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This thesis is submitted to the Faculty of Health Science, University of Copenhagen,

Denmark, in order to fulfil the requirements to obtain the PhD-degree in medical sciences.

The study was performed from February 2005 to January 2008 under the supervision of
Head Supervisor Hans Skovgaard Poulsen MD, DMSc and Project Supervisor Nina
Pedersen, PhD, MSc at the Department of Radiation Biology, Copenhagen University

Hospital, Copenhagen, Denmark.

The majority of the experimental work was conducted at the Department of Radiation
Biology, while some of the further studies presented in Part | and the study presented in
Part 11l were carried out as part of a six months visiting research fellowship at the Cell and
Cancer Biology Branch, National Cancer Institute, National Institutes of Health, Bethesda,
Maryland, USA under the supervision of Senior Investigator llona Linnoila, MD.

Following a general introduction to small cell lung cancer prognosis and biology and an
introduction to cancer gene therapy this thesis is composed of three main parts or
chapters. Each part comprises a background section followed by a manuscript or
published scientific paper and a perspectives section. The contents of the three chapters
are outlined and summarized below. All manuscripts and papers included in this thesis
have either been published or submitted to scientific journals and are undergoing peer-
review at the time of writing. Part | of the thesis represents the primary aim of the PhD-
study: Development of a transcriptionally targeted gene therapy for small cell lung cancer

and is therefore the most comprehensive of the three.

The results presented in this section describe a strategy for targeting suicide gene
therapy to small cell lung cancer cells by means of cancer specific promoters. Promoter
regions from the two genes hASH1 and EZH2, which are highly and specifically active in
small cell lung cancer were cloned and tested in reporter and suicide gene assays in a

panel of small cell lung cancer and non-neuroendocrine control cell lines. The results



show, that a chimeric construct comprising compononents of both promoters confers high
reporter- and therapeutic gene activity and small cell lung cancer specificity.

This chapter describes the discovery that the snake venom neurotoxin taipoxin induces
specific toxicity in small cell lung cancer cells in culture compared to transformed and
untransformed control cell lines. Part of the work was prompted by a preceeding Masters
study, which identified a surface receptor of the neuronal pentraxin family as highly
expressed in small cell lung cancer. This receptor had previously been associated with
binding of taipoxin in neurons and neuroendocrine cells. The study involved evaluation of
the effect of taipoxin on small cell lung cancer cell survival and its correlation to neuronal
pentraxin expression. Taipoxin was found to specifically induce a cytotoxic response in
small cell lung cancer cell lines at concentrations leaving other control cells unaffected,

although the effects of taipoxin correlate poorly to neuronal pentraxin expression levels.

Hyperproliferation of pulmonary neuroendocrine cells is a general observation associated
with lung damage caused by inflammation or exposure to carcinogens. In this study, the
effect of exposure to two lung carcinogens on expression of the neuroendocrine marker
PGP9.5 in the lung was investigated. Interestingly, apart from inducing a general
pulmonary neuroendocrine cell hyperproliferation, naphthalene — one of the carcinogens
used — triggered the expression of PGP9.5 in the non-neuroendocrine epithelium in the
days immediately following exposure. The findings link to the recent observation, that
lungs of healthy smokers express elevated levels of PGP9.5 and suggest a functional role

for this protein in the repair of acute lung injury and possibly early lung carcinogenesis.

The PhD-study also included the development of a Cre-loxP based strategy for promoter
cloning (Appendix 1). Furthermore, a book chapter comprising an overview of lung cancer
molecular biology for a clinical audience was composed (Appendix 2). Co-authorship

declarations for the enclosed manuscripts and papers are included in Appendix 3.



During the experimental as well as the theoretical work of this PhD-study a number of

people have been involved to whom | would like to express my gratitude.

First of all I am thankful to Dr. Hans Skovgaard Poulsen, for giving me the opportunity to
perform my PhD-studies at the Department of Radiation Biology. Hans has provided
helpful inputs and the funding and facilities necessary for the projects success and

encouraged me to seek national and international collaborators during the proces.

A particular word of gratitude goes out to Nina Pedersen, my Project Supervisor, who
has been an endless source of useful ideas and suggestions and with whom | shared

numerous interesting discussions during the study.

Pia Pedersen, Lab technician at the Department of Radiation Biology provided me with
countless hours of technical assistance especially during the second part of this project,

for which I am truly grateful.

Dr. llona Linnoila gave me the opportunity to join her group at the Cell and Cancer
Biology Branch, Center for Cancer Research, NCI, NIH, Bethesda, Maryland, USA for a
period of six months. | am grateful to Dr. Linnoila and her staff — in particular Laboratory
Biologist Xu Naizhen — for introducing me to the world of pathology, immunostaining and

animal experiments.

Finally, the staff at the Department of Radiation provided inspiration and encouragement
during the entire process. A special thanks goes out to Marie Stockhausen and Camilla
Laulund Christensen for critical reading and useful suggestions during the final writing of
this thesis.

Copenhagen, February 2008



%%

%%

%%

*

*

("$
3
("$ .

%

% $/

),

% (

% %

%

%

#,,
#,+
#,&
(04
H
(&
#00



Smacellet lungecancer (SCLC) er en saerdeles ondartet kraeftform, der er teet associeret
til tobaksrygning. De eksisterende behandlingstilbud er utilstreekkelige, hvilket giver sig
udslag i en darlig prognose og der er et stort behov for udvikling af nye systemiske
behandlinger. SCLC celler udtrykker et udvalg af neuroendokrine markgrer og enkelte af
disse er ikke udtrykt i de normale veev hos voksne. Mange af disse markgrer misteenkes at
spille en central rolle for transitionen af normal celle til SCLC — en proces, der langt fra er
kortlagt.

Det primeere mal med dette PhD-studium har veeret at udvikle en transkriptionelt
reguleret genterapeutisk strategi til behandling af SCLC. Strategien gar ud pa at afprave
regulatoriske regioner fra et eller flere gener, der er specifikt udtrykt i SCLC, som
aktivatorer af et cytotoksisk gen. Formalet er at opna en regulering, der tillader at genet
kun aktiveres i SCLC cellerne og slar disse ihjel, mens kroppens normale vaev forbliver
upavirkede af behandlingen. Ved hjeelp af Microarray-analyse af genekspressionsprofilen i
SCLC har vi identificeret et udvalg af gener med SCLC specifik ekspression og
regulatoriske regioner fra to af disse: Achaete-Scute Homolog 1 og Enhancer of Zeste
Homolog 2 viste sig at veere seerdeles aktive i SCLC celler. Derudover var et
fusionskontrukt bestdende af udvalgte regulatoriske regioner fra begge disse gener i stand
til at inducere SCLC-specifik gen-ekspression og celledad.

Samme Microarray analyse viste hgjt og specifikt udtryk af den Neuronale Pentraxin
Receptor i SCLC. Neuronale Pentraxiner er tidligere blevet associeret med binding til
slangegift-toksinet taipoxin i neuroner og dette fgrte til undersggelse af effekten af taipoxin
i SCLC-celler. Taipoxin viste sig at veere cytotoksisk i SCLC ved koncentrationer, der ikke
var toksiske for en raekke kontrolceller.

Idet en gget forstaelse for de neuroendokrine sendringer, der opstar i lungeepithelet efter
tobaksrggseksponering formentlig vil kunne bidrage til at forklare eetiologien bag SCLC,
blev udtrykket af forskellige neuroendokrine markerer undersggt i lunger pa mus
eksponeret for carcinogenet naphthalen, der findes i tobaksrgg. Ved hjeelp af
immunhistokemi og kvantitativn RT-PCR detekteredes en midlertidig stigning i
ekspressionen af den neuroendokrine marker PGP9.5, efter naphthalen-behandling,
hvilket indikerer at dette protein har betydning for tidlig lungecarcinogenese.



Small cell lung cancer (SCLC) is a highly aggressive smoking-associated malignancy
with poor prognosis, provding an urgent need for the development of novel systemic
treatments. SCLC cells exhibit high expression of numerous developmental
neuroendocrine markers, some of which are absent or expressed at trace levels in adult
normal tissues. Many of these markers are suspected to play central roles in the
unresolved transition from normal cell to SCLC.

The primary focus of the current PhD-project has been to develop a novel
transcriptionally targeted gene therapy for SCLC-treatment. The strategy is based on the
use of regulatory regions from one or more SCLC specific gene(s) to drive the expression
of a cytotoxic suicide gene in order to specifically induce cell death in SCLC cells. By
Microarray profiling we identified SCLC specific genes with potential promoter candidates
for this purpose. In vitro studies confirmed that regulatory regions from the human Achaete
Scute Homolog 1 and Enhancer of Zeste Homolog 2 genes potently activate reporter and
therapeutic gene expression in SCLC cells. Furthermore, a chimeric construct comprising
regions from both promoters induces high gene expression exclusively in SCLC cells while
retaining specificity in control cells of different origin.

In a search for surface receptor candidates for targeting gene therapy to SCLC cells, the
Neuronal Pentraxin Receptor was identified. Because previous reports identified Neuronal
Pentraxins as binding partners for the snake venom neurotoxin taipoxin, the toxic effect of
taipoxin on SCLC cell survival was investigated. The neurotoxin was found to potently
induce cell death at nanomolar drug concentrations to which control cells remained
insensitive.

Finally, to gain insight into the neuroendocrine transitions in the lung epithelium occuring
during exposure to tobacco related carcinogens; expression of selected neuroendocrine
(and SCLC) markers was investigated in mice after exposure to the carcinogen
naphthalene. Further knowledge in this field could potentially aid the understanding of the
processes involved in lung carcinogenesis. On the basis of immunohistochemical and
guantitative RT-PCR studies, increased expression of the neuroendocrine marker Protein
Gene Product 9.5 (PGP9.5) was observed in the non-neuroendocrine pulmonary
epithelium, potentially pointing to a role for this protein in early lung carcinogenesis.



5FC: 5-FluoroCytosine

5FdUrd: 5-FluorodeoxyUridine

5FU: 5-FluoroUracil

CGRP: Calcitonin Gene Releasing eptide
D5W: 5% Dextrose in Water

dGTP: 2’-deoxyguanosine Triphosphate
DOTAP:Chol: 1,2-bis(Oleyloxy)-3-
(TrimethylAmmonio)Propane mixed with
Cholesterol

ECN: Notch ExtraCellular Domain

EZH2: Enhancer of Zeste Homolog 2
GCV: Ganciclovir

GCVMP: Ganciclovir MonoPhosphate
GCVTP: Ganciclovir TriPhosphate
GDEPT: Gene Directed Enzyme Prodrug
Therapy

GFI-1: Growth Factor Independent-1
GRP: Gastrin Releasing Peptide

hASH1: human Achaete-Scute Homolog1l
HES-1: Hairy and Enhancer of Split-1
HSVTK: Herpes Simplex Virus Thymidine
Kinase

INR: Transcription Initiator

MASH1:

Homolog 1

Mammalian  Achaete-Scute

NCAM: Neural Cell Adhesion Molecule
NE: NeuroEndocrine

NEB: NeuroEndocrine Body

NICD: Notch IntraCellular Domain

NP: Neuronal Pentraxin

NPR: Neuronal Pentraxin Receptor
NSAID: Non-Steroidal Anti-Inflammatory
Drug

NSCLC: Non-Small Cell Lung Cancer
NSE: Neuron Specific Enolase

PGP9.5: Protein Gene Product 9.5

PLA2: Phospholipase A2

PNEC: Pulmonary NeuroEndocrine Cell
PRC: Polycomb Repressor Complex
gPCR: Quantitative Reverse
Transcription Polymerase Chain Reaction
Rb: Retinoblastoma

SCD: Super Cytosine Deaminase

SCLC: Small Cell Lung Cancer

TACE: TNF-a Converting Enzyme

VGSC: Voltage Gated Sodium Channel
YCD: Yeast Cytosine Deaminase
YUPRT: Yeast Uracil PhosphoRibosyl

Transferase



According to the latest estimates from the World Health Organisation, cancer is the
primary cause of 7,6 million deaths annually worldwide. The largest proportion of cancer
deaths (~17%) is due to lung malignancies?, which are generally divided into Non-Small
Cell- and Small Cell Lung Cancer (NSCLC and SCLC respectively) on the basis of clinical
and histological appearance.

Of these, SCLC is the most malignant and the majority of SCLC-patients today are
diagnosed with disseminated advanced disease, requiring systemic treatment with
chemotherapy”.

While SCLC patients often respond well to the primary treatment, most of them ultimately
die from recurrent disease. Thus, in spite of decades of intensive efforts to improve
treatment, long-term survival remains almost exclusively confined to a subset of patients
with limited stage disease. The lack of curative treatment results in a dismal prognosis for
SCLC patients, of which less than 10% survive 5 years after diagnosis®>. Consequently,
there is an urgent demand for development of novel treatments, which can supplement or
replace the existing modalities.

In recent years a number of novel molecular targeted cancer therapeutics have been
developed and treatments were designed to specifically target the molecular signaling
pathways, which underlie the malignant phenotype®. Examples include signal transduction
inhibitors, which target oncogenic signaling, angiogenesis inhibitors that aim to inhibit
formation of tumor vasculature and drugs promoting apoptotic signaling. Many of these
targeted modalities have been tested in clinical studies for the treatment of SCLC, but
unfortunately results so far have been discouraging since no survival benefit but often
potent side effects of the molecular targeted treatments have been reported®.

There are many potential reasons for the poor results obtained using these novel
treatments for SCLC but one explanation may be that most of the strategies attempt to
repair or knock-out single molecular targets and that the cancer cells are capable of

& According to the latest World Health Organisation cancer mortality rates from February 2006 available at:
http://www.who.int/mediacentre/factsheets/fs297/en/index.htmi

® A book chapter on the molecular biology of lung cancer (both SCLC and NSCLC) providing a concise
overview of the molecules involved and status for derived targeted treatments is enclosed as Appendix Il of
this thesis.



successfully bypassing such one-hit strategies. Furthermore, the targeted treatments have
been focused on targeting systems frequently altered in cancer in general rather than
focusing specifically on pathways specifically altered in SCLC. As presented below, SCLC
cells exhibit numerous neuronal, embryonic and endocrine characteristics and one key to
a more successful SCLC treatment may be to directly target or utilize the SCLC phenotype
in the development of novel modalities.

SCLC is classified as a neuroendocrine (NE) malignancy and the cancer cells are
characterized by the presence of dense core vesicles and expression of a number of NE
markers, neuropeptides and surface receptors including the Neural Cell Adhesion
Molecule (NCAM), L-amino acid decarboxylase, Chromogranin A, Gastrin Releasing
Peptide (GRP), Calcitonin (termed Calcitonin Gene Releasing Peptide (CGRP) in mice),
Neuron Specific Enolase (NSE), Synaptophysin and Protein Gene Product 9.5 (PGP9.5
alias ubiquitin carboxyl-terminal esterase L1, UCHL1)> *. Additionally, components of
neurotransmitter systems are found in SCLC cells such as actively signaling acetylcholine
receptors and sodium channels capable of inducing action potentials®”.

During the latest decades accumulating information has been obtained about the genetic
program underlying the characteristic NE-phenotype of SCLC. However, the SCLC
precursor cell and premalignant lesions remain to be identified (the role of the NE-
phenotype in normal and injured non-malignant lung and SCLC will be further discussed in
Part Ill of this thesis).

A number of studies have identified the expression and reactivation of NE developmental
genes in SCLC, many of which play central roles in embryonic development, but are
otherwise inactive in the normal adult organism. One of the central developmental genes
highly upregulated in SCLC is Achaete-Scute Homolog 1% (hASH1, ASCL1 termed MASH1
in rodents). hASH1 is a basic helix-loop-helix transcription factor, normally involved in
establishment of the neural and NE phenotype during embryogenesis and studies of
mouse embryonic development revealed MASH1 as early and transiently expressed in
subpopulations of neural precursor cells in the rodent embryo®*'. The importance of
MASH1 in neuronal development is underlined by the fact that MASH1-knock out mice die
at birth, exhibiting extensive lack of sympathetic, parasympathetic and enteric neurons as



well as a pronounced decrease of sensory neurons in the olfactory epithelium®. Basic
helix-loop-helix transcription factors are often expressed in a highly tissue specific manner
and become activated via heterodimerization with members of the widely expressed E-
protein family (including E2-2, E12 and E47, which are confirmed partners for hASH1'* %),
These heterodimers activate the transcription of target genes by recruiting transcriptional
co-activators and binding to specific DNA recognition motifs known as E-boxes.
Importantly, from a cancer therapeutic perspective high hASH1-expression is almost
exclusively confined to malignancies with NE expression profiles such as SCLC and the
childhood malignancy neuroblastoma. This is further illustrated by the observation that
variant SCLC cell lines, which are characterized by loss of NE-features are hASH1-
negative>*’. The high expression of hASH1 observed in vitro has been confirmed by
histological studies on tumor specimens, demonstrating hASH1-expression in the majority
of SCLC samples®®. Interestingly, hASH1-expression was found to correlate with
expression of Chromogranin A, GRP and Calcitonin, but not with expression of the classic
marker NCAM suggesting that hASH1 may be associated with establishment and
maintenance of the endocrine phenotype rather than with NE-differentiation. Importantly, a
recent in vitro study demonstrated that siRNA-mediated knock out of hASH1-expression
induces growth arrest and induction of apoptotic markers in hASH1-positive SCLC and
NE-NSCLC cells and suppresses tumor growth of hASH1-positive cells in a xenograft
mouse model*. Importantly, hASH1-expression was also found to correlate with
decreased overall survival of SCLC patients®®, suggesting that the hASH1-mediated

endocrine phenotype is important for the pathobiology of SCLC.
!Il

To further study the role of hASH1 in carcinogenesis a transgenic mouse model has
been designed, in which hASH1 is constitutively expressed in non-NE airway epithelial
cells (under control of a promoter from the CC10-gene, which is constitutively active in
non-NE lung epithelial cells). These animals demonstrate progressive airway hyperplasia
and metaplasia®®. The hASH1-expressing epithelial cells responsible for the hyperplastic
activity in this model stained negative for classic NE markers, such as CGRP and
synaptophysin, indicating (in support of observations by Jiang et al.'®) that hASH1
expression alone is not sufficient for NE differentiation (at least in otherwise non-NE lung



epithelial cells). A double transgenic mouse model constitutively expressing both hASH1
and SV40 Large T-antigen in non-NE lung epithelium demonstrates tumor formation with
NE characteristics® bearing resemblance to human NSCLC with NE-features.

Important roles of SV40 Large T-antigen in carcinogenesis includes binding to and
inhibition of the tumor suppressors p53 and Rb?!. Furthermore, loss of function of both p53
and Rb is identified in up to 90% of all SCLC tumors suggesting inactivation of these tumor
suppressors to be of major importance in SCLC pathogenesis®*?*. To further investigate
their role in SCLC a mouse model with conditional knock out of Rb and p53 was recently
designed. Since murine embryos with homozygous knock-out of the Rb gene are not
viable® a Cre-loxP based recombination strategy was applied where somatic inactivation
of the p53 and Rb genes (flanked by loxP-sites) is induced by adenoviruses carrying the
Cre-Recombinase gene administered to the animals intratracheally after birth.
Interestingly, (albeit with a long latency time of no less than 200 days) a large proportion of
the mice develop tumors with close morphological and histological similarity to human
SCLC, including expression of MASH1 and NE-markers. Importantly, the metastatic
pattern in these mice closely resembles that of human SCLC (with metastatic lesions
observed in bone, brain, adrenal gland, ovary and liver) and the model has consequently
been termed murine SCLC?. Studies using this model may contribute to an increased
understanding of the development of SCLC including the identification of a distinct cell

type of origin.

# '$

As previously mentioned, the far majority of SCLC patients are diagnosed with advanced
disease and novel treatments must therefore be optimized to penetrate and target distant
metastases. Gene Directed Enzyme Prodrug Therapy (GDEPT) or simply suicide gene
therapy constitutes a potential experimental cancer therapeutic strategy for systemic use.
GDEPT is based on the delivery of a therapeutic (suicide) gene encoding a catalytic
enzyme, which upon activation causes cell death by converting a non-toxic prodrug to a
cytotoxic analog (Figure 1). The GDEPT strategy holds several advantages compared to
conventional chemotherapy. While conventional regimes do not discriminate between
normal and malignant cells leading to deleterious and often dose limiting side effects,

GDEPT can be optimized to specifically target the cancer cells. As will be discussed in



Parts | and Il of this thesis, targeted GDEPT can be accomplished at different levels — for
instance by introducing a ligand in the delivery vector, which specifically binds to cell
surface receptors highly upregulated on the cancer cells (Figure 1)*” 2. Another approach
is to target expression of the suicide gene to the cancer cells by placing it under the control
of a regulatory promoter region, which is highly and specifically activated in the cancer
cells of interest — a strategy often referred to as transcriptional targeting. This method is
further explored in Part | of this thesis, where the development of a novel transcriptionally
targeted GDEPT for SCLC is presented.

Apart from GDEPT, other gene therapeutic strategies have been developed and tested
for treatment of lung cancer. These include re-introduction gene therapy where a

functional tumor suppressor is re-introduced into the cancer cells, or oncolytic viruses,

Figure 1: The principle of GDEPT/suicide gene therapy

The therapeutic DNA is packaged into a delivery vector, which can be of viral or non-viral origin and fused to ligand for
increased cancer cell targeting. The vector delivers the gene to the target cell and internalizes by either direct fusion (1a)
or endocytosis (1b). Once internalized and released into the cytoplasm, the therapeutic gene is delivered to the nucleus
where it is transcribed (2). The resulting therapeutic enzyme catalyzes the conversion of systemically administered non-
toxic prodrug into a cytotoxic analog (3), resulting in cell death (4). lllustration modified from and courtesy of Peter
Andersen, Department of Radiation Biology.



designed to specifically replicate exclusively in the cancer cells. While some of these
strategies have reached clinical trials for treatment of NSCLC? their success are mainly
limited by insufficient efficacy of repeated treatments. As discussed in Manuscript | only
few preclinical studies of gene therapy targeting SCLC have been reported and none have

proceeded to clinical trials.
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As previously mentioned it is imperative for cancer gene therapy, that the treatment is
targeted to the cancer cells to avoid non-specific toxicity. One targeting strategy involves
tight regulation of gene expression at the transcriptional level, by introduction of a highly
active cancer specific regulatory promoter element. In the current part of this PhD-thesis,
studies involving the identification and evaluation of novel SCLC-specific promoter regions

for gene therapy are presented.

% &

In order to identify novel SCLC specific promoter regions, data from a global microarray
analysis of gene expression comprising a large panel of SCLC cell lines, xenografts and
18 representative normal tissues were analyzed for genes upregulated in SCLC'. To
account for in vitro artifacts due to cell culture, data from a similar study on SCLC patient
tumors was included in the profile®*. The microarray analysis identified a number of genes
(many of which are related to neuroembryonic development) as highly and specifically
activated in SCLC with low or absent expression in normal adult tissues and a subset of
these may potentially be upregulated by a cancer specific promoter. However, cellular

gene expression can be upregulated in a number of ways, some of which are promoter-
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Figure 2: RT-PCR validated expression of EZH2 and hA  SH1 mRNA in SCLC and normal tissues

The normalized microarray data for EZH2 (left graph) and hASH1 (right graph) transcripts were validated by semi-
guantitative RT-PCR. EZH2-mRNA is highly expressed in all SCLC cell lines and derived xenografts, while expression
could only be detected in testes in of all adult normal tissues. Expression of hASH1-mRNA is high in all SCLC tumors
and all classic SCLC cell lines. In contrast, variant SCLC cell lines have lost expression of hASH1 transcript as
discussed in detail in Manuscript I. Of the adult normal tissues low expression of hASH1-mRNA is observed only in
brain. Microarray data for cell lines/xenografts and patient tumors are adapted from*" .



" % % ! .
independent. Promoter-independent mechanisms of gene activation include gene
amplification, hypo- or hypermethylation and deletion of silencing domains or amplification
of activating chromosomal regions. Therefore, to pinpoint genes from the profile, which are
transcriptionally upregulated, literature studies were performed to exclude genes known to
be upregulated by promoter-independent mechanisms. The combination of microarray
analysis and literature search identified the hASH1 and Enhancer of Zeste Homolog 2
(EZH2) genes (among others) as specifically highly active in SCLC compared to normal
tissues (Figure 2) seemingly due to increased transcriptional activity. Interestingly, as
shown in the left panel of Figure 2 only SCLC cell lines classified as classic express
hASH1 transcript, while cell lines of the variant SCLC phenotype are hASH1-negative®. All
6 of 6 SCLC patient tumors express high levels of both EZH2 and hASH1-mRNA.

The hASH1-gene and upstream promoter region has been characterized for its activity in
SCLC cells and in hASH1-negative cells of non-NE origin®** and the gene structure and its
transcriptional regulatory regions are schematically depicted in Figure 3. The gene is
comprised of two exons spanned by a 357bp intron. Of these, exon 1 contains the entire
protein coding sequence, whereas the downstream located exon 2 comprises a 3'-
untranslated transcript. Promoter studies demonstrated that transcription of hASH1 is
controlled by a number of upstream regulatory regions and the high hASH1-mRNA levels
observed in SCLC have been found (by in vitro transcriptional assays) to depend on high
transcriptional gene activity, rather than on stabilization of hASH1-mRNA. Two
transcription start sites were identified: one site corresponding to a TATA box 516bp
upstream of a dominant transcription initiator (INR) sequence (Figure 3). In addition a
generally active enhancer element (which activates gene expression in both hASH1-
positive and negative cells) was identified, positioned between -234 and —46 relative to
INR. In contrast to the activating sequences, two repressor regions specifically inactive in
NE-cancer cells were identified, located in the proximal (between positions -308 and -234)
and distal (between positions -15.900 and -13.500) 5’-flanking region.

¢ The variant classification of SCLC was originally introduced two decades ago, when it was observed that a
number of SCLC derived cell lines lost expression of certain NE-characteristics and proliferated more
rapidly*® *'. However, the evidence that variant SCLC cell lines represent a cell type present in patient
tumors is scarce and today variant SCLC cell lines are generally thought to arise from classic SCLC tumor
cells which have lost classic SCLC traits in the process of in vitro culture.



Figure 3: hASH1 gene structure and upstream regulato  ry regions

The hASH1 gene comprises two exons of which Exon 1 contains the protein coding sequence. Upstream regulatory
elements include a proximal and a distal repressor sequence and a proximal general enhancer sequence. The repressor
sequences down regulate hASH1-gene expression in hASH1-negative cells, while lack of repressive transcription factors
in hASH1-positive cells (such as SCLC) allows for potent gene activation mediated by the general enhancer sequence32.

Central factors involved in inhibition of hASH1-transcription include members of the
Notch signaling pathway. Notch signaling is a key regulator of hASH1 expression during
NE differentiation in the brain and lungs*® and an overview of the Notch activation pathway
is presented in Figure 4. Notch receptors (four of which have been identified termed
Notch1-4) are heterodimeric single pass membrane bound proteins, which are activated by
membrane bound ligands positioned on adjacent cells (5 Notch ligands have been
identified: Jaggedl and 2 and Delta-like 1, 3 and 4). Interaction with ligand triggers two
successive cleavage reactions: First TNF-a-converting-enzyme (TACE) catalyzes the
release of the Notch extracellular domain (ECN) from the membrane. Subsequently, a
multiprotein complex with g-secretase activity mediates a secondary internal cleavage,
resulting in cytoplasmic release of the Notch intracellular domain (NICD), which transports
itself to the nucleus (Figure 4). In the nucleus, NICD associates with co-transcription
factors, resulting in the displacement of transcriptional repressors, and recruitment of
transcriptional activators mediating transcription of Notch target genes. Notchl, the most
intensively studied Notch-receptor, is known to activate expression of transcription factors
of the Hairy and Enhancer of Split (HES) family (comprising 7 members designated (HES-
1 to 7). HES-1 has been found to inhibit hAASH1-expression via binding to a specific (Class
C) recognition sequence (CAGNAG/CANNTG) in the proximal hASH1 promoter®* (Figure
3). When SCLC cells are transfected with NICD, cell cycle arrest and morphological

changes are observed (suspension cell lines turn adherent and vice versa) in concert with
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a decrease in hASH1 levels due to
inhibited transcription and protein
degradation. Introduction of constitutive
HES-1 expression in the same cells leads
to downregulation of hASH1-mRNA, but
the effect is more moderate than that
observed after Notchl  expression
suggesting that Notchl can mediate
hASH1-downregulation in a HES1
independent manner which awaits further
elucidation (? in Figure 4)% %,

To date no examples of hASH1-gene
amplification or rearrangement have been

Ei(?rufrfrt?]:e':lgf(cpkllg:ir:;t?grt]o—r 222";”:)'(‘;” byligand bindi  ng  reported in SCLC and the high expression
of hASH1 mRNA in SCLC (reported to comprise 16% of the total pool of cDNA’s
sequenced from a SCLC library®) illustrates the high transcriptional activity of the hASH1
gene in SCLC and yields promise for the development of a hASH1-promoter regulated
gene therapeutic strategy.

EZH2 belongs to the polycomb group of genes, the products of which provide the
building blocks for two multimeric Polycomb Repressor Complexes (PRC1 and 2), which
interact with and modify core histones, thereby regulating the expression of a number of
embryonic genes and promoting cell proliferation. The EZH2 protein functions as the
catalytical histone-methylating component of PRC2, catalyzing the methylation of lysine 9
and 27 on histone H3 resulting in transcriptional repression®” *. EZH2-gene expression is

up-regulated by E2F-transcription factors®® “°

. Members of the Retinoblastoma (Rb)
protein family serve as binding partners and inhibitors of E2Fs’ thereby causing
transcriptional inactivation of a number of genes associated with cell proliferation®'.
Characterization of the EZH2 upstream regulatory promoter region has been performed
and sequence analysis and reporter gene assays revealed the presence of four E2F

binding sites positioned ~400bp upstream of the transcription start site in a 1,1kb promoter

4 The Rb-signaling pathway and its effect on E2F-transcription factors is further discussed and schematically
depicted in Figure 3.5 of the Book Chapter on Molecular Biology in Lung Cance enclosed as Appendix Il of
this thesis
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construct®. In a reporter gene assay, the 1,1kb EZH2-promoter was highly activated upon

co-transfection with E2F1, while a truncated 0,2kb EZH2-promoter lacking the E2F-binding

sites was unresponsive to ectopic E2F1 expression. Interestingly, in quiescent cells, the

E2F-binding sites appear to be important inhibitors of EZH2-gene expression, since the

truncated 0,2kb EZH2-promoter lacking E2F binding sites demonstrated 20 fold higher

activity in non-dividing cells than the 1,1kb promoter®.

Figure 5: Cellular activation of GCV by HSVTK

GCV is freely diffusible across cell membranes. HSVTK
catalyzes the phosphorylation of GCV to GCV-mono
phosphate (GCVMP), which can be further phosphorylated by
cellular kinases into GCV-tri phosphate (GCVTP). GCVTP
directly competes with the nucleotide dGTP for incorporation
into the elongating DNA strand resulting in aberrant replication
and ultimately cell death.

Illustration courtesy of Camilla Laulund Christensen,
Department of Radiation Biology.

These results might reflect the
importance of active Rb signaling in
inhibiting the cell proliferative role of
EZH2 in non-dividing cells although this
has not been fully elucidated. In the same
study, the amplification of the EZH2 gene
in a number of human cancers was
evaluated by FISH analysis. EZH2-gene
amplification was observed in a subset of
tumors (15% of 225 analyzed tumors),
and therefore multiple gene copies
cannot be ruled out as a promoting factor
for EZH2-expression although
amplification seems to be restricted to a
minority of tumors. Since Rb s
universally inactivated in all SCLC**,
while members of the E2F family are
highly expressed*® *’, the EZH2-promoter
could be a promising transcriptional
regulator for gene therapy in this
malignancy.

While the promoter is an important
regulatory mediator of cancer gene
therapy, the choice of an effective
therapeutic gene and prodrug is equally

important for GDEPT-success. One of the
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most elaborately studied suicide gene/prodrug systems for cancer gene therapy to date is
the Herpes Simplex Virus Thymidine Kinase (HSVTK) gene in combination with the
prodrug Ganciclovir (GCV) which was introduced more than two decades ago*®. Upon
delivery of the HSVTK gene to the cancer cells, GCV is administered and freely diffuses
across the cell membrane. Once synthesized, the HSVTK-enzyme can phosphorylate
GCV into a monophosphate analog (GCVMP). Mammalian kinases can further
phosphorylate GCVMP to yield GCV-triphosphate (GCVTP) (Figure 5), which can be
incorporated into the DNA during replication, serving as a direct competitor for the
endogenous purine nucleotide 2’-deoxyguanosine-triphosphate (dGTP). However, in
contrast to dGTP, GCV-TP is a poor substrate for successive DNA replication resulting in
DNA chain termination®® and ultimately cell death.

As presented in the following manuscript, regions of the hASH1 and EZH2 promoters
have been evaluated alone and in combination as regulators of reporter and HSVTK-

suicide gene activation in SCLC and control cells.
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As described, we have evaluated fragments of the hASH1 and EZH2 promoter alone and
in combination for regulation of GDEPT in SCLC cells. The data suggest that hAASH1 and
hASH1EZH2-regulated gene therapy sufficiently restricts potent gene activation (and
cytotoxicity) specifically to SCLC cells. However, the promising in vitro data prompts
further investigations in animal models for evaluation of certain essential endpoints. First of
all, due to the harmful potential of the HSVTK-GCV system to exert a general toxicity, it is
vital that the specificity of the promoter constructs is carefully assessed and expression
confirmed to be low/absent in normal tissues. Secondly, it is important that the system is
functional after systemic gene delivery via the bloodstream in a setup that mimics a patient
therapeutic setting. For systemic delivery the DNA must be packaged in a vector to avoid
its degradation, since naked DNA has a short half-life in the bloodstream. Effective cancer
gene therapy thus depends on effective delivery of the therapeutic gene to the target cells,
but the development of a highly effective, specific and non-toxic gene delivery vector
system has proven a major obstacle.

For both local and systemic gene delivery a variety of viral and non-viral vector systems
have emerged?®” °® !, Viral delivery systems are based on the innate ability of viruses to
effectively deliver exogenous genetic material to mammalian cells. The most frequently
used viral vectors are derived from retro- or adenoviruses, which have reached Phase /Il
clinical trials for the treatment of different malignancies including NSCLC?. While
antitumor effects have been observed in these studies demonstrating proof-of-principle for
cancer gene therapy, a major limiting factor for viral gene delivery is host immune
response against the vector. Reactions with components of the complement system and
the generation of vector specific antibodies generated against viral proteins (either due to
previous exposure to a related virus or generation of new antibodies against the vector)
results in vector neutralization and elimination which limits DNA-delivery®® 3. Another
problem with viral vectors is that they often show preference for certain normal tissue sites
reflecting the natural tropism of the virus. For instance, adenoviral vector systems of the
Ad5 serotype (the predominant serotype used for adenoviral gene therapy vectors) tend to
home to the liver®. A final important problem with retroviral vectors in particular, is that

these vectors integrate their DNA stably into the genome at random sites. In normal cells
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this poses a latent risk of interference with cell signaling in a growth promoting manner, for
instance by integrating into (and knocking out) tumor suppressor components and thereby
promoting a secondary treatment induced cancer.

Due to these limitations increasing efforts have been made to develop non-viral gene
delivery vectors. Of the different strategies developed to date, liposome based systems
have shown increasing promise although further development is clearly necessary before
these systems can be of practical use in a clinical setting. Major advantages of non-viral
vectors include their low immunogenicity and the possibility to design and optimize the
vector to avoid unspecific absorption to normal tissues and to target the cancer cells, for
instance by introducing a ligand or a surface receptor targeting antibody in the vector
system. In contrast, major drawbacks of the non-viral strategies include general toxicity of
the vector-DNA complexes and low levels of gene transfer due to insufficient release from
endosomes after uptake of the vector into the cells (resulting in lysosomal degradation)
and incomplete DNA delivery to the nucleus®'.

A# 5 %

Aiming to further elucidate the specificity of the hASH1-promoter in vivo initial preliminary
gene delivery and expression studies were performed in mice. For this purpose the non-
viral lipid based delivery vector extruded 1,2-bis(Oleyloxy)-3-(TrimethylJAmmonio)Propane
mixed with Cholesterol (DOTAP:Chol) was used. When mixed with DNA, the liposome
particles form complexes between 200-450nm in size, which have been shown to

effectively deliver DNA systemically to
tumors in mice. In the absence of DNA,
the liposome particles form “vase like”
structures with a cationic surface. Upon
mixing with the negatively charged DNA,
the liposomes form a bilammellar
structure, thereby invaginating and
completely encapsulating the DNA (as
shown in Figure 6). The resulting neutral
?r?eu Leogfnsgcyk?ﬁ!;geog \[/)a’:Ae :ur:fg BSIQEJSE;‘ |Iii§§:§r:nn:s liposome-DNA complex efficiently

invaginate and encapsulate the anionic DNA forming .
bilammellar structures. lllustration from®. protects the DNA from systemic and
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enzymatic degradation®™. The DOTAP:Chol delivery vector has been demonstrated to
effectively deliver CMV-promoter regulated reporter- and tumor suppressor genes in vivo
to xenotransplanted NSCLC tumors and experimentally disseminated metastases after
local (intratumoral) and systemic (tail vein) injection respectively. These studies
demonstrated significant tumor suppression after single and repeated treatments resulting
in prolonged survival of the treated animals®® *’. Further studies with a reporter gene
activated by a promoter region derived from the survivin gene demonstrated NSCLC
specific reporter activity in vitro and in vivo using DOTAP:Chol particles for delivery®®.
Although DOTAP:Chol based delivery has been reported to exert a dose dependent
inflammatory response in immunocompetent mice, the toxicity can be effectively minimized
by co-administration of a non-steroidal anti inflammatory drug (NSAID) and systemic
DOTAP:Chol based gene therapy is currently in clinical Phase | trial for patients with
NSCLC> %

Functional studies using a fluorescently labeled vector have shown that DOTAP:Chol-
complexed DNA has a preference for tumor cells residing in the lung compared to adjacent
normal lung tissue and that the cellular uptake may be mediated by phago or pinocytosis®*
although the exact uptake mechanism remains to be fully elucidated.

In collaboration with Senior Investigator, Dr. llona Linnoila, Cell and Cancer Biology
Branch, National Cancer Institute, National Institutes of Health, Bethesda, Maryland, USA,
initial evaluations of hASH1 promoter-specificity in vivo after DOTAP:Chol-based delivery
were performed®. These studies were performed prior to the in vitro finding that the
hASH1EZH2 chimeric construct is potentially more active than 0,7hASH1 alone while fully
retaining SCLC specificity and therefore the chimeric construct has not yet been evaluated
for specificity after systemic administration in mice.

The animals received one tail vein injection per day for three successive days of either
0,7hASH1-promoter- (0,7hASH1-LUC) or CMV-promoter- (CMV-LUC) luciferase (-LUC)
DNA packaged in DOTAP:Chol. Three hours prior to each DNA injection, the NSAID
Naproxen was administered to limit the inflammatory response. 48 hours after the last
DNA injection, the luciferase activity was assessed using whole body imaging after

intravenous injection of the luciferase substrate Luciferin. Results of a representative

¢ For a more detailed description of the experimental setups in this section— see Supplementary Materials &
Methods at the end of Part |



Figure 7: Expression of 0,7hASH1 vs. CMV-promoter reg  ulated luciferase in vivo after systemic administration

The results show luciferase expression levels quantified by whole body imaging and RT-PCR after once daily treatment
with 0,7hASH1-LUC or CMV-LUC construct for three days. Results shown in A demonstrate expression from the chest
region of the mouse treated with CMV-LUC (right picture), while no expression could be detected in the mouse treated
with 0,7hASH1-LUC. The unit of quantification is photons/second/cm2 (p/sec/cmz). B: Imaging of selected organs
dissected from the mice in A, demonstrating expression only in the lungs of the CMV-LUC treated mouse. C: Expression
levels of luciferase transcript (LUC) by RT-PCR in total RNA preparations from the mice in A. A mouse treated with DNA-
free DOTAP:Chol and RT-PCR without RNA (WATER) was used as negative control. A RT-reaction without Reverse
Transcriptase (LUC no RT) was used as a negative control for plasmid contamination of the RNA-extracts. RT-PCR for
Actin was used as loading control. The presence of plasmid DNA was confirmed by PCR (LUC DNA) in all DNA treated
tissues using CMV-LUC plasmid as a positive control (POS.CONTROL).

experiment are shown in Figure 7A and B. As shown, luciferase expression is detected in
the lung from mice treated with CMV-LUC by whole body imaging, while no signal can be
detected in animals treated with 0,7hASH1-LUC or empty vector (data not shown). To
further confirm these results, luciferase expression was measured by semi-quantitative
RT-PCR performed on RNA extracted from lung, heart and brain of hASH1-LUC and
CMV-LUC treated animals using primers specific for luciferase transcript. As shown in
Figure 7C Luciferase transcript was only detected in lung from CMV-LUC treated mice".
The observed reporter gene expression in lungs of CMV-LUC treated animals, suggests
that the administered DNA is efficiently delivered to the lung in vivo, while the failure to

detect transcript in organs from 0,7hASH1-LUC treated mice suggests that the 0,7hASH1-

"The signal observed near the right hind leg of the CMV-LUC treated mouse (Figure 7A, right panel) was
only detected in this mouse and was not found in subsequent experiments. The explanation for the signal in
this particular mouse is unknown and has not been investigated further.
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promoter is inactive in the tested organs. However, it cannot be ruled out that the lack of
expression in the selected organs after 0,7hASH1-LUC delivery could be due to
incomplete delivery rather than promoter specificity. To investigate this further, PCR was
performed to detect the presence of expression vector-DNA in DNA-preparations from the
three organs of 0,7hASH1- and CMV-LUC treated mice and results are shown in the
bottom panel of Figure 7C. Plasmid DNA is detected in DNA extracted from all three
organs in both CMV-LUC and hASH1-LUC treated animals. This crude PCR-based
approach fails to discriminate between DNA in the blood and cells of the target organ, but
the results show that the 0,7hASH1-LUC DNA is distributed in a manner similar to CMV-
LUC after systemic injection, strongly suggesting that the delivery system is functional for
both vectors. In summary, the preliminary results indicate that DOTAP:Chol-packaged
reporter gene is systemically delivered after injection and that expression is efficiently
silenced in normal tissues using the 0,7hASH1-promoter element. Further studies, such as
demonstration of 0,7hASH1-LUC plasmid DNA in lung by in situ hybridization, could
further support this conclusion.

Importantly, the effect of the 0,7hASH1-promoter must be evaluated in a therapeutic
system for instance in mice bearing subcutaneous SCLC xenografts or using the murine
SCLC model previously discussed®®. Even though no luciferase expression from the
0,7hASH1-promoter was detected in lung and heart (the two primary normal target tissues
for DOTAP:Chol-based gene therapy®), delivery of a suicide gene to these tissues or
potentially other organs might result in non-specific toxicity due to background expression
from the promoter construct. For instance (as discussed in detail in Part 11l of this thesis),
the lungs contain a very rare subset of NE cells, which stain positive for hASH1-expression
and the effect of systemic hASH1-promoter regulated GDEPT on these cells remains to be
investigated. Furthermore, although in vitro studies on cell lines show a cytotoxic effect on
SCLC cells, it is unknown whether the 0,7hASH1 construct is sufficiently active to induce
tumor regression using the presently available delivery systems. Finally, the specificity and
activity of the chimeric hASH1EZH2 promoter construct remains to be evaluated in vivo.

6 % 7 %
Apart from optimizing the promoter region regulating the therapeutic gene, it is likely that

the therapeutic gene system used can also be improved to sensitize SCLC cells, since
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cancers of different origin may exhibit considerable differences in sensitivity to different
therapeutic gene systems. The purpose of a recent Masters study at the Department of
Radiation Biology was to evaluate the sensitivity of SCLC cells to different tumor
suppressor genes, inhibitors of oncogenes and GDEPT-systems® . The results from this
study showed that four tumor suppressor genes: p53, Rb, FHIT and FUS1 all proved
inefficient in inducing SCLC-cytotoxicity in vitro. Furthermore, introduction of genes
encoding inhibitors of the antiapoptotic Bcl-2-protein and members of the HSP70 family
(which play a cytoprotective role in a wide number of malignancies inducing stabilization of
oncogenic proteins and antiapoptotic signaling®!) failed to induce SCLC cytotoxicity
although downstream cellular death pathways were activated after transfection. While
insufficient transfection efficiencies may partly explain the discouraging outcome of these
studies it is possible (as previously discussed in the Introduction to this thesis) that the
results reflect an important drawback of single-target gene therapy strategies for cancer
treatment. In the transition from normal to malignant cells, the cancer cells have adapted
to bypass complex systems of growth regulatory signaling and since many of these
systems overlap, it is likely that the cell can survive the targeting of single components in
this network. For instance, both FUS1 and FHIT have been demonstrated to activate p53
signaling in NSCLC cells. The genes were found to downregulate or bind to and inactivate
the p53-inhibitory ubiquitin ligase MDM2 resulting in p53 stabilization and induction of
NSCLC cytotoxicity when p53 and FUS1 or FHIT genes are introduced in combination®® .
However, since SCLC cells are insensitive to p53 re-introduction, it is likely that the
inefficiency of FUS1 and FHIT gene therapy in SCLC can be ascribed to the mechanisms
underlying the poor effect of p53 alone.

Conversely, as briefly mentioned in Manuscript | and previously described by others®, an
anti-proliferative effect of full length Notchl and NICD-transfection was observed in SCLC
cells, suggesting Notchl as a cytotoxic gene candidate for SCLC gene therapy. The
potential for Notchl as therapeutic gene is further supported by the observation that
hASH1 knock-out induces apoptosis and inhibits proliferation of SCLC cells in culture and
tumor growth in vivo™®.

While the introduction of tumor suppressors and oncogene inhibiting genes proved
inefficient for SCLC gene therapeutic purposes, a GDEPT strategy based on the dual

introduction of Yeast Cytosine Deaminase (YCD) and Yeast Uracil PhosphoRibosyl
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Transferase (YUPRT) in a combined enzymatic gene construct termed Super CD (SCD)
was found to effectively sensitize SCLC cells to the prodrug 5FluoroCytosine (5FC)%% 3,
5FC is a fluor-conjugated analog of cytosine, which can be systemically administered and
is non-toxic on its own due to the lack of the CD enzyme in mammalian cells. As shown in
Figure 8, YCD converts 5FC to 5FluoroUracil (5FU), which exerts toxicity to the cell at
different levels. 5FU is sequentially phosphorylated to 5SFUMP and 5FUTP, which can
incorporate into the synthesized RNA-string during transcription resulting in inhibition of
protein translation. Additionally, cellular enzymes can convert 5FU to 5FluorodeoxyUridine
(5FduUrd), which can be sequentially phosphorylated to 5FdUMP and 5FdUTP. 5FdUMP
directly inhibits thymidylate synthase, which is responsible for the intracellular synthesis of
dTMP — a precursor for the dTTP used for incorporation into DNA during replication®’. The
resulting lack of dTTP directly inhibits DNA-replication and 5FdUTP is incorporated into the
elongating DNA-string resulting in cell death (Figure 8). 5FU has long been used clinically
for the treatment of various gastrointestinal cancers and malignancies of the head and
neck. However, many cancers are insensitive to 5FU treatment and a major factor in this
resistance is the rate limiting conversion of 5FU to 5SFUMP. The introduction of YUPRT
allows for direct conversion of 5FU to 5FUMP, resulting in a more efficient production of
toxic metabolites, and introduction of YUPRT has been demonstrated to induce a
significant increase in 5FC sensitivity in vivo in a rat hepatoma model®®. To summarize, the
overall cellular effect of activation of the SCD-5FC system is inhibition of both RNA and
DNA synthesis which is advantageous compared to other GDEPT systems, such as
HSVTK-GCV, which only targets DNA-replication and thus depends on active target cell
division and DNA-synthesis.

To date, the hASH1 and hASH1EZH2 promoters have only been tested using the
HSVTK-GCV system, but a different promoter from the INSM1 gene, which was previously
shown to be highly and specifically active in SCLC®®, potently induces cell death in the
SCD-5FC system compared to the unspecific SV40-promoter®® . In contrast, the effects
of the INSM1 and SV40 promoters were similar using the HSVTK-GCV system even
though reporter gene assays showed higher activity from the INSM1 than the SV40-
promoter. These results indicate that the SCD-5FC system may be a more potent GDEPT-
strategy than HSVTK-GCYV for treating SCLC.
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Symbol  Chemical name

5-FC 5'-fluorocytosine

5-FU 5’-fluorouracil

5-FAUMP  5'-fluoro-2’-deoxyuridine-5'-
monophosphate

5-FdUDP 5'-fluoro-2’-deoxyuridine-5'-
diphosphate

5-FAUTP  5'-fluoro-2’-deoxyuridine-5'-
triphosphate

5-FUMP  5'-fluorouridine-5’-monophosphate
5-FUDP  5'-fluorouridine-5’-diphosphate
5-FUTP  5'-fluorouridine-5’-triphosphate
5-FUrd 5-fluorouridine

5-FdUrd  5-fluoro-2’-deoxyuridine

dumMP 2’-deoxyuridine-5’-monophosphate

dUuTP 2’-deoxyuridine-5'-triphosphate
dTMP 2’-deoxythymidine-5’-monophosphate
dTTP 2’-deoxythymidine-5’-triphosphate

Figure 8: Cellular activation of 5-FC by SCD and its multiple cytotoxic effects

Syper Cytosine Deaminase (SCD) is a fusion protein comprising the enzymes Yeast Cytosine Deaminase (YCD) and
Yeast Uracil PhosphoRibosylTransferase (YUPRT). YCD converts 5-Fluorocytosine (5-FC) to 5-Fluoruracil (5-FU). 5-FU
is further modified by multiple mammalian kinases to 5-FUTP, which incorporates into RNA during transcription and
prevents protein synthesis. YUPRT further facilitates this inhibition by directly converting 5-FU to 5-FUMP. 5-FU can also
be converted to 5-FAUMP and 5-FAUTP. 5-FdUMP inhibits dTMP synthesis thus reducing the dTTP-pool available for
incorporation into DNA. 5SFdUTP can directly incorporate into the elongating DNA string instead of dTTP causing
premature DNA-string termination. lllustration courtesy of Camilla Laulund Christensen, Department of Radiation Biology.

Insufficient delivery resulting in a poor tumor transfection rate represents a major
challenge for cancer gene therapy. However, GDEPT based strategies can (at least partly)
compensate for the poor delivery by means of so-called bystander mediated cell death.
The bystander effect defines the cytotoxic effect of delivery of the active drug from a
transfected cell to neighboring cells, which have not obtained the therapeutic gene.
However, the cytotoxic effect may be more or less pronounced depending on the GDEPT
system, especially with regards to the ability of the cytotoxic drug to deliver itself effectively
into adjacent cells. While unphosphorylated GCV freely diffuses across cell membranes,
the charged phosphorylated GCV-metabolites (Figure 5) require gap-junctional
connections to spread to the neighboring cells although the role of the bystander effect in

). In contrast to

the HSVTK-GCV GDEPT system remains controversial (for a review see
the phosphorylated GCV-metabolites, 5FU is freely diffusible across biological membranes
and the SCD-5FC systems has been shown to induce a potent bystander effect with tumor
regression of colorectal xenografts observed when as few as 2% of the tumor cells
express the therapeutic gene’*. Interestingly, a distant bystander effect has also been
observed, where expression of the therapeutic gene in one tumor may lead to regression

of a distant tumor in the same animal. This effect could be explained by the triggering of an
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immune response to the dying transfected cells, which may also target distant
untransfected tumor cells’?. It therefore remains important to assess the bystander effect
in vivo not only to evaluate its contribution to the therapeutic efficacy but also to ensure
lack of toxicity due to unspecific uptake of converted pro-drug in the normal tissues.

In summary, the presented data show that hASH1 and hASH1EZH2 promoter constructs
can specifically activate reporter and suicide gene constructs at a level sufficient to induce
SCLC specific cytotoxicity in vitro. Further optimization of the system, the evaluation of
different therapeutic genes and the implementation of the strategy in vivo will reveal
wheter hASH1 or hASH1EZH2 promoter regulated SCLC gene therapy is a feasible
therapeutic approach.

%% / /

A brief description of the experimental setup for the studies presented above is provided
in the following sections.
Mouse treatment with reporter vector followed by whole body and organ imaging

Plasmid (CMV-LUC or 0,7hASH1-LUC) was transduced into TOP10-competent bacteria
(Invitrogen, Carlsbad, CA, USA) and a 2,5 | bacteria batch in LB-medium (Invitrogen) was

harvested for endotoxin free plasmid extraction using the EndoFree Plasmid Giga Kit
(Qiagen, Valencia, CA, USA) according to vendor’s instructions. DOTAP:Chol (20mM) was

produced as previously described®® ©*

and provided by Associate Professor, Pharmacist
Vagn N. Handlos, Rigshospitalet. Fresh preparations of DNA:DOTAP:Chol were made
each day prior to injection as follows: 90ng DNA was diluted into a total volume of 100m
5% dextrose in water (D5W) and 40m 20mM DOTAP:Chol was mixed with 60m D5W. The
DNA was added to the DOTAP:Chol solution and immediately mixed by vigorous pipetting.

6 to 8 week old female FVB-mice were treated once daily with 25ng CMV-LUC, 25ng
0,7hASH1-LUC or no DNA packaged in DOTAP:Chol liposomes with tail vein injections for
three successive days. To minimize a toxic inflammatory response the mice were orally
administered 3,75ml/kg body weight solution of Naproxen (4 mg/ml) in PBS 3 hours prior
to each DNA injection.

48 hours after the third injection of DNA:DOTAP:Chol imaging was performed as follows.
The animals were anaesthetized with Isofluorane (2% in 100% O,) and injected

intraperitoneally with 200 | of a 30mg/ml solution of D-Luciferin K*-salt in PBS (Xenogen,
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Caliper Life sciences, Hopkinton, MA, USA). 5 minutes later the mice were imaged using
the IVIS® Lumina imaging system (Xenogen) with standard machine settings for 5 min.
Next, animals were euthanized by lethal injection of Nembutal solution and the lung, heart
and brain were removed. Tissues were immediately split in two portions and either
immediately frozen on dry ice for RNA and DNA extraction (see below) or placed on a dish
with PBS and imaged for 5 min. Imaging data were normalized using the Living Image®
software from Xenogen.

PCR/RT-PCR detection of luciferase transcript and plasmid DNA in mouse tissues

RNA and DNA was extracted from snap frozen pulverized tissues using a combined
TriZol (Invitrogen) and RNeasy (Qiagen) based protocol. Briefly, the frozen tissues were
pulverized using a hammer and homogenized in TriZol solution with a polytron
homogenizer. The samples were centrifuged and the clear supernatant was transferred to
RNeasy columns. RNA extraction was performed with DNase treatment according to the
protocol provided by Qiagen. DNA was extracted from the remaining two phases of TriZol
solution according to the Invitrogen protocol.

Reverse transcription was performed using Superscript RT Ill and PCR amplification
using Platinum Taq Polymerase (both Invitrogen) with 25 cycles of amplification. The
annealing temperature was 65°C for both transcripts.

Actin primers: Sense: 5- GTCGACAACGGCTCCGGCATGTGCA, Antisense:5'-
GCCAGCCAGGTCCAGACGCAGGATG.

Luciferase primers: Sense: 5- CGCCATTCTATCCGCTGGAAGA, Antisense: 5'-
CCCAACACCGGCATAAAGAATTGA.

As a negative control for DNA contamination of the RNA-extracts analogous RT-PCR
reactions were performed without addition of Superscriptlll enzyme to the RT-reaction
mixture.

Detection of plasmid DNA in the tissue samples was performed on extracted DNA using

Luciferase specific primers and the PCR-conditions specified above.
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As schematically presented in Figure 1 the delivery of a cytotoxic or gene therapeutic
treatment to cancer cells can be potentiated by targeting its delivery to surface receptors
highly and specifically expressed on the cancer cell. Receptor targeting can be performed
by coupling of a specific ligand or antibody directed against the cancer specific surface
molecule to the gene delivery vector or cytotoxic drug. The work presented in the following
section was motivated by the aim to identify novel SCLC specific surface receptor/ligand
systems for therapeutic targeting. Experimental work performed during a Masters project
that preceded the current PhD-study involved the initial identification and characterization
of a subset of SCLC specific receptor candidates with regards to receptor expression
levels and evaluation of ligand binding™. It was not possible from these studies to identify
a functional and SCLC-specific ligand-receptor system for targeting and therefore it was
decided to proceed with transcriptional targeting as presented in Part | of this thesis.
However, the work presented in the following sections represents further studies of one of
the identified receptors, the Neuronal Pentraxin Receptor (NPR) and especially its relation
to the snake venom neurotoxin taipoxin in SCLC. The findings may have potential for

future therapeutic strategies targeting the neuronal and NE phenotype in SCLC.

% &

The global gene expression profile of SCLC cells compared to normal tissues, revealed a
number of potential cancer specific receptor candidates one of which was NPRY. The
SCLC and normal tissue microarray profile of NPR demonstrates low/absent expression of
NPR-mRNA in normal tissues except for brain, while 5 of 6 patient tumors, the far majority
of tested SCLC cell lines and xenografts expressed NPR mRNA (Figure 9). Protein
expression in SCLC was further confirmed by Western blot analysis on cell line protein

lysates'’ (see Manuscript I1).
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The neuronal pentraxins (NPs) define a
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isolated from rat brain lysates’®. Short

Figure 9: RT-PCR validated expression of NPR mRNA in pentraxins are known to form penta- or
SCLC and normal tissues ) . o
The normalized microarray data for NPR transcripts was decameric structures via association of

Zig??i‘i(? ?nsgg];}qggrﬂﬁc:tacﬁe\fnﬁg;is'dgfi)\?écrin fehrtﬁgifafts, their pentraxin  domains and the
VI\\//I?cllr?)g:roaS; 32{? grtE:IlIJﬁﬁees)jziebritolgrv;?sb;ﬁStpez;(t?ergts tslzcr)r?c}rs characteristic pentraxin domain signature
are adapted from*” %,

is also found in NPs. NP1 is a rare
secreted glycosylated protein with moderate mMRNA expression confined to the brain.
Low stringency screening of human brain transcripts with an NP1-specific probe resulted
in the identification of NP2, which has high homology to NP1 and contains a putative N-
terminal signal sequence indicative of secretion, although NP2 exhibits a wider tissue
expression pattern than NP1’®. In contrast to the secreted NPs, NPR contains a
hydrophobic N-terminal domain indicative of surface membrane association. The C-
terminal half of NPR, which contains the pentraxin domain and glycosylation sites, bears
significant homology to the C-terminus of NP1 and 2"

The identification and isolation of the three NPs was originally motivated by the search
for a neuronal uptake mediator and/or receptor for the snake venom neurotoxin taipoxin
from the Australian Taipan snake Oxyuranus scutellatus scutellatus and all three NP’s can
be isolated by affinity chromatography of rat brain lysate on columns of immobilized
taipoxin’’. Further studies in mammalian cells suggest that NPR binding to taipoxin is
Ca’*-dependent and that this binding may require the receptor to be associated with NP1
and/or 2 in a heteromultimeric complex, synthesized within the same cell”®. Recently,
secreted NP1-NPR-complex was reported necessary for the recruitment of Glutamate
receptor 4 subunits to synapses’®, but the role of NP-NPR multimers in the cellular uptake

of taipoxin remains to be fully elucidated.

9 Also known as Neuronal activity regulated protein (Narp) in rats and p50/apexin in guinea pigs
" Traditional pentraxins include the proteins C-reactive protein and serum amyloid P component present in
serum and highly expressed during the acute phase innate immune response.
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Taipoxin is a highly neurotoxic snake venom toxin (LDso~2nmg/kg in the mouse),
composed of three homologous subunits termed a, b and gof which only a is considerably
toxic on its own®’. Structurally, taipoxin belongs to the Phoshpolipase A2 (PLA2) family of
neurotoxins, which bind to presynaptic neurons in a Ca?*-dependent manner. The binding
and endocytosis of taipoxin in neurons leads to the recomposition of lipids in the synaptic
plasma membrane ultimately blocking the re-endocytosis of vesicles and terminating
synaptic signaling (Figure 10A)®" #2. This blockade of vesicle endocytosis results in the
presence of characteristic W-shaped structures in the membranes of taipoxin intoxicated
neurons® 8 (Figure 10B). In addition to blockade of vesicle recycling, taipoxin has been
reported to induce F-actin fragmentation in NE cells in a seemingly Ca**-independent
manner®.

The high expression of NPR in SCLC, the capability of NPs to bind taipoxin in vitro and
the report that taipoxin is toxic to NE cells, prompted us to further investigate NP
expression and taipoxin toxicity in SCLC cells. The results of the study are presented in

Manuscript 1l on the following pages.

Figure 10: Putative model for PLA2 uptake and neuroto  Xicity

A: After docking of synaptic vesicles to the presynaptic cell membrane (1), the vesicle fuses to the membrane allowing
for release of neurotransmitter to the synaptic space (2). This allows for binding and recruitment of the Phospholipase A2
(PLAZ2) toxin to the intravesicular space. Following re-endocytosis of the vesicle (3), the toxin facilitates hydrolysis of
lipids in the vesicle membrane generating fatty acids (FA) and lysophospholipids (LysoPL) (4). This facilitates the
activation of an ATPase proton pump in the vesicular membrane, resulting in the influx of H" and facilitating the refilling of
the vesicle with neurotransmitter (NT) (5). The Fatty acids and lysophospholipids redistribute in the vesicle membrane to
facilitate docking to the cell membrane and release of neurotransmitter (6) but prevent re-endocytosis. B: Inhibiton of re-
endocytosis results in W-shaped indentations (red arrowheads) observed in a PLA2 intoxicated neuromuscular junction.
The muscle was removed when the animal died from respiratory paralysis. The axon terminal (AX) is virtually devoid of
synaptic vesicles and there are many invaginations facing both the muscle cell (MF), where neuroexocytosis normally
takegoplace, and the Schwann cell (SC), where neurotransmitter is not released at normal conditions. Figures modified
from™.
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The investigation of NP-expression in SCLC revealed expression and membrane
association of NPR in all the cell lines tested. Furthermore, NP1 and 2 mRNA and protein
was detected in a subset of the cell lines. Finally, a highly significant cytotoxic effect of
taipoxin in the nanomolar range was observed in some of the SCLC cell lines. Although
one of the taipoxin responsive SCLC cell lines (DMS53) was found to express NP1
protein, taipoxin sensitivity in the other three responsive cell lines (GLC3, NCIH69 and
DMS53) does not directly correlate with expression of NP1 or 2 (Manuscript Il, Table 1).
Therefore, although it has been previously reported that NPR when complexed with NP1
and/or 2 is capable of binding taipoxin our data suggest that this interaction is not
necessary to induce taipoxin sensitivity in SCLC cell lines. As such, other mechanisms
than binding to NPs may be responsible for the taipoxin-induced toxicity in SCLC although
a role for NPR in this process cannot be excluded based on the available data.

It is worth noting, that even though NPR is the only membrane bound molecule to date,
which has been demonstrated to bind taipoxin (indirectly via association with secreted
NPs) all binding studies were performed by chromatography of rat brain and cell line
lysates on columns of immobilized taipoxin. Furthermore, while the association of NPR
with secreted NPs has been demonstrated in cell lines, interaction of taipoxin with NP-
complexes on the surface of intact cells has never been reported’” "®. Therefore, whether
taipoxin is in fact capable of binding NPR-NP complexes on the surface of cells remains to
be determined.

The three SCLC cell lines CPH54A, DMS114 and DMS273 were insensitive to taipoxin
concentrations up to 200nM. As discussed in Manuscript I, the transcriptional profile of
CPH54A raises doubt about the origin of this cell line although initially classified as
SCLC" ®. Furthermore, since DMS273 and DMS114 both grow in adherent monolayer
and phenotypically resemble fibroblasts rather than SCLC cells it can be speculated that
these cell lines may have lost some of the NE characteristics of importance for the uptake
or cytotoxic action of taipoxin although this has not been investigated further.

While the performed study does not begin to answer questions related to the functional
uptake or mechanism of action in SCLC, a likely explanation for the taipoxin-induced

toxicity in SCLC cells may reside in the NE-properties of this malignancy. As previously
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discussed, SCLC cells express and secrete a number of enzymes and neuropeptides,
many of which promote cancer cell growth via autocrine and paracrine signaling through
surface receptors expressed by the SCLC cells themselves®. Furthermore, SCLC cells
express necessary components of (and actively signal through) neurotransmitter systems
such as nicotinic and muscarinic acetylcholine receptors, although it has not been
elucidated whether this signaling involves the formation of vesicles®. Functionally active
voltage gated sodium channels (VGSCs) are also expressed in SCLC cells allowing for the
generation of action potentials in these cells® . Finally, a more recent study reports a role
for VGSCs in endocytosis in SCLC cells, a process of potential importance for SCLC
growth and metastasis®’. Collectively, these observations support that neuronal-like
signaling, the generation of action potentials and active endocytosis are important growth
stimulatory factors in SCLC cells. Since taipoxin appears to exert its toxicity via blockade
of re-endocytosis of vesicles and by generation of F-actin fragmentation in NE cells it
appears likely that the same mechanisms could be involved in inducing cytotoxicity in
SCLC-cells.

Apart from the long-term perspective of modifying and using taipoxin or taipoxin subunits
therapeutically or indirectly as targeting agents for SCLC-treatment as discussed in
Manuscript Il, it is intriguing in the context of this PhD-study to implement the findings in a
transcriptionally regulated gene therapeutic strategy. More specifically it would be of
interest to evaluate the use of a taipoxin-derived gene as suicide gene for SCLC gene
therapy. As mentioned, of the three taipoxin subunits only the a-component demonstrates
PLA2-activity and appreciable toxicity in mice®!. While the g-subunit does not appear toxic
after systemic administration in mice, it has been reported to be cytotoxic to NE
phaeochromocytoma cells in culture®.

The sequence of the gene or genes involved in taipoxin subunit expression in the
venomous glands of the Australian Taipan snake has (to our knowledge) not been
elucidated to date, but since the amino acid sequence of the a- and g-subunits is known®"
it is possible to chemically synthesize a DNA-sequence which translates into the primary
structure of for instance the taipoxin a-subunit as it has previously been described for
other snake venom toxins™. Transfection of SCLC cells with a synthesized a-subunit gene
may induce cytotoxicity due to the membrane lipid modifying effects mediated by its PLA2-

activity as discussed above. Internal application of a different snake PLA2-toxin (Crotoxin
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subunit B) by direct microinjection into neurons and NE cells has been reported to result in
blockade of neurotransmitter release®, demonstrating that external application and active
uptake of toxin is not necessary to induce a response in these cells and thus suggesting
that gene therapeutic delivery and intracallular expression of taipoxin a could also be a
feasible strategy.

Although the toxic effect of taipoxin seems to be confined to neurons and NE cells, this
lack of specificity may present problems in a gene therapeutic setting. However, the use of
a transcriptionally targeted strategy, for instance by fusing the toxin-subunit gene to a
cancer specific promoter as previously discussed in Part I, would induce a secondary level
of specificity and targeting to SCLC cells.

The use of snake venom derived drugs for cancer treatment has previously been
reported. Probably the most investigated snake venom component based anti-cancer
strategy involves venom-derived disulfide rich peptides termed disintegrins. These
molecules have been found to effectively bind to and block the function of cellular integrins
resulting in inhibition of tumor angiogenesis and tumor cell growth and metastasis®.

Finally a few reports have recently been published involving an effect of PLA2-based
snake venom toxins and derived peptides on cancer cell growth, but the full potential of
these initial studies awaits further investigation®* .

In conclusion, while much remains to be investigated regarding the sensitivity and
therapeutic potential of taipoxin in SCLC these initial findings may pave the way for the

design of future therapeutic strategies.
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A gained understanding of SCLC carcinogenesis can provide important knowledge for
the development of effective novel treatments, but despite many efforts the cellular origin
and precursor lesions of SCLC are yet to be identified. Central to this understanding is
also a fuller elucidation of the role of the NE-markers highly expressed in SCLC.

The work presented in the following sections reports the identification of the classical NE
marker PGP9.5 as transiently overexpressed in non-NE airway epithelium after carcinogen
induced lung damage. The study was carried out during a 6-month visiting research
fellowship at the Cell and Cancer Biology Branch of the Center for Cancer Research,
National Cancer Institute, Maryland, USA under the supervision of Senior Investigator Dr.

llona Linnoila.

% &

Normal lung epithelium contains a rare distinct cell type: the Pulmonary NeuroEndocrine
Cell (PNEC), which bears certain striking phenotypic resemblance to SCLC cells. The
bottle shaped PNECs are dispersed throughout the lung epithelium either as solitary cells
or associated in cluster like structures termed NeuroEndocrine Bodies (NEBs)*® (Figure
11). In the adult normal lung, PNECs are rare and have been estimated to constitute less
than 0,5% of the total epithelial cell population®”. Furthermore, (and in contrast to infant
and fetal lung) PNECs in adult human lung are almost exclusively distributed as solitary
cells while NEBs are virtually non-existing®® . Like SCLC cells, PNECs contain dense
core vesicles and produce and secrete a number of NE-peptides and markers including
serotonin, GRP, CGRP and PGP9.5® and bHLH-transcription factors such as hASH1%.
Interestingly, in lungs from newborn MASH1-knock out mice no PNECs are observed™.
Functionally, PNECs have been related to lung branching morphogenesis during fetal
development and the NEBs have been associated with pulmonary oxygen sensing in late

fetal and postnatal life®® 1%,
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Figure 11: PNEC and NEBs in mouse and human lungs
A: A NEB stained for CGRP residing at the bifurcation of
two distal airways in mouse lung four days after
naphthalene treatment. Note the damaged pulmonary
epithelium B: A whole mount of a large piece
(approximately 1.3 0.9 cm) of human bronchial mucosa
stained for GRP immunoreactivity and viewed from the
luminal surface by confocal microscope. PNECs appear as
small yellow spots. Picture A is unpublished data obtained
as described in the Materials and Methods section of
Manuscript I1l, picture B is adapted from®®.

% %
@

Thus, while PNECs play a relatively well-
defined role in normal fetal and newborn
pulmonary development, their function in
the adult lung is less clear. However, an
increasing number of observations point to
a role of PNECs and NEBs in adult lung
pathophysiology and carcinogenesis.
PNEC hyperplasia and NEB formation is
observed under inflammatory conditions,
which may be caused by acute injury (i.e.
after exposure to chemical carcinogens
such as those present in tobacco smoke)
and under pathologic circumstances such
as chronic bronchitis or emphysema®®* 1%,
As it will be discussed in further detail in
manuscript I, the tobacco smoke
constituent naphthalene induces acute and
specific injury to the non-NE lung epithelial
cells (Clara cells) in mice followed by an
increase in PNEC-proliferation and Clara
cell reconstitution®® (Figure 11). Due to the
PNEC hyperproliferation observed in
response to naphthalene'® and their close

morphological resemblance to SCLC cells,

PNECs have been suggested to serve as SCLC-precursor cells®®. However, more recent

studies suggest that the regeneration of Clara cells following naphthalene exposure is not

directly dependent on the NE-hyperplasia but may rather depend on non-NE cells

associated with PNECs or residing in NEBs*®* *°°. Furthermore, although PNEC-

hyperplasia is observed in cancer inflicted lungs, the increase in PNEC-abundance is

generally confined to non-malignant inflammatory regions distant from the areas adjacent

to or directly associated with the tumor tissue™®®.
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Therefore a direct link between PNEC-hyperplasia and SCLC carcinogenesis remains to
be demonstrated. However, bearing in mind the similarities between PNECs and SCLC
cells further studies of the function of PNEC-hyperplasia during lung injury can potentially
provide useful links to critical processes involved in the carcinogenesis of SCLC and other
NE-malignancies of the lung.

The initial purpose of the current study was to develop a real-time quantitative Reverse
Transcription PCR (qPCR) based approach to quantify NE-hyperplasia after mouse lung
exposure to carcinogens such as naphthalene. The only method for quantifying NE-
hyperplasia presently available is immunostaining for NE-markers followed by counting the
number of PNECs and NEBs (defined as NE-foci) per airway (See Manuscript Ill, Figure
1A). Since counting of NE-foci is highly laborious, we aimed to test whether the
carcinogen-induced NE-hyperplasia could be monitored and quantified by qPCR of NE-
marker transcripts such as MASH1, Synaptophysin and PGP9.5 in total RNA-isolates from
mouse lung. Such a method would not only be a faster and more convenient screening
procedure for NE-hyperplasia but could also provide a more accurate measure for PNEC-
hyperplasia than the NE-foci per airway ratio.

While no difference in MASH1 and synaptophysin transcripts was detected after
naphthalene exposure compared to control treated animals (data not shown), we found a
significant transient increase in PGP9.5-mRNA in the days immediately following
naphthalene exposure. However, as reported in the following manuscript, rather than
reflecting PNEC hyperproliferation, the rise in PGP9.5-mRNA after naphthalene can be
ascribed to its expression in recovering non-NE airway epithelial cells.
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Acute damage by naphthalene triggers expression of the

neuroendocrine marker PGP9.5 in airway epithelialc  ells

$
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The finding that PGP9.5 is expressed in proliferating and recovering Clara cells in mice
immediately after naphthalene induced acute lung damage is somewhat surprising since
PGP9.5 expression in the normal lung is strictly confined to PNECs and neurons.
However, as discussed, the results presented in this study draws parallels to the recent
observation that PGP9.5 is up-regulated in non-malignant lung epithelium of healthy
smokers'®’. As previously mentioned, apart from expression in neurons and PNECs
PGP9.5 is also highly expressed in SCLC (Figure 12)*.

The functional role of the ubiquitin hydrolase PGP9.5 has been most intensively studied
within the research fields of neurology and neurodegenerative disorders and appears to
include multiple different functions such as ligation of ubiquitin dimers and stabilization of
ubiquitin monomers apart from the classic hydrolase activity'®. Accumulating evidence
obtained from patient samples and mouse models of Alzheimer’'s and Parkinson’s disease
point to a central role for PGP9.5 in the proper function and survival of neurons.
Downregulation and extensive oxidative damage of PGP9.5 is observed in brains of
Alzheimer's and Parkinson’s disease patients*®®.Furthermore, exogenously applied
PGP9.5 alleviates b-amyloid induced synaptic dysfunction in hippocampal section slices

and inhibits memory loss in a mouse

2500
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Figure 12: Microarray expression of PGP9.5 mRNA in

SCLC and normal tissues

The normalized microarray data indicate high expression of
PGP9.5-mRNA in all SCLC cell lines and derived xenografts,
while expression is only detected in brain and kidney of all

adult normal tissues. Microarray data for cell lines/xenografts 112-114 o
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115 the role of PGP9.5 in cancer

other malignancies including colorectal and ovarian cancer
appears to be highly context dependent. Nevertheless, the finding that PGP9.5 can
associate with JAB1 and the tumor suppressor p27XP! in NSCLC cells targeting p27""** for
degradation suggests a growth-promoting function of PGP9.5 in lung cancer**®.

Since the primary scope of this PhD-project has been to develop a transcriptionally
targeted gene therapy for SCLC and PGP9.5-protein and mRNA is highly expressed in
SCLC (Figure 12) it is of interest to ask whether regulatory regions from the PGP9.5 gene
may qualify for suicide gene regulation in SCLC gene therapy. In order to obtain sufficient
regulation by means of a PGP9.5-regulatory element the gene must be predominantly
transcriptionally activated in SCLC and regulated independently of genetic and epigenetic
alterations such as gene duplication or promoter methylation, as previously discussed in
Part I. Reporter gene studies to elucidate functional elements in the PGP9.5 promoter
region identified a 233bp CpG-rich cis-element with a high general activity (both in cells
with and without endogenous PGP9.5-expression) and an upstream negative regulatory
region capable of inhibiting gene expression in PGP9.5-negative HelLa cells**’. Further
studies revealed heavy methylation in the CpG-island of the PGP9.5-promoter in HelLa
cells and colorectal and ovarian cancers, while methylation was not detected in normal
lung and cervical tissues™*™ 8. Collectively, these data suggest that PGP9.5 may be
down-regulated by methylation in certain neoplasms, while normal tissues appear to
downregulate expression in a methylation-independent and perhaps transcriptional
manner. However, although the PGP9.5-promoter may be down-regulated by
transcriptional mechanisms in normal tissues — and as such candidates as a potential
gene therapy regulator — the abundant expression of the PGP9.5 in brain, peripheral
neurons and PNECs presents a considerable lack of specificity, which may potentially
require additional modifications to prevent unspecific neuronal toxicity of PGP9.5-promoter
regulated cancer gene therapy. The finding that PGP9.5 is reactivated in the normal lung
epithelium of smokers'® argues further against PGP9.5-promoter regulated SCLC gene
therapy for obvious specificity reasons. Therefore, the PGP9.5 promoter has not been a
primary suicide gene regulatory candidate in the current PhD-study and has not been
further tested for this purpose.

In the current study, we used naphthalene to induce acute lung epithelial injury in mice

and detected expression of PGP9.5 in the recovering pulmonary epithelium. Even though
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naphthalene — a carcinogenic component of cigarette smoke'*®

2

— induces NE-hyperplasia
in mouse lungs'® and SCLC is a NE malignancy closely related to smoking® the
mechanistic relations between murine epithelial injury exerted by naphthalene and human
SCLC carcinogenesis have not been fully established. However, naphthalene has been
found to activate developmental signaling pathways such as Hedgehog signaling, which is
also highly active in SCLC in vivo®® *?!, Hedgehog activation appears important for the
growth of SCLC cells and introduction of Hedgehog signaling inhibitors inhibits expression
of other prominent neuroembryonic transcription factors such as hASH1 in SCLC.
Interestingly, like PGP9.5, the Hedgehog signaling components Glil and Sonic Hedgehog
are detectable in the non-NE airway epithelium after naphthalene injury and Hedgehog
signaling therefore appears to precede NE-differentiation during the process of epithelial
reconstitution*?,

The transcriptional repressor Growth Factor Independent-1 (GFI1) is involved in the
development of NE-cells including PNECs, neurons and hematopoietic cells'??. Expression
of GFI1 correlates closely to hASH1 and CGRP expression in PNEC, NE-lung cancer cell
lines and primary NE lung tumor specimens and forced GFI1-expression promotes tumor
formation of a SCLC cell line in nude mice'®. Furthermore, the same study reports that
GFI1-knock out mice exhibit a reduced NE-phenotype in pulmonary airways. These
observations prompted the investigation of whether PNEC-hyperplasia was impaired after
naphthalene exposure in GFI1-knock out mice. While the lack of GFI1 significantly inhibits
PNEC-hyperplasia in the naphthalene-exposed lungs of knock out mice, the impaired NE-
proliferation does not appear to affect Clara cell recovery™®.

Finally, the NEB-compartment has been found to harbor a population of naphthalene
resistant non-NE cells, which express Clara cell specific markers. Interestingly, after
conditional knock out of the NEB-residing Clara cell variant, PNEC hyperproliferation was
induced although the airway epithelium failed to regenerate from naphthalene induced
injury™®.

Collectively these reports indicate that the NE-phenotype per se is not directly
responsible for lung epithelium regeneration, but that the naphthalene resistant NEB-
residing Clara cell variant could play a role in recovery from carcinogen induced injury and
perhaps SCLC carcinogenesis.
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In summary, much remains to be learned about the link between the non-malignant
proliferation of PNEC and NE-differentiation in response to injury on one side and the
development of SCLC on the other. Accumulating data, including the observations
presented in Manuscript Il suggest, that the transient activation of certain developmental
and NE-markers in response to injury and cytotoxic stress in non-NE epithelium may
provide mechanisms that contribute to SCLC and NE-NSCLC carcinogenesis.



The main scope of this PhD-study has been to develop a transcriptionally targeted gene
therapy for SCLC. During these studies the distinct neuronal and NE-phenotype of SCLC
turned out to be a central player, not only because a number of NE-proteins are highly
expressed in SCLC, but also because increasing evidence points to a role for neuronal
and NE-markers during repair of normal lung epithelium subjected to carcinogen inflicted
injury and perhaps early carcinogenesis.

Data from a microarray analysis of the human SCLC transcriptome allowed for the
identification of promoter candidates with a potential for upregulating suicide gene
expression in SCLC cells while at the same time restricting gene activation to the cancer
cells to minimize unspecific toxicity. By transfection of a panel of SCLC cell lines and cells
of different origin it was succesfully demonstrated that promoter regions from the NE
hASH1-gene, which is highly up-regulated in SCLC could sufficiently activate a reporter
and suicide gene in SCLC and induce cell death. SCLC-specific gene expression was
further potentiated by fusing the hASH1-promoter region to a regulatory region from the
EZH2-gene, which is generally associated with cell proliferation in embryonic development
and activated in many malignancies.

The specificity of the hASH1-promoter was further evaluated by systemic treatment of
mice with a hASH1-promoter luciferase reporter construct packed in a non-viral delivery
vector. While an unspecific CMV-promoter construct induced luciferase expression in
normal tissues, no signal was detected in mice treated with hASH1-promoter regulated
luciferase gene. Collectively, these results prompt further therapeutic in vivo investigations
of hASH1 and hASH1EZH2-promoter SCLC gene therapy.

In spite of high and specific gene expression using this strategy in vitro it is likely that the
present lack of effective systemic gene delivery systems may limit the therapeutic
efficiency of transcriptionally targeted cancer gene therapy in vivo. Increasing efforts have
emerged to improve gene therapy delivery by means of targeting the vector to highly
expressed cell surface receptors on the cancer cells using ligands or receptor specific
antibodies. In pursuit of this task, NPR was identified as highly expressed in SCLC
compared to normal tissues and surface membrane association was confirmed. However,

it has not been possible to identify ligands for NPR, which retain functionality when applied
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exogenously and the use of this recptor for targeting gene delivery therefore awaits the
identification of novel ligands or development of specific NPR-targeting antibodies. Since
NPR has previously been associated with binding of the snake venom neurotoxin taipoxin,
we evaluated the effect of taipoxin on SCLC cell survival and its correlation with
expression of NPR and associated NPs. A number of SCLC cell lines were sensitive to
taipoxin at nanomolar concentrations rendering the control cell lines unaffected. Since no
correlation was observed between NPs and taipoxin sensitivity it is likely that the taipoxin
uptake mechanism and activity is independent of NPs. Further investigations of the
internalization of taipoxin in SCLC cells are required to elucidate the toxin mechanism of
action in SCLC cells. Nevertheless, the finding that a neurotoxin can potently induce cell
death of SCLC adds further arguments to the notion that targeting the neuronal and NE
phenotype of SCLC may constitute a feasible therapeutic approach.

In recent years, it has become increasingly clear, that markers previously considered to
be confined to a rare subset of NE-cells in the lung may play a role in the general recovery
from pulmonary epithelial injury. Importantly, a recent study links expression of the NE-
marker PGP9.5 to cigarette smoking, since healthy smokers express elevated levels of
PGP9.5 in the non-NE epithelium where it is normally absent. The current study reveals
that exposure of mouse lungs to the tobacco constituent naphthalene, resulting in damage
to the lung epithelium induces a similar response to that observed in smokers — namely a
transient increase in PGP9.5 expression in the non-NE epithelial cells in the days
immediately following carcinogen exposure. These results point to naphthalene as the
component in tobacco smoke involved in inducing elevated PGP9.5 in the lung. Obviously,
the mechanistic role of PGP9.5 in lung epithelium after tobacco smoke and naphthalene
exposure requires further studies, but the results indicate, that PGP9.5 may be important
for injury and stress related re-constitution of pulmonary epithelium. Furthermore, since
PGP9.5 overexpression is frequently observed in both NSCLC and SCLC tumors, there
appears to be a link between overexpression of this marker and lung carcinogenesis.

In summary, the findings of the current PhD-study illustrate that the distinct neuronal and
NE profile of SCLC is likely to provide an important platform for gaining a fuller
understanding of SCLC tumor biology, identifying novel targets and developing more
efficient therapeutics for treating this devastating disease.
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A primary research activity at the Department of Radiation biology in recent years and a
main focus of the current PhD-study has been the cloning, isolation and evaluation of
different promoter regions for use in SCLC gene therapy. These studies have more
recently been further extended to evaluate different therapeutic gene systems for SCLC
gene therapy.

For the characterization of different promoters in various reporter and therapeutic gene
systems, extensive and laborious DNA-cloning is necessary, which is traditionally
performed using various restriction enzymes and DNA-ligase. However, these strategies
present a number of problems, such as discrepancy between the published promoter
region and the cloned sequence resulting in addition or lack of restriction sites compared
to the published DNA-sequence, difference in restriction sequences between expression
vectors etc.

Therefore, we aimed to develop a Cre-loxP based cloning system, which is independent
of restriction enzymes and allows for a high throughput shuttling of cloned promoter
regions between different expression vectors. The developed system is presented in the

following manuscript.
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Cre-lox P recombination vectors for promoter studies

$

Nina Pedersen, Thomas T. Poulsen and Hans S. Poulsen

Manuscript published in Electronic Journal of Biotechnology, 2007 April; 10: 315-321

$

Nina Pedersen: All experimental work and design (except ASCL1-cloning and reporter

gene assay); Preparation of manuscript

Thomas T. Poulsen: ASCL1 cloning and reporter gene assay; Revision of figures and

manuscript

Hans S. Poulsen: Manuscript revision
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Due to the high disease prevalence and poor prognosis, the molecular biological
characteristics of NSCLC and SCLC have been intensively studied. The book chapter
presented in the following sections was composed for the 2™ edition of the Textbook on
Lung Cancer, which is published by the International Association for the Study of Lung
Cancer (IASLC) and presents an overview of the molecular aberrations observed in lung

cancer for a clinical audience.
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Book Chapter: Molecular Biology of Lung Cancer

$

Thomas T. Poulsen, Hans S. Poulsen and Helle Pappot

Manuscript will be published as Chapter 3 in the IASLC Textbook of Lung Cancer, 2"
edition, edited by Heine H. Hansen to be released in Spring 2008.

$

Thomas T. Poulsen: Authored the sections: “Growth Signals and Lung Cancer”;

“Aberrant anti-growth signaling”; “Replicative Potential and Telomerases” and “Conclusion”

Hans S. Poulsen: Authored the section: “Apoptosis in Lung Cancer”

Helle Pappot: Authored the sections: “Introduction”; “Angiogenesis” and “Tissue Invasion
and Metastasis”
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On the following pages are copies of co-authorship declarations for the manuscripts and
published papers enclosed in this thesis.
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