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ABSTRACT

The Hedgehog (HH) signal transduction cascade is a major pathway involved in embryonic
development, cell proliferation, stem cell generation and tissue repair. Consequently, it is
not surprising that it also has a crucial role in tumorigenesis, as evidenced by the fact that
more than 25% of human cancers have been associated with aberrations of this pathway.

The outcome of HH signaling activation varies depending on the cell type, and may include
up-regulation of a variety of cell-specific transcription factors mediating different
developmental fate responses. Genes generally induced by HH signaling activity, include
PTCH1 and PTCHZ2, which code for proteins that function as receptors, Hedgehog-
interacting protein (HIP) and GLI1, which acts as a transcription factor contributing to the
regulation of proliferation and differentiation. In different malignancies the pro-tumoral
function of GLI1 is associated with its increased expression. Thus, understanding the
mechanisms influencing GLI1 expression is particularly relevant, as these may represent
additional means of constraining the oncogenic capacity of GLII.

In Chapter I, we describe the characterization of an RNA transcript from the antisense
strand of the GLI1 gene, termed GLI1AS, with no potential to code for a long protein,
which acts as a negative regulator of GLI1 expression. We provide evidence for capping
and polyadenylation of this antisense RNA, suggesting that it is processed similarly to a
typical mRNA, even though it lacks the potential to code a protein. Additionally, our data
show that GLI1 mRNA expression is higher than GLI1AS across all samples examined,
consistent with the results reported for most antisense transcripts with regulatory roles on
the corresponding sense gene. Chromatin immunoprecipitation assays supported the
notion that GLI1AS acts as an epigenetic modifier, which elicits negative feedback on GLI1
expression via local chromatin remodeling, observations that were in-line with cellular
proliferation and chick chorioallantoic membrane (CAM) tumor assays.

In Chapter 2, we present in vitro data using a number of different breast cancer cell lines,
demonstrating the modulatory effect of tamoxifen (TAM) on cellular proliferation and
expression of HH signaling components, in particular GLI1. Our results show that cell lines
that express nuclear GLI1 staining after TAM treatment exhibit an increase in cell
proliferation compared to control, GLI1 negative cells. These findings could indicate that
the HH signaling pathway can be activated by TAM in breast cancer cells, eliciting cellular
growth.

Overall, our findings suggest the possibility that these novel regulatory mechanisms may
provide clues for possible drug targets that could be an effective therapeutic option in
GLI1-dependent tumors.




GENERAL INTRODUCTION

Activation of the Hedgehog (HH) pathway has been implicated in the development of
tumors that can be derived from either ligand-dependent or ligand-independent
mechanisms. The latter include mutations in the receptor of the HH ligand, the patched
homolog 1 (PTCH1) or in the signaling molecule smoothened (SMO), a transmembrane
component of the pathway, resulting in constitutively activated HH signaling.
Consequently, specific inhibitors of the HH cascade are considered as good targets for
cancer therapy. The first known antagonist of the HH pathway to be identified was
cyclopamine, a chemical that belongs to the group of steroidal alkaloids, which binds and
inhibits SMO (1). Nevertheless, this drug and other SMO antagonists will not be effective
in tumors with activation downstream of SMO, such as GLI (Glioma-associated oncogene)
amplification/mutation (2). Accordingly, it is necessary to focus on inhibitors and
molecular mechanisms that can block this pathway by directly reducing the transcriptional
activity of the GLI factors.

In Chapter I special emphasis is given on regulatory controls of the HH pathway that
include RNA-based mechanisms, since there is increasing evidence that these may
constitute a novel way to modulate the levels of critical signaling molecules. The
establishment of an antisense RNA-mediated regulation of GLI1, one of the three GLI
factor in humans, using cancer cell lines and the chick chorioallantoic membrane (CAM)
assay as a xenograft model were the prominent goals of this research.

In Chapter II the modulatory effect of tamoxifen (TAM) on cellular proliferation and
expression of HH signaling components, including the terminal effector of the pathway,
the transcription factor GLI1, is demonstrated in an in vitro study using a panel of
different breast cancer cell lines.

As more than 25% of human cancers have been associated with aberrations of the HH
signaling pathway (3-6) efforts for a better clarification of the individual steps in this
signal transduction cascade are apparently justifiable. It is anticipated that further
dissection of key regulatory events in HH signaling may provide clues for a rational design
of inhibitory molecules that could be exploited in future cancer therapeutic approaches.




BACKGROUND

Cancer

Cancer is not just one disease; this name is given to a collection of related diseases, all
with one common characteristic, the uncontrolled growth of cells that have lost the normal
characteristics of the tissue from which they originate. Normal cells respond to a growth
program that is coupled to the needs of the tissue, and die when irreparable damage
occurs, with new healthy cells taking their place. Cancer cells accumulate damaging
insults and evade control systems, with continuous growth of new cells and accumulation
of additional mutations causing significant deregulations in the part of the body where the
cancer has started. In addition, these cells begin to demonstrate their ability to colonize
other parts of the body (7).

There are more than 100 distinct types of human cancer named from the
organs/tissues/type of cell where the cancer originates. Three general classes of cancer
types are described:

Carcinomas, the most common type of cancer derived from epithelial cells, which include
about 80-90% of human cancers. Sarcomas or soft-tissue tumors, from mesenchymal
origin, which are rare in humans constituting about 1% of all cancer types. Leukemias or
lymphomas, non-solid tumors from the blood-forming cells and from cells of the immune
system respectively, which account for approximately 8% of human malignancies (8).

Despite the variability of the different types of cancer described, in 2000 and in a
subsequent update in 2011 certain common characteristics have been highlighted and
considered as hallmarks of cancer (9,10). These include:

» Self-sufficiency in growth signals. Cancer cells can control their own proliferation
through production of growth signals or hyper-activation of receptors.

» Insensitivity to anti-growth signals. Malignant cells are able to interrupt or ignore
signals that restrain cell growth and proliferation.

» FEvasion of apoptosis. Tumors avoid normal cell death by increasing the anti-
apoptotic response and/or down-regulating the pro-apoptotic program.

» [Limitless replicative potential. Activation of telomerase in cancer cells, with
consequent maintenance of the telomeres and indefinite replication.

» Sustained angiogenesis. Tumor cells are able to stimulate the formation of new
blood vessels for increased growth and energy needs.

» Tissue invasion and metastasis. Cancer cells spread from one organ to another.

» Reprogramming energy metabolism. Cells in the interior of a tumor can grow
despite oxygen and nutrient deprivation, with this being mediated through
adjustments of energy metabolism.




» Evading the immune system. Cancer cells can escape immunological destruction by
disabling components of the immune system that have been dispatched to
eliminate them.

= Genome instability. Accumulation of changes in DNA, mainly in genes that promote
or control the cell cycle, generates genetic diversity in the cells, which can lead to
the acquisition of the malignant phenotype

= Inflammation. Tumor cells promote inflammation, with this tumor-associated
inflammation facilitating tumor growth (9,10).

There are two categories of genes that play an important role in triggering cancer, tumor
suppressor or growth inhibitory genes and proto-oncogenes, which are involved in
promoting growth (11).

Tumor suppressor genes

Tumor suppressor genes have a role in controlling cell growth and division before cells
display a cancerous phenotype. Loss of function of these genes contributes to the
development of cancer, with the mutant cells dividing in an uncontrolled manner. In
cancers, tumor suppressor genes undergo alterations more frequently than oncogenes
(11,12).

Proto-oncogenes

Proto-oncogenes are normal genes involved in cell growth and division. Mutant alleles with
a gain of function are more active in promoting growth and are called oncogenes. In
contrast to the tumor suppressor genes, which restrain cell proliferation, oncogenes
actively promote proliferation. Mutation in one allele is often sufficient to initiate cancer
development (11).

Glioma-associated oncogene 1

GLI1 was the first member of the Krippel zinc finger proteins to be identified in humans
(13), originally isolated from a glioma tumor. GLI1 encodes a transcriptional activator
involved in developmental processes (14). It is composed of 12 exons, spanning
approximately 12 kb of genomic DNA in a centromere to telomere orientation (Figure 1).
The translation initiation codon is located in exon 2, and the stop codon in exon 12 (15).
GLI1 transcriptional activation is a general biomarker of the cell’s response to HH ligands
and it can be used as a diagnostic tool for HH pathway activity. However, several
additional signaling cascades have also been implicated in its regulation (16).
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Figure 1. Structure of the GLI1 gene. This gene is located in chromosome 12q13.2-gq13.3,
encompasses about 12 kb of genomic sequences and it is composed of 12 exons. Taken and
modified from Atlas of Genetics and Cytogenetics in Oncology and Haematology.

Hedgehog pathway in cancer

The HH signaling pathway is a major regulator of cell differentiation, tissue polarity, cell
proliferation, with crucial roles in embryonic development and tissue repair. Additionally,
there is strong evidence that HH signaling has a critical role in tumorigenesis (3,17-19).
Deregulation of this pathway through sporadic mutations or other mechanisms, is strongly
correlated with various types of cancer (Figure 2). Some examples include: basal cell
carcinoma, medulloblastoma, rhabdomyosarcoma, and cancers of the lung, prostate,
pancreas, ovarian and breast (5,20-22).
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Figure 2. Types of cancer correlated with Hedgehog signaling deregulation. Activation
or mutations of this pathway are implicated in skin (basal cell carcinoma), brain
(medulloblastoma), rhabdomyosarcoma, gastrointestinal, lung, ovarian, breast and prostate
cancers.

Hedgehog signal transduction

The signaling cascade initiates at the transmembrane receptor Patched (PTCH), which
responds to the HH ligands. This transmembrane receptor also acts as a repressor of the
pathway. Binding of HH ligands to PTCH causes a change in its inhibitory effects on the
downstream effector Smoothened, another membrane-associated protein (19,21,23).
Release of SMO from PTCH repression allows the initiation of a series of intracellular
events that culminate in the activation of the GLI family of zinc finger transcription
factors, which are GLI1, GLI2, and GLI3 (24). The GLI proteins can function as both
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activators and repressors, with GLI2 and GLI3 indeed possessing repressor and activator
domains, however, GLI1 acts only as a transcriptional activator of the HH pathway since it
does not contain a repressor domain. GLI1 is an oncogene and its increased expression is
associated with many cancers, including glioma and basal cell carcinoma (21).

Structural organization of the Hedgehog pathway

The HH ligands are secreted hydrophobic proteins. Three homologs have been identified in
vertebrates, Sonic HH (SHH), Indian HH (IHH) and Desert HH (DHH). The functional
differences among these ligands appear to relate to their tissue specificity and their level
of expression. These ligands can act in autocrine or paracrine mechanisms and responsive
cells can be localized either near or at a distance from the secreting cells (25-27). PTCH1
is a twelve pass transmembrane receptor that indirectly inhibits SMO, a seven pass
transmembrane G-protein-coupled-like receptor located on the membrane of intracellular
endosomes. In addition to PTCH1, mammals have another HH receptor, PTCH2. All three
mammalian HH ligands can bind to both receptors with similar affinity. Suppressor of
fused (SUFU) is an additional negative regulator of HH signaling; it binds to all three GLI
proteins and may control their processing and/or degradation (28,29). The GLI proteins
are zinc finger transcription factors that mediate the transcriptional responses of HH
signaling. Generally, in the absence of HH ligands, GLI1 is transcriptionally repressed,
whereas GLI3 and possibly GLI2 are proteolytically processed to truncated repressor
forms (30-32). HH-interacting protein (HIP) is another negative regulator of the pathway
and encodes a membrane glycoprotein that binds to all three HH ligands with an affinity
comparable to that of PTCH1. HIP attenuates HH signaling as a result of this ligand
binding (33).

Hedgehog targets genes

The HH signaling biological response varies according to the cell type, and includes a vast
array of cell-specific transcription factors that mediate different developmental fate
responses. Genes generally induced by HH activity include PTCH1, PTCH2, HIP and GLI1,
which can trigger positive or negative feedbacks on this pathway and modify the strength
or duration of the HH signal. Additional HH signaling targets include genes contributing to
the regulation of proliferation and differentiation, e.g. CCND1, CCND2, N-MYC, WNT,
PDGFRA, IGF2, FOXM1 and HES1 (20,34).

GLI1 and its variants

Two splice variants of GLI1 have been identified, GLI1DeltaN and tGLI1 (Figure 3). Similar
to wild-type GLI1, these variants are up-regulated by HH signaling activation. GLI1DeltaN
has a deletion of 128 amino acids from the N-terminus (35), and tGLI1 a deletion of 41
amino acids, which includes the entire exon 3 and part of exon 4 (36). GLI1DeltaN acts
similarly to wild-type GLI1, with a certain cell type specificity, in both normal and cancer




cells. However, tGLI1 is reported to be expressed only in tumor tissues and promotes
more aggressive cancer phenotypes (37,38).
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Figure 3. Structure of the human GLI1 gene and its two splice variants. Full-length GLI1
GLI1DeltaN and tGLI1. Taken and modified from Carpenter RL & Lo H-W 2012 with permission.
Exons are indicated as color boxes while introns are shown by lines. GLI1: glioma-associated
oncogene homolog 1 full-length. GLI1AN: splice variant of GLI1 that has 128 amino acids deleted
from the N-terminus as a result of splicing exon 1 directly to exon 4. tGLI1: is a product of
alternative splicing that lacks 41 amino acids corresponding to the entire exon 3 and part of exon 4
of the GLI1 gene. Dn and Dc: degron degradation signals. SU: SUFU-binding domains. ZF: zinc
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GENERAL AIM

The general goal of this thesis work is to delineate regulatory mechanisms through which
the HH signaling pathway can operate during carcinogenesis, with special emphasis on the
human GLI1 oncogene, the terminal effector of this signal transduction cascade.
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CHAPTER |

THE EFFECTOR OF HEDGEHOG SIGNALING, THE TRANSCRIPTION
FACTOR GLI1, IS REGULATED BY A NON-CODING ANTISENSE RNA

1.1 INTRODUCTION

Antisense transcripts are a prominent and complex class of RNAs that are transcribed
from the opposite DNA strand of a protein-coding gene and overlap, in part, with the
corresponding mRNA. Antisense RNAs can encode proteins, but more often represent non-
coding transcripts. There is growing evidence supporting the functional role of non-coding
RNAs; this is exemplified by the HOTAIR RNA, which has no protein-coding potential, yet
promotes breast cancer invasiveness and metastasis (1).

The marker of HH signaling activation, the transcription factor GLI1, is apparently
controlled by an antisense transcript, which highlights additional regulatory mechanisms
that can modulate the expression of this key oncogenic player. In this context, the finding
of the GLI1 antisense (GLI1AS) RNA mediated regulation of the human GLII oncogene
opens up new perspectives on the already sophisticated control mechanisms of GLI1
expression and its implications in carcinogenesis. These observations pinpoint on the role
of RNA-based regulatory mechanisms in orchestrating the expression of a gene and fine-
tuning its expression with respect to external signals. Additionally, these research efforts
provide evidence for the contribution of the RNA transcriptome as a regulatory component
of protein expression in the human genome. Consequently, a better understanding of the
role of non-coding RNA transcripts as “controlling elements” for gene expression, with
possible implications for organismal complexity and diversity, is an outcome of our data.

The research presented in this chapter is focused on Hedgehog signaling, a major
pathway implicated in many human cancers, including rhabdomyosarcoma,
medulloblastoma and breast cancer. The results highlight the identification of a non-
coding RNA that is antisense to the GLI1 gene, which appears to regulate the expression
levels of the GLI1 mRNA.
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1.2 AIMS OF THE RESEARCH

Characterize GLI1AS, the antisense transcript to the human GLI1 gene, and delineate its
possible impact on the expression of the GLI1 gene.

v' Determine the expression of GLI1AS in different rhabdomyosarcoma cell lines and
clinical samples.

v' Characterize the GLI1AS transcript.

v Determine whether the expression of GLI1 and GLI1AS are correlated with each
other and delineate a possible mechanism of interaction between the transcripts.

v' Evaluate the biological significance of the GLI1AS transcript in rhabdomyosarcoma
cells, taking also advantage of the CAM tumor assay.
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1.3 MATERIALS AND METHODS

The materials and methods employed in the study carried out are described in the
research paper (enclosed 1.8). The aim of this section is to detail specific methodological
issues and to give more descriptive information of some techniques.

Human rhabdomyosarcoma cell lines

Rhabdomyosarcoma (RMS) is a relatively rare form of cancer (soft tissue sarcoma) most
common in children and represents approximately 3% of all childhood cancers. Based on
histological criteria RMS is divided into two main classes, embryonal rhabdomyosarcoma
(ERMS), which is found in about 60% of cases, and alveolar rhabdomyosarcoma (ARMS)
found in about 20% of cases, and the remaining percentage for other types of
rhabdomyosarcoma less frequent. At the time of diagnosis, rhabdomyosarcoma is
presented as a disseminated disease in 20% of the patients (2). Some studies have
reported that human rhabdomyosarcoma cell lines and biopsy specimens overexpress
SHH, DHH, IHH, PTCH1, SMO, GLI1, GLI2 and GLI3 (3-5). This overexpression of HH
pathway components was the main criterion for choosing RMS cell lines as a study model.

Alveolar rhabdomyosarcoma RMS13 cell line was purchased from ATCC (Manassas, VA).
The cell line was established from bone marrow cells of a child with rhabdomyosarcoma

(6).

Embryonal rhabdomyosarcoma cells lines. Rh36, derived from a paratesticular relapse in a
15-year-old male (7) was a kind gift from P. Houghton (St. Jude Children’s Research
Hospital, Memphis, TN). CCA was a kind gift from P.L. Lollini (University of Bologna, Italy)
This cell line was derived from the biopsy of a “vesical” recurrence of embryonal RMS in
an 8-year-old Caucasian male (6,8). The RD cell line was directly derived from biopsy
specimens of a 7-year-old female with a pelvic RMS (9), and was purchased from ATCC
(Manassas, VA).

Chick chorioallantoic membrane (CAM) assay

The chick chorioallantoic membrane (CAM) is naturally immunodeficient and highly
vascularized, making it an ideal system for the study of tumor growth (Figure 1).
Additionally, the CAM assay is a facile technique, inexpensive and can be easily handled
(10).The chorioallantoic membrane is an extra-embryonic organ formed at day 4-5 of
development by the fusion of the allantois and the chorion. Then, at 7-8 days, the
chorioallantoic membrane expands beneath the egg shell and eventually envelops the
entire embryo. Between day 7 and the stage of hatching at day 20, the chorioallantoic
membrane serves as the respiratory organ of the embryo. The highly vascularized nature
of the CAM promotes the formation of solid, human-like tumors (11,12).
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Figure 1. Overview of the CAM tumor assay. Procedure: A. Day 1-fertilized chicken eggs
were placed into a humidified incubator at 37 °C without CO2. B&D. The embryo develops
accompanied by an increase in vascularity. C. Day 10- first manipulation. A small hole was opened
and E. transfected cells were applied on top to the CAM. The eggs were sealed and returned to the
incubator for an additional 7 days. F. On day 17, the tumors were collected, G. weighed and
measured. H. All tumors were fixed in 4% paraformaldehyde, embedded in paraffin and processed
for sectioning. Additionally, the tumors were stained with hematoxylin and eosin and further
analyzed by standard light microscopy in order to ensure the presence of tumor tissue.
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1.4 RESULTS AND DISCUSSION

In this study, an RNA transcript from the antisense strand of the GLI1 gene, termed
GLI1AS, with no potential to code for a long protein, was characterized. This appears to
act as a negative regulator of GLI1 expression using different experimental approaches,
which include a combination of in vitro and in vivo assays.

By in silico analysis of EST databases a transcript, GLI1AS, flanking the GLI1 promoter,
antisense of GLI1 gene in a head to head orientation was identified. The use of Rapid
Amplification of cDNA Ends (RACE) in Rh36, CCA and RMS13 cancer cells determined the
sequence of GLI1AS RNA, which is composed of 885-nucleotides, three exons, is 5°
capped and 3 poly (A) tailed, but without any long open reading frame. Polyadenylation
of GLI1AS was also confirmed by cDNA synthesis in the presence or absence of oligo (dT)
primers in RMS13 cells.

Expression analysis of GLI1AS in PC3, 22Rv1 PANC1, A549, AGS, D283Med, RMS13, RD,
Rh36, and CCA cancer cell lines show co-regulation between GLI1 and GLI1AS.
Additionally, it was found that the expression of GLI1AS was lower compared to GLI1.

In order to find out possible biological functions of GLI1AS, its subcellular localization was
determined using nuclear/cytoplasmic fractionation of rhabdomyosarcoma cell lines,
followed by RNA isolation and real-time RT/PCR. These results revealed that the unspliced
GLI1AS RNAs are preferentially retained in the nucleus, while the spliced GLI1AS RNAs are
transported to the cytoplasm. GLI1AS expression was also evaluated in a panel of basal
cell carcinomas (BCCs), a tumor type characterized by increased GLI1 levels. It was found
that GLI1AS levels were lower than GLI1 and more pronounced in the nine BCCs
compared to the eight normal skin samples analyzed, showing an apparent co-regulation
with GLI1 expression. Moreover, the levels of GLI1 and GLI1AS were analyzed in breast
cancer with similar results as previously seen in BCC tumor samples and cancer cell lines.
It is of interest that GLI1 mRNA expression levels were higher than GLI1AS across all
samples examined, consistent with the results reported for most antisense transcripts
with regulatory roles on the corresponding sense gene.

In order to investigate whether the GLI1AS transcript could regulate GLI1 expression,
small interfering RNA (siRNA) knockdown assays were performed in Rh36 and CCA cells.
Knockdown of GLI1AS in these cells resulted in a significant increase in GLI1 expression
whereas siRNAs targeting of GLI1 resulted in a decrease of GLI1AS levels. Consistent with
these results it was found that GLI1AS depletion increased cell proliferation, while
depletion of the GLI1 decreased proliferation (it should be emphasized that in different
malignancies the pro-tumoral function of GLI1 is associated with its increased expression).
To examine whether the endogenous modulation of GLI1 and GLI1AS levels in Rh36 cells
had an impact on tumor growth, the CAM xenograft model was used. GLI1 knockdown
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treatment of Rh36 cells with the siRNAs decreased their capacity to form tumors in this
model, on the other hand an increased tumor weight was observed following knockdown
GLI1AS.

To determine the impact of increased levels of the GLI1AS RNA on GLI1, expression
constructs of full-length GLI1AS, a 5" segment of GLI1AS and a 3" segment of GLI1AS in
the pCMV5 vector were generated. The 5° and the 3" GLI1AS constructs did not elicited
major changes in the GLI1 mRNA levels but the full-length GLI1AS construct conferred an
almost 10-fold reduction of the GLI1 mRNA. Additionally, the full-length but not the 5° or
the 37 constructs decreased the expression of the GLI1 protein and down-regulated the
well-established GLI1 target genes, PTCH1 and PTCHZ2. These findings suggest that the
complete GLI1AS RNA sequence/structure is needed to elicit regulatory effects on GLI1.
Additionally, GLI1AS overexpression conferred a major reduction in Rh36 cellular
proliferation.

To examine whether the repressive effects of GLI1AS on GLI1 expression are gene
specific, the mRNA levels of INHBE, a gene positioned tail-to-tail to GLI1AS and of an
unrelated gene on another chromosome, ADARZ2, were also analyzed. ADAR2 levels were
not changed by GLI1AS overexpression, however, INHBE expression was reduced, albeit
not to the same extent as to that seen for GLI1. This finding rules out the possibility that
INHBE is a GLI1 target gene.

In order to address the role of epigenetic modifications in eliciting the GLI1 and INHBE
down-regulation by GLI1AS overexpression, chromatin immunoprecipitation assays on
transfected Rh36 cells were performed. Overexpression of GLI1AS increased the
recruitment of repression marker H3k27me3 in the INHIBE/GLI1AS/GLI1 genomic region
as well as elicited a reduction in RNA polymerase II recruitment at the GLI1 promoter
region. These results suggest that GLI1AS acts as an epigenetic modifier that represses
gene expression at its locus.

1.5 CONCLUSIONS

The function of most non-coding antisense transcripts remains unknown. A certain
proportion of these may constitute transcriptional noise; however, there is a growing
number of examples with a regulatory impact that is physiologically significant.
Contributing to increased knowledge on the function of these transcripts, a non-coding
RNA located head-to-head with the gene encoding the GLI1, a transcriptional effector of
multiple cancer-associated signaling pathways was identified in this study. This non-
coding RNA, GLI1AS, elicits negative feedback on GLI1 expression via local chromatin
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remodeling (Figure 2), with concomitant effects on cellular proliferation, providing
therefore evidence for a novel non-coding antisense RNA with biological relevance.

5emm=- Bidirectional GLI1 E1
GL1AS E1 promoter -m==5

Figure 2. Proposed mechanism for the interplay of the GLI1AS and GLI1 regulatory
effects. A non-coding RNA, originating from the antisense strand of the human GLI1 gene
(GLI1AS), which elicits negative feedback on GLI1 expression via local chromatin remodeling.
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Abstract: Antisense transcription. considered until recently as transcriptional noise, is a
very common phenomenon in human and eukaryotic transeriptomes, operating in two ways
based on whether the antisense RNA acts in ¢is or in trans. This process can generate long
non-coding RNAs (IncRNAs). one of the most diverse classes of cellular transcripts, which
have demonstrated multifunctional roles in fundamental biological processes. ineluding
embryonic pluripotency, differentiation and development. Antisense IncRNAs have been
shown to control nearly every level of gene regulation—pretranseriptional, transeriptional
and posttranscriptional—throngh DNA-RNA, RNA-RNA or protemn—RNA interactions.
This review is centered on functional studies of antisense IneRNA-mediated regulation of
neighboring gene expression. Specifically. it addresses how these transcripts interact with
other biological molecules. nueleic acids and proteins, to regulate gene expression through
chromatin remodeling at the pretranseriptional level and modulation of transeriptional
and post-transcriptional processes by altering the sense mRNA structure or the cellular

compartmental distribution, either in the nucleus or the cytoplasm.
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ABSTRACT

Non-coding RNAs are a complex class of nucleic acids, with growing evidence support-
ing regulatory roles in gene expression. Here we identify a non-coding RNA located
head-to-head with the gene encoding the Glioma-associated oncogene 1 (GLI1), a tran-
scriptional effector of multiple cancer-associated signaling pathways. The expression
of this three-exon GLI1 anfisense (GLI1AS) RNA in cancer cells was concordant with
GLI1 levels. siRNAs knockdown of GLI1AS up-regulated GLI1 and increased cellular pro-
liferation and tumor growth in a xenograft model system. Conwversely, GLI1AS overex-
pression decreased the levels of GLI1, its target genes PTCH1 and PTCHZ, and cellular
proliferation. Additionally, we demonstrate that GLI1 knockdown reduced GLILAS, while
GLI1 overexpression increased GLI1AS, supporting the role of GLI1AS as a target gene of
the GLI1 transcription factor. Activation of TGFA and Hedgehog signaling, two known
regulators of GLI1 expression, conferred a concordant up-regulation of GLI1 and GLI1AS
in cancer cells. Finally, analysis of the mechanism underlying the interplay between
GLI1 and GLI1AS indicates that the non-coding RNA elicits a local alteration of chro-
matin structure by increasing the silencing mark H3K27me3 and decreasing the
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CHAPTER 2

THE HEDGEHOG/GLI1 SIGNALING PATHWAY AND ITS ROLE IN
TAMOXIFEN TREATMENT OF BREAST CANCER CELLS

2.1 -INTRODUCTION

According to the International Agency for Research on Cancer (IARC), GLOBOCAN
program, breast cancer is the second most common cancer in the world and, by far, the
most frequent among women both in more and less developed regions (1). This disease
originates from the epithelial cells of the normal mammary gland and relates to a wide
variety of risk factors, including genetic predisposition, exposure to estrogens and
amplification of the HER2 gene. Additionally, it is characterized by high heterogeneity
reflected in different cell type compositions and proliferation abilities (2,3). Accordingly,
breast cancer patients with the same clinical diagnostics can exhibit variable clinical
outcomes and treatment responses, most likely due to the intrinsic characteristics of the
cells that form the bulk of the tumor, complicating the predictions of an optimal
therapeutic strategy (4-6).

There are several criteria currently used to classify breast cancer, with molecular
techniques focusing on gene expression profiles being instrumental in the characterization
of breast cancer subtypes that better predict the response to therapy. The main subtypes
are based on the expression of estrogen receptor (ER), progesterone receptor (PR),
epidermal growth factor receptor 2 (HER2) amplification and the Ki-67 labeling index, a
marker of cell proliferation (7,8).

Luminal A. This type includes tumors that are ER positive and PR positive, but negative for
HER2 and have a low Ki-67 proliferation index. Luminal A breast cancer has a good
prognosis and also benefits from anti-estrogen therapy. MCF-7, T47D and ZR-75-1 breast
cancer cells are of this subtype.

Luminal B. This type includes tumors that are ER positive, PR and HER2 positive or
negative, with high Ki-67 proliferation index. Luminal B breast cancers are likely to benefit
from chemotherapy and may also benefit from hormonal therapy and treatments
targeting HER2. An example of this subtype is the BT-474 breast cancer cell line.

HERZ2 positive. This type includes tumors that are ER and PR negative, but HER2 positive,
with a high Ki-67 proliferation index. This subtype is resistant to endocrine therapy and
treatment is focused in targeting HER2. SKBR-3 and JIMT-1 breast cancer cells are
examples of this subtype.
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Basal-like. This type, which is also called triple-negative, includes tumors that are ER, PR
and HER2 negative, with a high Ki-67 proliferation index. Basal-like breast cancers are
likely to benefit from chemotherapy. The breast cancer cell line BT-20 belongs to this
subtype (7,8).

Breast cancer studies are often using established cell lines in order to achieve a better
understanding of the cellular and molecular processes underlying tumorigenesis. Gene
expression analysis in these lines can provide evidence regarding the molecular
mechanisms leading to cell transformation and allow the clarification of possible
modulatory pathways in endocrine response (2). In the case of the current research
efforts, this is highlighted by the modulation of components of HH signaling by treatment
with TAM.

The information obtained from these cell line studies on the HH signaling / TAM interplay
and the impact of the presence or absence of ER/HER2 could contribute to a better
understanding of the carcinogenic process and endocrine resistance. Our investigations,
coupled with recent evidence on the role of GLI1 in response to TAM treatment, lead us to
consider the expression of this transcription factor as a biomarker on the prognosis and
the response to endocrine therapy.
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2.2 AIMS OF THE RESEARCH

v' Investigate the effect of TAM on the expression of components of the HH signaling
pathway in different breast cancer cell lines.

v Determine whether TAM treatment modulates the expression pattern of the
terminal effector of the pathway, the transcription factor GLI1, depending on the
status of ER/HER2 in a panel of breast cancer cell lines.
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2.3 MATERIALS AND METHODS

The materials and methods employed in this study are described in the research paper
(enclosed 2.8). The aim of this section is to specify the characteristics of the cell lines
used in this research.

Cell lines and culture

Description of the cellular characteristics related to the presence of estrogen receptors, ER
positive or negative, progesterone receptor, PR positive or negative, HER2 amplification
and the Ki-67 labeling index, a marker of cell proliferation of the breast cancer lines used
in this study.

Molecular subtypes Molecular markers Cell lines
Luminal A ER positive and PR positive MCF-7
HER2 negative T47D
Ki-67 low ZR-75-1
Luminal B ER positive BT-474
PR and HER2 positive or negative
Ki-67 high
HERZ2 positive ER and PR negative SKBR-3
HER2 positive JIMT-1
Ki-67 high
Table 1. Molecular subtypes of the breast cancer cell lines used in this study (7,8).

Breast cancer subtypes are based on the expression of ER, PR, HER2 amplification and Ki-67
labeling index.

2.4 RESULTS AND DISCUSSION

In this study, the impact of TAM administration on breast cancer cell lines was
investigated. Specifically, the role of canonical, SMO-/SHH-dependent HH signaling and
non-canonical, SMO-/SHH-independent HH signaling was addressed. The experimental
data showed that TAM treatment significantly inhibited cell proliferation in MCF7 cells at
24, 48, and 96 h, while in T47D cells, the inhibition of proliferation as not as pronounced,
reaching significance only at 24 h and 48 h. In contrast to MCF7 and T47D cells, TAM
induced a significant increase in the proliferation of ZR-75-1 cells at 24 h and 96 h after
treatment. Similar results were observed in BT474 cells, where TAM induced a significant
increase in the proliferation after 24 and 96 h of treatment. In the ER-/HER2+ SKBR3 and
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JIMT-1 cell lines the TAM effect was variable at different time points. Taken together the
data obtained provide evidence that TAM treatment reduced the proliferation of the
ER+/HER2- cell lines MCF7 and T47D whereas the ZR-75-1 and BT474 cell lines increased
their proliferation following TAM administration. Compared to MCF7 and T47D these two
cell lines have a more aggressive profile.

Data on the mRNA expression indicated that the most sustained activation of GLI1 was
seen with the ZR-75-1 cells, and the most sustained activation of SMO and SHH with the
BT474 cells. The GLI1 protein expression detected by immunohistochemistry was variable
among the different cell lines analyzed. All untreated cell lines, except 747D and SKBR3
cells, were negative for GLI1 expression. The cells that most clearly show a nuclear
translocation of GLI1, an event characterizing activation of Hedgehog signaling, were ZR-
75-1 and BT474, the same cells that exhibited the most sustained increases in the mRNA
expression of HH signaling components. Cell lines that express nuclear GLI1 staining after
TAM treatment exhibit an increase in cell proliferation compared to control, GLI1 negative
cells. In the SKBR3 cell line, the immunohistochemical data showed an increase in
expression of GLI1 following TAM treatment, with this correlating to the mRNA expression
only at 24 h. The JIMT-1 cell line also increased its proliferation by TAM, but at 24 and 48
h.

These findings indicate that the TAM-dependent increase in the proliferation of the ER+
ZR-75-1 and BT474 cells is in-line with the increased GLI1 expression in the nucleus. In
the ER- SKBR3 and JIMT-1 cell lines, the observed pattern is different. Increased
proliferation appears to relate with decreased GLI1 expression, as assessed by combining
immunohistochemical and mRNA detection. For the ER+ MCF7 and T47D cells, there is no
consistent correlation of GLI1 expression and proliferation changes. Worth noting is the
lack of detectable SHH expression in ZR-75-1 and T47D cells, with this observation
implicating non-canonical HH signaling in these two cellular settings.

2.5 CONCLUSIONS

Our conclusion based on the experimental results suggests that GLI1 could be a new
prognostic marker in breast cancer, thereby supporting the use of combined therapies
involving HH pathway inhibitors and endocrine treatment. It is important to note that the
suggested therapeutic inhibitors should be at the level of GLI1 factors, as these would
block pathway activity regardless of whether this was elicited by canonical or non-
canonical signaling.
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Abstract: 17p-Estradiol (E2) plays a pivotal role in the development and progression of breast
cancer. As a result, blockade of the Ej signal through either tamoxifen (TAM) or aromatase
inhibitors (Als) is an important therapeutic strategy to treat or prevent estrogen receptor (ER)
positive breast cancer. However, resistance to TAM treatment is the major obstacle in endocrine
therapy. This resistance occurs either de novo or is acquired later after an initial beneficial response.
The underlying mechanisms for TAM resistance are probably multifactorial and remain largely
unknown. Considering that breast cancer is a very heterogeneous disease and patients respond
differently to treatment, the molecular analysis of TAM's biological activity could provide the
necessary framework to understand the complex effects of this anti-estrogen drug in target cells.
Moreover, this could explain at least in part, the development of cellular resistance and indicate an
optimal therapeutic option.

This review highlights the implications of TAM in breast cancer as well as the role of
receptors/signal pathways (G protein—coupled estrogen receptor (GPER), androgen receptor (AR)
and Hedgehog (HH) signaling pathway) recently suggested to be involved in the development of
TAM resistance. GPER, AR and HH signaling are emerging as novel therapeutic targets and
prognostic indicators for breast cancer, based on their ability to mediate estrogenic signaling in

ditferent cell types, including ER-positive or -negative breast cancer.

Keywords: Tamoxifen; Breast Cancer; GPER; ERs, AR; HH signaling pathway; Endocrine
resistance
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Abstract: The selective estrogen receptor (ER) modulator tamoxifen (TAM) has become the standard
therapy for the treatment of ER+ breast cancer patients. Despite the obvious benefits of TAM,

a proportion of patients acquire resistance to treatment, and this is a significant clinical problem.

Consequently, the identification of possible mechanisms involved in TAM-resistance should help
the development of new therapeutic targets. In this study, we present in vitro data using a panel
of different breast cancer cell lines and demonstrate the modulatory effect of TAM on cellular
proliferation and expression of Hedgehog signaling components, including the terminal effector
of the pathway, the transcription factor GLI1. A wvariable pattern of expression following TAM
administration was observed, reflecting the distinctive properties of the ER+ and ER - cell lines
analyzed. Remarkably, the TAM-induced increase in the proliferation of the ER+ ZR-75-1 and BT474

cells pamllels a sustained upregulaﬁcrn of GLI1 expressicm and its translocation to the nucleus.

These findings, implicating a TAM-GLI1 signaling cross-talk, could ultimately be exploited not
only as a means for novel prognostication markers but also in efforts to effectively target breast
cancer subtypes.

Keywords: GLI1; TAM resistance; breast cancer; Hedgehog signaling; cellular proliferation
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Figure 51. Endogenous expression of full-length GLI1 and GLI1-AN variants in human breast cancer
cells lines. mRINA levels were measured using real-time RT-PCR and TBF was used as an infernal
control.
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GENERAL CONCLUSION AND PERSPECTIVES

Cancer is a heterogeneous disease characterized by the presence of a mosaic of distinct
morphological and phenotypic profiles. This tumor heterogeneity introduces significant
challenges in designing effective treatment strategies, since potential targets genes can
be involved not only in tumor progression but may also modulate the response to therapy.
As more than 25% of human cancers are associated with aberrations of the HH signaling
pathway, a better delineation of its key regulatory steps may provide clues for a rational
design of inhibitory molecules that could be exploited in future therapeutic approaches.

The results of these two studies demonstrate the multifaceted role of the activation of the
HH signaling pathway in the development of cancer. These findings can be considered as a
basis for further research that could include HH signaling components as clinical markers
of disease progression and may also suggest optimal therapeutic strategies.

Inhibitors of the HH signaling cascade are thought to be good targets for cancer therapy.
Specifically, SMO antagonists are currently widely used, but these drugs will not be
effective in tumors with activation downstream of SMO, such as GLI
amplification/mutation. GLI1 is a marker of activation of HH signaling, however additional
pathways via non-canonical routes can impinge on GLI1 expression and activity. Hence, it
makes sense to focus on mechanisms that block HH signaling by directly reducing the
transcriptional activity of GLI1. New pharmacological strategies based on controlling the
GLI1 antisense and sense transcripts may be developed to achieve an effective reduction
of the capacity of GLI1 to act as a transcription factor.
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