase
2',5'AS 2', 5" Adenylate Synthetase

BSA Bovine serum albumin

CCD Charge-coupled device

CIS Carcinoman situ

CO Carbon monoxide

CSF Cerebrospinal fluid

CT Computerized tomography

DB Degree of branching

DF Degree of functionalisation

DMEM Dulbecco’s modified Eagle’s medium
dsRNA Double strand RNA

EDTA Ethylenediaminetetraacetic acid
elF2a, Elongation initiation factori2

EPR effect Enhanced permeability and retention effect
FBS Fetal bovine serum

FDA Food and Drug Administration

FECH Ferrochelatase

FelS cluster [2Fe-2S] iron-sulfur clusters

FR Folate receptor

GABA G-aminobutyric acid

Gl Gastro-intestinal tract

HO Heme oxygenase

HPD Hematoporphyrin Derivative

HPLC High performance liquid chromatography
IR Infrared

MRI Magneticesonance imaging

NADH Nicotinamide adenine dinucleotide
NADPH Nicotinamide adenine dinucleotide phosphate
Na" K*ATPase Sodium potassium ATPase

NIR Near infrared

NO Nitric oxide

PAMAM Polyamidoamine

PBS Phosphate buffered saline

89



PBGD
PDD
PDT
PEG

PEI

PG

PKR
PLL
PplX
RNA
RES
RISC
RT-PCR
SD
SiIRNA
shRNA
uv

Aex

}\em

Porphobilinogen deaminase
Photodynamic diagnosis
Photodynamic therapy
Polyethylene glycols

Polyethylenimine

Polyglycerol

Protein Kinase R

Poly-L-lysine

Protoporphyrin IX

RNA interference
Reticuloendothelial system
RNA-induced silencing complex
Reverse transcription polymerase chain reaction
Standard deviations

small interfering RNA

small hairpins RNA

Ultraviolet
Excitationwavelength
Emission wavelength
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