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ABSTRACT

The canonical WNT pathway plays a pivotal role in stem cell maintenance and affects the
expression profile of target genes that are implicated in development, cell proliferation and self-
renewal of the intestinal epithelium. Constitutive and deviating activation of the pathway, caused
by prominent mutations in its main components, such as APC, AXIN and B-catenin, is among the
primary factors leading to the onset of Colorectal Cancer. Thus far, the mechanisms involved in
WNT-dependent regulation of the target genes, due to their apparent complexity, remain elusive.
Nonetheless, solid evidence indicates that a plethora of targets and regulatory elements of the
effector B-catenin/TCF4 transcriptional complex reside in non-coding regions, reporting the
existence of long non-coding RNAs that mediate transcriptional responses.

Our research, surprisingly, has identified Inc-IGSF9, a IncRNA whose expression is down-regulated in
colorectal cancer patients and also negatively regulated by the B-catenin/TCF4 canonical pathway.
Overexpression of Inc-IGSF9 in CRC cell lines increases the expression of genes that control cell
adhesion, ultimately promoting cell differentiation. Amongst the up-regulated genes, we
distinguished IGSF9, a neighbouring gene that resides in the vicinity of Inc-IGSF9, as a putative
mediator of Inc-IGSF9 function. IGSF9 is a cell adhesion protein, whose reduced expression strongly
correlates with Colorectal Cancer manifestation. Further functional experiments demonstrate that
Inc-IGSF9 and IGSF9 follow a similar expression pattern, with Inc-IGSF9 affecting directly IGSF9
expression but not vice versa. Analysis of ChIP-seq experiments against B-catenin in CRC cell lines
revealed two strong binding sites in the locus of interest, particularly in the promoter and in a
putative enhancer of IncIGSF9. Excision of these two loci and subsequent expression analysis of the
clones showed that the absence of the putative enhancer does not impact Inc-IGSF9 expression,
which indicates that its importance in the mechanism may be minor. On the other hand, excision of
the promoter resulted in hardly no expression of Inc-IGSF9 as expected, however little impact on
IGSF9 expression was observed attributed to its already low expression in CRC cell lines.

In parallel, we investigated the role of CDX2 transcription factor, a protein that was identified as
interactor of Inc-IGSF9 in RNA pull-down experiments. Re-analysis of publicly available ChlIP-seq
data in LS174T cells demonstrated the global binding pattern of CDX2. Specifically, CDX2 strongly
binds to both the promoter and the putative intronic enhancer region of Inc-IGSF9 implying its role
on the regulation of Inc-IGSF9 expression. Follow-up experiments clearly show that in-trans
overexpression of CDX2, yields the upregulation of Inc-IGSF9 and IGSF9 as well, proposing a
regulatory mechanism between those three components which may be subverted during
carcinogenesis. In conclusion, further investigation should be done in order to delineate the exact
mechanism of action of Inc-IGSF9 by thorough examination of their putative mediators CDX2 and
IGSF9 as well.
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Introduction

1.1 Mammalian Intestinal Epithelium

1.1.1 Background

The intestinal tract is a widely studied organ with a plethora of functions. The intestinal lumen is
lined with a specialized simple epithelium, which is responsible for the primary functions of digestion and
water and nutrient absorption. In parallel, it acts as a barrier against luminal pathogens preventing primary
infections in the gut. It is also a major player in the regulation of metabolic and immune processes in the
human body. All these different functions reflect the complexity of this organ and pinpoint the interplay
that exists between the extensive cellular and non-cellular components that make up the intestinal tract
including: epithelial cells, immune cells, stromal cells, hormones and neurotransmitters, nutrients, the
microbiome and many more.%?

The gut is anatomically divided into the small intestine and the colon. The small intestine can be
subdivided into the duodenum, the jejunum, and the ileum, which are covered internally by an epithelial
monolayer that is lined with mesenchymal cells. The intestinal epithelium is the most actively self-renewing
tissue of the adult human body, and adult mammals in general. It is arranged in a series of finger-like
projections into the lumen called villi, and invaginations into the mesenchyme called crypts. The bottom of
the small intestinal crypt contains actively cycling adult intestinal stem cells (ISCs), also known as crypt base
columnar cells, which sit between the terminally differentiated Paneth cells.® The remainder of the crypt is
largely occupied by transit-amplifying cells, which are estimated to divide twice a day and after 4-5 divisions
they move up the crypt. Cells then can exit the crypt compartment and simultaneously undergo
differentiation as they enter the villus, where they become either secretory (goblet, Paneth and
enteroendocrine) cells or enterocytes (absorptive cells). Although the colon lacks villi, the organization is
roughly the same, except that Paneth cells are not present and differentiated cells occupy a large part of the

crypt. [Figure 1-1]

1.1.2 Intestinal stem cells (ISCs)

All intestinal epithelium cells are replaced every 3—4 days in mice and this renewal rate is speculated
to be approximately every week in the human colon?. This rapid renewal is likely to be important for limiting
the amount of damaged epithelial cells due to the many bacteria and toxic chemicals that pass by inside the
lumen and which are constantly in direct contact with these cells. The incredible epithelial turnover is
sustained by the ISCs. Lineage tracing technology expanded our knowledge of ISCs. In a remarkable study
from the laboratory of Hans Clevers, leucine-rich-repeat-containing G-protein-coupled receptor 5 expressing

(Lgr5+) cells were demonstrated to function as bona fide stem cells®. These Lgr5+ cells, are slender cells




squeezed in between the Paneth cells and were already previously described as crypt base columnar cells
(CBCs) by Cheng and Leblond®.

The intestine demonstrates impressive regeneration potential in case of intestinal injury.
Interestingly, depletion of all Lgr5+ ISCs does not result in crypt loss and complete regeneration of the
affected crypts occurs’. In response to loss of Lgr5+ cells, two cell types are believed to be responsible for
replacing the ISC pool and sustaining epithelial homeostasis: 1) slow-cycling, quiescent cells at the + 4
position (also called ‘+ 4’ cells) within crypts and 2) absorptive and secretory progenitors®®. Although, CBC
cells display functional marker expression differences based on their location within the crypt bottom, they
seem uniformly capable of multipotent behavior, albeit in different circumstances. Two factors seem
important for this bidirectional conversion: 1) the intrinsic ability to switch cell fate, e.g. by chromatin
remodeling’®, and 2) receiving niche signals for reversibly gaining ISC phenotype and functionality . Recent
studies have indicated that even terminally differentiated Paneth cells and late-stage entero-endocrine cells,
still have the capacity to switch back to an ISC state, indicating that conceivably any intestinal epithelial cell

is equipped with a ‘switch-back’ potential.
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Figure 1-1 The organization of the colon crypt and the small intestinal crypt—villus.
Cellular organisation of the colon(left), Crypts and villi of small intestine (right).As one can observe,

Paneth cells are not detected in the colon, yet a Paneth-like cell has been suggested to be present at

the crypt bottom. All four lineages (three in the colon) — appear in different but set ratios.



1.1.3 Tumour Initiation in the Intestine

1.1.3.1 Intestinal Cancer Stem Cells

It is generally believed that the main source for mutations in the intestine is due to DNA replication
errors and carcinogenic exposure. Given the high proliferation of the Transit-Amplifying (TA) cells and the
more restricted zone of proliferation of the ISCs, the TA cells are more susceptible to acquire a mutation.
However, these cells would differentiate, migrate to the villi and be shed from the intestine within 3—4 days.
As a result, the short lifespan of these proliferating cells reduces the risk of tumour initiation. An additional
mechanism to prevent accumulation of mutated cells in the crypt is the neutral drift of the ISCs. Until
recently it was believed that ISCs divide by asymmetric cell division, which means an ISC gives rise to one TA
cell and one ISC. Instead, the ISC division follows a principle of random replacement of ISCs, a process called
‘neutral drift’ >3, This means that a single ISC in a crypt can be replaced by any of the other ISCs in the
crypt. In a scenario with 5 functional ISCs, a marked wild-type stem cell has a 1/5 (20%) chance to populate
the whole crypt and replace all the other I1SCs.

Furthermore, Vermeulen et al studied the consequences of oncogenic mutations on ISC fitness.
Firstly, they validate that a neutral mutation in an ISC has a high risk of being replaced by a normal stem cell
within the crypt due to the stochastic replacement of ISC inside the crypt. Following that, they determined
the clonal advantage of lineages harboring either heterozygous or homozygous inactivating mutations of
APC gene — a key gene, whose inactivation is closely linked with Colorectal Cancer manifestation. The
probability for an APC mutation, to populate the whole crypt is 42%, which means in the majority of cases
the mutated cell will be replaced by one of its wild-type stem cell neighbors and will be consequently extinct.
Then, they studied the advantage of a Kras mutation (KrasG12D) to populate the whole crypt- the so-called
fixation-, which is even higher (about 72%). Although these studies have not considered the different
positions of the tracked stem cell at start of the observation, it demonstrates the mutation itself has a major
impact on the stem cell fitness. It shows that even if a stem cell acquires a mutation, there is a high chance
that the cell will be lost, even if it has an advantage on the stem cell fitness. This might explain why CRC
takes years to develop, even in patients with a genetic predisposition (germline APC™*) to familiar

adenomatous polyposis (FAP) disease 4,

1.1.3.2 Colorectal Cancer

Colorectal cancer, or alternatively cancer of the colon and the rectum is the second leading cause of
cancer-related death in developed countries, and almost half of the population will develop at least one
benign intestinal tumour during their lifetime. Treatment regimens for advanced CRC involve a combination
of chemotherapies that are toxic and largely ineffective yet have remained the backbone of therapy over the
last decade®®. CRC may be hereditary or sporadic, accounting for 80% of all patients affected by the disease.
The hereditary form is related to two familial syndromes, familial adenomatous polyposis, in which the

appearance of multiple intestinal polyps, is observed and hereditary non-polyposis colorectal cancer.




Individuals who develop FAP have a mutation in the APC (adenomatous polyposis of the colon) tumour
suppressor gene, whereas those who develop hereditary nonpolyposis colorectal cancer have mutations in
genes involved in DNA repair and mismatch repair (MMR) genes'®Y. Furthermore, the sporadic form, is
related to inflammatory bowel conditions such as Crohn’s disease and ulcerative colitis, as well as to eating
habits such as red meat consumption and low fiber intake!®. APC mutant CRC accounts for more than
600,000 deaths annually worldwide, a number greater than KRAS mutant lung or pancreas cancer. Hence,
strategies to exploit APC alterations in CRC have broad clinical potential’. Moreover, activating mutations in
the Wnt pathway initiate the overwhelming majority of CRC cases®®

@ Myofibroblast-derived factors
@ Tumour myofibroblast-derived factors
O Myeloid-derived factors

Figure 1-2 Colorectal Cancer Manifestation
a) Normal organization of the intestinal crypt. b) transformation towards an adenoma accompanied with

crypt fission and alteration towards inflammation. c) accumulation of further lesions, CRC establishment.

1.1.5 Organoid models

Organoids are three-dimensional (3D) in vitro grown structures derived from adult and embryonic
stem cells (ASCs and PSCs respectively) and can self-organize into a near-native microanatomy with organ-
specific differentiated cell types and tissue compartmentalization. The first adult stem cell-derived organoid
cultures were established from Lgr5-expressing mouse intestinal stem cells that were placed in conditions
mimicking the intestinal stem cell niche [Figure 1-3]. By providing R-spondin-1, epidermal growth factor
(EGF) and Noggin, and embedment of the cells in an extracellular matrix-providing basement membranes
extract, the Lgr5-expressing stem cells received the signals necessary to self-renew, proliferate and form
differentiated offspring, resembling the intestinal epithelium?®. Since then, organoid cultures have been
established for a variety of human tissues. Patient-derived tumor organoids, PDTO models show improved
resemblance to the original tumour compared to 2D cultured cancer cell lines. Thereby, organoid cultures
bridge the gap between in vitro 2D cancer cell line cultures and in vivo PDTXs. Organoid cultures additionally
allow for genetic engineering to study the effects of oncogenic mutations in detail. Using the CRISPR/Cas9
technique to manipulate patient-derived organoids can shed ample of light on the impact of specific

mutations in cancer onset and progression.
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Figure 1-3 Intestinal organoids isolation and morphology
Intestinal crypts can be isolated from surgery sections or biopsies, followed by culturing into 3-D enteroids, the so-called mini-guts

(up). Outline of a mature intestinal organoid (down left) and brightfield image of mature (day 5) mouse intestinal organoid (down

right). The central lumen is surrounded by an epithelial monolayer with budding crypt-like domains.

1.2 WNT Pathway

1.2.1 Background

In 1973, the wingless(wg) gene was discovered during a mutagenesis screening for temperature-
sensitive mutants in Drosophila melanogaster®. The foundation research for Wnt signal transduction was
carried out in the 1980s and 1990s, and it established that the gene products of the Drosophila wingless (wg)
and murine proto-oncogene Intl (now called Wnt1) are orthologous??. The name Wnt is an amalgation of
wingless and Intl and stands for "Wingless-related integration site".

Whnts are secreted factors that regulate cell growth, motility, and differentiation during embryonic
development, as well as, stem cell proliferation, and tissue homeostasis in adults. They act in a paracrine
fashion by activating diverse signaling cascades inside target cells. In particular, Wnts are hydrophobic, and
Cys-rich glycolipoproteins whose functions are evolutionary conserved throughout metazoans?*™2,
Abnormalities in the Wnt signaling pathway causes pathological conditions such as birth defects, cancers,
and other diseases®. In humans, there are 19 genes encoding WNTs that connect to various receptors and

stimulate different intracellular signal transduction pathways?’. These pathways have been classified into




either canonical (B-catenin dependent) or non-canonical (B-catenin independent) signaling pathways. This
categorization can only serve as a rough guide, as within canonical and non-canonical WNT signaling various
sub-branches are used in different cellular contexts?®? Frizzled proteins act as common receptor s for both
the B-catenin-dependent and B-catenin-independent pathways, and the use of LRP5 and LRP6 or ROR1 and
ROR2 determines B-catenin-dependent and B-catenin-independent pathways, respectively. The complex
interplay between receptors and co-receptors determines the downstream effects of signal transduction.

1.2.2 Wntligands

Wnt proteins, which are 40 kDa in size and rich in cysteines, are modified by the attachment of a lipid,
palmitoleic acid®33. This modification is shared between all Wnts and is brought about by a special
palmitoyl transferase: Porcupine3!. This lipid functions primarily as a binding motif for the Wnt receptor,
FZD34. The lipid may contribute to restricting Wnt spreading and its range of action turns Wnt proteins
hydrophobic. During maturation of Wnts, the transmembrane protein Wntless/Evi (WIs) binds to the
lipidated forms and this is required for transferring Wnts to the plasma membrane to become secreted 3>-38,
How extracellular Wnt signals are transferred to target cells remains unknown, but available evidence
suggests that the proteins are not present in a free form. More likely, Wnt proteins are incorporated into
secretory vesicles or exosomes3*4°, These vesicles contain WIs as well as the mature Wnt signals*, in such a
form that the Wnt protein is present on the outside of the vesicle, available for binding to FZDs. In another
model, Wnt transfer involves direct contact between cells mediated by receptors FZD and the
transmembrane E3 ligases Rnf43/Znrf3 41,

1.2.3 The Canonical WNT pathway

The canonical WNT pathway is the best-characterized pathway and its key switch is the cytoplasmic
protein B-catenin, whose stability is controlled by a destruction complex. In the absence of Wnt ligands,
cytoplasmic B-catenin is constantly degraded by the action of the destruction complex(DC), which is
composed of a scaffold protein Axin, the tumour suppressor adenomatous polyposis coli gene product (APC),
casein kinase 1 (CK1), and glycogen synthase kinase 3 (GSK3). CK1 and GSK3 sequentially phosphorylate the
amino terminal region of B-catenin, resulting in B-catenin recognition by b-TRCP, an E3 ubiquitin ligase
subunit, and it subsequent ubiquitination and proteasomal degradation®. This continual elimination of B-
catenin prevents it from reaching the nucleus. Therefore, WNT target genes, although bound by the T cell
factor/lymphoid enhancer factor (TCF/LEF) family of proteins, are repressed because, in the Wnt “off” state,
Groucho proteins interact with TCFs, repressing and rendering them inactive.*

The WNT/B-catenin pathway is activated when a Wnt ligand binds to the seven-pass transmembrane
Frizzled (Fz or Fzd) receptor and its coreceptor, low-density lipoprotein receptor-related protein 6 (LRP6), or
its close relative LRP5. The formation of a likely Wnt-Fz-LRP6 complex, together with the recruitment of the
scaffold protein Dishevelled (Dvl), results in LRP6 phosphorylation and activation and the recruitment of the

Axin complex to the receptors. These events lead to inhibition of Axin-mediated B-catenin phosphorylation




and thereby to the stabilization of B-catenin, which accumulates and travels to the nucleus to form

complexes with TCF/LEF ultimately activating the WNT transcriptional repertoire % .

1.2.4 Wnt antagonists and agonists

There are several secreted protein families, which antagonize or enhance WNT/ B-catenin signaling.
Secreted Frizzled-related proteins (sFRPs) and Wnt inhibitory protein (WIF) both bind to Wnt ligands, and in
the case of sFRPs, also to Fz, and therefore function as Wnt antagonists for both canonical and noncanonical
signaling®’. This Wnt-binding property suggests that sFRPs and WIF may also regulate Wnt stability and
diffusion/distribution extracellularly beyond just acting as Wnt inhibitors. Some sFRPs have also functions
independent of the WNT pathway.

Two distinct classes of Wnt inhibitors are the Dickkopf (DKK) family and the WISE/SOST family. DKK
proteins, exemplified by DKK1, are LRP5/6 ligands/antagonists and are considered as specific inhibitors of
Wnt/B-catenin signaling. Although two different models for DKK1 action have been proposed®**, recent
biochemical and genetic studies have argued against a model in which DKK1 inhibits WNT signaling via
inducing LRP6 internalization/degradation through transmembrane Kremen (Krm) proteins®*%>°%, DKK1
disruption of Wnt-induced Fz-LRP6 complex remains a more likely mechanism®’, with Krm playing a minor
regulatory role only in specific tissues. WISE and SOST constitute another family of LRP5/6
ligands/antagonists. Like DKK1, SOST can disrupt Wnt-induced Fz-LRP6 complex in vitro®’. Both DKK1 and
SOST are strongly implicated in human diseases. Finally, Shisa proteins represent a distinct family of Wnt
antagonists that bind to Fz proteins in the ER and prevent them from reaching the cell surface, thereby
inhibiting Wnt signaling in a cell-autonomous way>®.

Norrin and R-spondin proteins are two families of agonists for WNT/B-catenin signaling. Norrin is a
specific ligand for FZD4 and acts through FZD4 and LRP5/6 during retinal vascularization. Rspo proteins
exhibit synergy with Wnt, Fz, and LRP6 *°, and show genetic interaction with LRP6 during embryogenesis.
Rspo genes are often co-expressed with, and depend on, Wnt for expression and may represent a means of
positive feedback that reinforces Wnt signaling®®. Mutations in Norrin and Rspo genes cause distinct
hereditary diseases.

1.2.5 B-catenin and TCF/LEF interaction and outputs

Because WNT/B-catenin signaling regulates proliferation, fate specification, and differentiation in
numerous developmental stages and adult tissue homeostasis, Wnt target genes are diverse (Vlad et al.,
2008) and cell and context specific*®. An emerging feature is that WNT signaling components are often
regulated positively or negatively by TCF/B-catenin *>*°. Wnt induction of Axin2, DKK1, and Naked and
suppression of Fz and LRP6 constitute negative feedback loops that dampen Wnt signaling. On the contrary,
Whnt induction of Rspo and TCF/LEF genes constitutes positive feed-forward circuits that reinforce WNT
signaling, a feature that has been exploited during colon carcinogenesis®® . These various WNT pathway self-

regulatory loops are mostly utilized in a cell-specific manner.
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1.2.6  WNT signaling in CRC

Mutations that promote constitutive activation of the WNT signaling pathway lead to cancer. The
best-known example of a disease involving a WNT pathway mutation that produces tumours is familial
adenomatous polyposis (FAP), an autosomal, dominantly inherited disease in which patients display
hundreds or thousands of polyps in the colon and rectum. This disease is caused most frequently by

truncations in APC °7:%8

, which promote aberrant activation of the WNT pathway leading to adenomatous
lesions due to increased cell proliferation. Mutations in B-catenin and APC have also been found in sporadic
colon cancers and a large variety of other tumour types. It is arguable that every colorectal tumour develops,
at least in part, as a result of WNT pathway activation.

The best characterized alternatives to APC mutations are activating mutations of 8-catenin®°.These
either delete the whole of exon 3 or target individual serine or threonine residues encoded by this exon.
These serines/threonines (codons 45, 41, 33 and 37) are phosphorylated by the degradation complex that
contains APC, and hence their mutation causes B-catenin to escape from proteasomal degradation.
Mutations at these sites are not found together with APC mutations, showing that alterations in the two
genes may be mutually exclusive, although their functional effects are unlikely to be identical given that the
C-terminal functions of APC that are removed by almost all pathogenic mutations do not appear to be
replicated in the B-catenin protein.

Axin (AXIN1) is an important part of the complex that phosphorylates beta-catenin and hence tags it
for degradation. Axin probably acts as a scaffold protein in this context and its loss would be predicted to
cause effectively increased WNT signaling. At least two, S215L and L396M, presumably somatic
AXIN1 mutations have been found in colorectal cancer cell lines’. Further somatic AXIN mutations have
been found in sporadic colorectal cancers’. In addition, at least some of the colorectal cancers
with AXIN1 mutations also have APC mutations, showing that AXIN1 changes cannot be the sole cause of
Whnt activation in these tumours.

In some tissues, AXIN2 may substitute for AXIN1 in the B-catenin degradation complex. Mutations in
the AXIN2 gene have been reported in colorectal cancers’®, primarily involving insertions or deletions within
short, coding oligonucleotide repeats. Although most of these cancers showed nuclear B-catenin expression,
no mutations in B-catenin or APC were detected. Almost all mutations in AXIN2 in these cancers were
heterozygous, with WT AXIN2 allele present. Intriguingly, germline mutations in AXIN2 have been suggested
as predisposing to colorectal cancer’®. However, the principal phenotype in these families is tooth agenesis.

In addition, TCF4 contains an oligonucleotide repeat tract in the 3’ region of the gene that frequently
undergoes slippage in microsatellite-unstable colorectal cancers. It has been proposed that this change
creates a truncated, more active form of the transcription factor, although TCF4 has multiple splice variants
that make functional assessment problematic’%7> .

Finally, epigenetic changes, such as promoter methylation in the APC gene or in other pathway
members such as WNT inhibitors (DDK, WIF) ’%,- have been found as early events in tumourigenesis.
Additionally, given the crosstalk and overlap between molecular pathways, especially in cell signaling, it is

entirely expected that Wnt activation in colorectal tumours will be influenced by alterations in genes that act




primarily in other pathways. One example is the effect of Kras mutations — present in 30—40% of colorectal
cancers — that can induce WNT signaling in vitro by increasing B-catenin stability, perhaps through inhibition
of the kinase activity of GSK-3beta’’.

1.3 Long-non-coding RNAs

1.3.1 Genomics

Much of the non-protein-coding portion of the human genome has historically been regarded as
“junk” DNA. However, the continuing development of next-generation sequencing technologies—has
allowed an thorough examination of the non-coding genome with unprecedented resolution and scale. It is
known that only ~2% of the human genome encodes proteins, but the majority of the gemomw appears to
be transcribed under some conditions’®. Among the various types of non-protein-coding transcripts, a class
referred to as long noncoding RNAs (IncRNAs) has attracted increasing attention.

LncRNAs are defined as transcripts of more than 200 nucleotides in length typically ranging from
1000-10,000 nucleotides, with little to no protein-coding potential. That being said, it should also be
mentioned that some transcripts annotated as IncRNAs in fact can, encode small peptides as they contain
small ORFs”®, LncRNAs resemble mRNAs as they are generally transcribed by RNA polymerase II, 5' capped,
3’ polyadenylated, and often undergo splicing via canonical genomic splice motifs8%3

There is a broad range of estimates for the number of IncRNA genes in mammals, ranging from less
than 20,000 to over 100,000 in humans®8. Nevertheless, the function and biological relevance of the vast
majority of IncRNAs remains enigmatic. The existence or production of a transcript does not automatically
imply its functionality. Indeed, we must assume until proven otherwise that of the tens of thousands of
annotated IncRNAs, those that function independently of the DNA sequence from which they are transcribed
may represent a small minority. Importantly, even if a small percentage of IncRNAs are functional, they
would still constitute a major gene class with hundreds or possibly thousands of members. Even a scenario in
which only 10% are functional implies the existence of more than 1000 human loci generating non-coding
RNAs with biological roles. From a variety of screens and expression analyses, it is increasingly evident that
changes in the expression levels of many IncRNAs are correlated with developmental processes and disease
states such as carcinogenesis, an indication that many of them may carry some functional role. Indeed, since
the early studies that demonstrated the central role of Xist in the process of X-chromosome inactivation®#7,
a growing body of evidence has described a myriad of functions for IncRNAs in many cellular processes, such

as gene imprinting®, differentiation and development?®®, antiviral response %, and vernalization in plants .




1.3.2 LncRNA Identification

Because of their poly(A) tails and other mRNA-like features, IncRNAs are represented in typical cDNA
cloning, tiling array, and RNA-seq data sets. The first large-scale catalog of putatively non-coding transcripts

t92,93

came from the FANTOM projec , which used cDNA cloning followed by Sanger sequencing and reported

>34,000 long noncoding RNAs expressed in different mouse tissues, of which 3,652 had confident support®*.
Subsequent studies refined EST- and cDNA-based lincRNA catalogs in mouse and human, which comprise the
current RefSeq and Ensembl IncRNA annotations 9%, Over the same period, tiling microarrays were used to
identify and annotate transcribed regions®®® , which was potentially more sensitive than cloning but
suffered from reduced dynamic range and difficulties in defining splice junctions and connecting transcribed
regions into transcript models. More recently, high-throughput sequencing of millions of short RNA
fragments (RNA-seq) is enabling transcript models to be reconstructed, either with the aid of a reference
genome®1% or without it 1. RNA-seq can yield billions of strand-specific and possibly paired-end reads, and
those can be sufficient for reconstruction of even very lowly abundant transcripts 1°1%2, Despite the
advantages of RNA-seq in terms of sensitivity and accessibility, assembly of transcript models from short
reads still has limitations, because of the relatively small portion of the full transcript accounted for each
read and from sequence redundancies in the genome that can yield biases. It remains difficult to distinguish
between IncRNAs and fragments of alternative mRNA isoforms or pseudogenes. Focusing only on spliced
transcripts helps improve specificity!® but misses some bona fide single exon IncRNAs, such as Malat1 and
Neat11%, Therefore, IncRNA databases (e.g., RefSeq and Ensembl) still rely on cDNA sequences obtained
using Sanger sequencing®, but this has started undergoing revisions, as read lengths for high-throughput

sequencing methods continue to improve and as multiple data sets are produced and integrated.

1.3.3 Conservation

LncRNAs are poorly conserved across species in terms of their nucleotide sequence. In particular,
compared to protein-coding sequences, most of which are highly conserved throughout vertebrates, IncRNA
sequences evolve very rapidly. Less than 6% of zebrafish IncRNAs have detectable sequence conservation

104

with human or mouse IncRNAs'®* , and only 12% of human and mouse IncRNAs appear to be conserved in

the other species'®1%, However, many IncRNAs have evolutionary conserved function, secondary structure

and regions of short sequence homology!%¢1%,

1.3.4 Expression Levels

Compared to mRNA expression, INcCRNA expression is typically more variable between tissues, with

many IncRNAs preferentially expressed in brain and testis®°>1%, The tissue-specific expression of a IncRNA is
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likely to reflect a particular function in that tissue. LncRNA expression is often unique to specific cell types,
developmental time frames, and disease. Also, IncRNAs can be found in different cellular compartments
including both the cytoplasm and nucleus to which they seem to predominantly localize **. Expression
similarity between a IncRNA gene and its closest protein-coding neighbor is generally not greater than that
between two adjacent protein-coding genes. The median IncRNA expression level is only about 1/10 of the
median mRNA level| 99597109110 The extent to which the lower level of expression is caused either by less
efficient transcription or more efficient degradation of IncRNAs, remains unknown. Two studies, one using a
transcription inhibitor and the other using pulse-chase analysis, both concluded that mRNAs and Inc-RNAs
have similar half-life distributions!'!12, Thus, at least the lincRNAs that accumulate to sufficient levels for
guantification in such studies are not preferentially destabilized by pathways that degrade aberrant mRNA

molecules.

1.3.5 Classification of IncRNAs

There are different ways of categorizing IncRNAs: firstly, IncRNAs can be classified based on their
cellular localisation, dividing them into cytoplasmic or nuclear IncRNA. A second type of IncRNA classification

is based on the location at which the IncRNA functions relative to its gene locus. Trans- acting IncRNAs are
transcribed, processed and translocate to exert their function elsewhere, akin to mRNAs. Their destination
does not depend on site of transcription. Accordingly, as long as their levels are properly maintained,
transcribing these IncRNAs from a different genomic location or supplanting them into the system should
not interfere with their function (as a result their loss of function can be rescued by exogenous expression).

d 113-115

A few examples of such IncRNAs have now been extensively characterize , and many additional

1167119 'In contrast, cis- acting IncRNAs are those whose activities

IncRNAs have been ascribed trans activities
are based at and dependent on the loci from which they are transcribed. Transcripts with the potential of
acting in cis likely make up a remarkable portion of known IncRNAs: the majority of IncRNAs are enriched in
the chromatin fraction and are specifically tethered to chromatin — presumably at their sites of
transcription'®, This may indicate that the actions of these IncRNAs are focused close to their loci. In
addition, the fairly low levels at which IncRNAs are generally expressed, sometimes just a few molecules per
cell naturally favor an in cis mechanism of action ®1°%113_ Finally, IncRNAs can be grouped according to their

genomic location. They can reside between in intergenic regions(intergenic IncRNA), transcribed from a

promoter of a protein-coding gene, yet in the opposite direction (bidirectional IncRNA), originate from the

antisense RNA strand of another coding gene (antisense IncRNA), or overlap with one or more introns/exons

of different protein-coding genes in the sense RNA strand (sense-overlapping IncRNAs) [Figure 1-4 ] 122,
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Figure 1-4 | LncRNA classification based on genomic location.

LncRNA classification based on genomic location. A) Intergenic IncRNAs are located in intergenic regions. B) Bidirectional IncRNAs are
transcribed from the same promoter as a protein-coding gene, but in the opposite direction. C) Antisense IncRNAs originate from
the antisense RNA strand of a gene. D) Sense-overlapping IncRNAs overlap with one or more introns and/or exons of a gene in the
sense RNA strand direction.

1.3.6 Molecular mechanisms of IncRNAs

Categorising nuclear IncRNAs based on their biological function can be quite challenging due to their
large numbers and the multitude of biological processes that they may be involved in. Notwithstanding,
IncRNAs can be classified as: guides, dynamic scaffolds and molecular decoys. With these classifications not
being mutually exclusive, oftentimes well-studied IncRNAs have been found to act with more than one

mode, illustrating the complexity of IncRNA molecular mechanisms[Figure 1-5].

Guides

LncRNA guides are required for the proper localization of factors at specific genomic loci for
regulation of the genome. These transcripts bind to regulatory or enzymatically active proteins, such as
transcription factors and chromatin modifiers, to direct them to precise locations in the genome. One well-
studied guide IncRNA is HOTAIR which functions in transto direct the chromatin modifier Polycomb
Repressive Complex 2 (PRC2) to the HOXD genomic locus and, when aberrantly overexpressed, to cancer-
related genes, leading to gene repression. The IncRNA MEG3 can recruit PRC2 to target genes via triple-

helix formation with the DNA. An example of a IncRNA involved in chromosomal targeting via three-
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dimensional organization is Firre. Firre is transcribed from a genomic locus that escapesX
chromosome inactivation (XCl). Firre can act in trans to form nuclear domains via interactions with hnRNP
U to mediate co-localization of multiple chromosomal loci from chromosomes 2, 9, 15, and 17. Additionally,
Firre acts in cis to help maintain XCI by positioning the inactive X chromosome near the nucleolus while also
preserving H3K27me3. Thus, Firre is suggested to convey specificity in the organization of proper
chromosomal domains within the nucleus through sequence specific interactions which may serve as a
localization signal to initiate or maintain specific nuclear sub-compartments. Specific targeting by guide
IncRNAs is stimulated by RNA-DNA, RNA-RNA and RNA-Protein interactions.

Dynamic scaffolds

LncRNAs acting as dynamic molecular scaffolds play structural roles by providing a platform for the
assembly of enzymatic complexes and other regulatory co-factors. These often short-
lived ribonucleoprotein (RNP) complexes can target specific genomic locations for regulation of gene
expression. For instance, telomerase RNA TERC is a paradigm of an RNA scaffold that assembles the
telomerase complex, which maintains the ends of telomeres, combining reverse transcriptase activity
with telomere targeting proteins in one RNP. TERC served as a useful initial model to test whether newly
identified IncRNAs can form stable, homogeneous RNPs. However, little evidence exists for any recently
identified IncRNA to act as a stable molecular scaffold like TERC. Instead, IncRNAs may interact with proteins
in more dynamic, low-affinity interactions, such as mRNAs during maturation. Dynamic interactions due to
IncRNAs are also made with other non-canonical RNA-binding proteins such as chromatin modifying
complexes. The IncRNAs TUGI1, MALAT1 and ANRIL function as dynamic scaffolds linking chromatin
modifying complexes PRC2 and PRCL1. In particular, the imprinting-associated IncRNA Kcnglotl scaffolds
PRC2 and G9a to promote H3K27me3 and H3K9me3 for targeted genomic repression.

Decoys

The main function of decoy IncRNAs is to limit the availability of specific regulatory factors by acting
as molecular sinks or sponges. This class of RNA regulates gene expression by sequestering RNA-binding
proteins, transcription factors, microRNAs, catalytic proteins and subunits of larger modifying complexes!?*
125 By keeping these factors away from interacting with their target, decoys act by negatively regulating
effector factors. A classic example is the IncRNA PANDA. Upon DNA damage, PANDA associates with the
transcription factor NF-YA to prevent p53-mediated apoptosis. NF-YA activates several key genes for
apoptosis and cell senescence; however, PANDA binding to NF-YA titrates the latter away from target gene,

thereby decreasing expression of apoptotic and senescence-related genes 126127,
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Additionally, several IncRNAs such as MEG3 and TUG1, have been shown to sequester various
microRNAs from protein and mRNA targets, resulting in altered protein translation and degradation 28131,
MicroRNA sponge function in IncRNAs, referred to as the competitive endogenous RNA (ceRNA) hypothesis
is highly controversial. It proposes that specific transcripts can impair microRNA activity through
sequestration, effectively de-repressing targets of that miRNA. This suggestion has opened a debate, mainly
due to the argument that physiological expression levels of individual IncRNAs would not be sufficient to
suppress microRNA activity. However, subtle regulation by lowly expressed IncRNAs could be magnified
through downstream processes, mainly through the upregulation of transcription factors that signal to
multiple effector targets thus amplifying the outcome. Despite the controversy surrounding the ceRNA

hypothesis, it is widely acknowledged as a possible generic mechanism for modulating gene expression
130,132,133
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Figure 1-5 | Functional classification for IncRNAs
A) IncRNAs can act as guides to target chromatin-modifying complexes to specific genomic locations for the

regulation of gene expression. B) IncRNAs can act as dynamic scaffolds for cofactors to transiently assemble
together. C) IncRNAs can bind to microRNAs or transcription factors as decoys to sequester them away from

their targets, affecting transcription and translation.
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1.3.7 LncRNAs in carcinogenesis

Cancer is primarily caused by genetic alterations that result in aberrant gene expression. Genome-
wide association studies in cancer have revealed that more than 80% of cancer-associated SNPs occur in
non-coding regions of the genome where, in some cases, cancer-associated loci are transcribed into IncRNAs

128134-136 . Numerous IncRNAs have been identified to be aberrantly

which play roles intumorigenesis
expressed in various cancers in different the tissues and organs'?®. LncRNAs are a very heterogeneous group
of transcripts in terms of their mechanism of action. Their expression has been correlated with distinct sets
of genes that influence cell cycle regulation, survival, mobility, immune response and pluripotency, among
other functions, which contribute to the transformed phenotype of cancer cells 128134136,

Many IncRNAs whose cellular roles have been characterized, function as oncogenes that promote
tumor growth and are often overexpressed in cancer. HOTAIR is one of the most well-studied oncogenic
IncRNAs and was initially characterized as a regulator of the HOX family of genes, which help control cellular
identity ¥’. However, a more global role for HOTAIR in controlling gene repression through targeting of PRC2
and LSD1/CoREST/REST was uncovered®®®%, HOTAIR overexpression has been associated with poor
outcomes in breast and several other cancers, possibly by increasing metastasis and tumour invasiveness
129,140'

Some IncRNAs act as safeguards against cancer development by preventing proliferation, activating
apoptosis, maintaining genomic stability, or promoting the expression of tumor suppressor. For instance,
MEGS3 is one of the most well-characterized tumor suppressive IncRNAs. In addition to regulating the TGF-b
pathway noted above, MEG3 downregulates MDM2 expression and increases p53 protein levels regulation
of these and other pathways by MEG3 leads to decreased cell proliferation#1-143,

Many IncRNAs display both tumor suppressive and oncogenic functions. For example, in breast
cancer, the IncRNA NKILA negatively regulates nuclear factor kB (NF-kB) signalling and downstream
inflammation. In mouse xenograft models human breast cancer cell lines overexpressing NKILA, showed
reduced metastasis, pointing to a tumor suppressive role for the IncRNA**, However, it was also recently
shown that increased NKILA expression can promote tumor immune evasion, an oncogenic property,

through induction of cell death of cytotoxic T lymphocytes (CTLs) and TH1 cells'*.
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1.3.8 Methodologies of functional characterization of IncRNAs

1.3.8.1 CRISPR/Cas9 KO

The discovery of CRISPR/Cas9, has provided a novel set of tools to solve problems in studying the
IncRNA function?, CRISPR-based IncRNA knockout is a very effective method to investigate IncRNAs’
functionality. Straightforward insertion/deletions created by single double strand breaks are unlikely to
cause functional ablations of noncoding genes. Therefore, one should consider a more comprehensive
approach with respect to IncRNA function. One strategy which ensures complete ablation would be to delete
the entire genomic region associated with a IncRNA by introducing two double strand breaks at the same
time. Other approaches could include excision of the promoter, transcription start site(TSS) or one or more
exons'. This approach is highly effective and has been expanded to genome-wide screens of IncRNA
depletion?®, It should be noted that deletion of the genomic DNA cannot elucidate whether the phenotypic
effect is due to loss of the noncoding transcript or potential regulatory sequences in the genomic region

itsehc149,150

1.3.8.2  CRISPRa and CRISPRiI
Apart from CRISPR knock out (CRISPR KO), the CRISPR-Cas9 system has other diverse applications

that can contribute to the elucidation of IncRNA functions. The catalytically inactive/dead Cas9 mutant
(dCas9) has been engineered to act as a transcriptional activator or suppressor of the target gene by
eliminating both the enzymatic activities of the RuvC and HNH domains of the Cas9 nuclease®®'>3, Although,
this mutant Cas9 lacks endonuclease activity, it is still capable of binding to its guide RNA and the DNA
strand that is being targeted. Many studies have demonstrated that Cas9 can be fused to different domains
to affect activation or repression transcription, and these strategies are now termed as CRISPR activation
(CRISPRa) and CRISPR interference (CRISPRi), respectively®271>,

CRISPRa now is generally used to activate the expression of endogenous human genes and non-
coding regions as well. The most effective CRISPRa system appears to be the synergistic activation mediator
or SAM system. This system utilizes dCas9 with a sgRNA encoding MS2 RNA aptamers at the tetraloop and
the second stem—loop to recruit the MS2 coat protein (MCP) that is fused to two activators, p65 and heat
shock factor 1 (HSF1). Additionally, the strong activator Viral Protein 64 (VP64) is fused to dCas9.

Transcription repression by nuclease-deficient Cas 9 (dCas9) can be achieved by fusing dCas9 with
different repressor domains, including MAX-interacting protein 1 (MXI1), Krippel-associated box (KRAB)
domain or four concatenated mSin3 domains (SID4X), to either amino or carboxyl termini of dCas9. By using
this approach non-coding RNAs can be silenced and thus, the output of their transcriptional repression can

be observed.
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1.4 Linking IncRNAs to the Wnt pathway

1.4.1 Paradigms of WNT-associated IncRNAs

The WNT signaling cascade is highly conserved among species and controls a plethora of biological
processes during embryonic and adult development in animals. It is apparent that abnormal activity of the
pathway can result in serious developmental disorders and diseases and, most prominently, in cancer®!,
Although the main molecular players of the pathway have been well characterized, additional mechanistic
layers of the regulation of its target genes remains to be delineated. The discovery of long non-coding RNAs
(IncRNAs) that are regulated by WNT and/or participate in WNT pathway modulation is particularly
interesting and has shed light on the hypothesis that some regulatory components of the pathway are likely
to exist in non-coding regions of the genome®%13 |n fact, recent studies have highlighted the involvement
of non-coding transcripts in a variety of key signaling networks 41>, such as Notch ¢, TGFb 167168 p53 169
and WNT. From these studies it is obvious that IncRNAs can impact many cellular pathways and biological
processes in multiple levels, and most importantly they seem to play significant role in tissue-specific
tumorigenesis.

LncRNAs implicated in the WNT pathway act through various mechanisms from the transcriptional to
the post-translational level. The human 8g24 gene desert, located upstream of the MYC gene, contains
multiple regulatory elements; one of these encompasses the SNP rs6983267, which maps to a functional
TCF4 binding site in CRC cells and affects the binding of the WNT-regulated transcription factor TCF4 and the
subsequent recruitment of B-catenin’®. The same region has been shown to express distinct WNT- regulated
IncRNAs in different human tumors including CCAT1-L, CCAT1-S, CCAT2 and CASC11%4, CCAT2 (colon cancer
associated transcript 2) is a IncRNA of ~400nt that is transcribed in the sense orientation from the highly
conserved 8q24 chromosomal region next to the MYC gene and encompasses the rs6983267 SNP’L. CCAT2
has been shown to physically interact with the TCF4 transcription factor, increasing its transcriptional activity
in CRC'2, The resulting activation of the WNT/B-catenin- mediated transcriptional machinery results in
increased expression of genes involved in genomic instability and excessive cell proliferation, promoting

cancer growth'’%,

LncRNAs have increasingly been recognized as essential organizers of chromosomal architecture?’,
WINTRLINC1 (WNT- regulated lincRNA1) is a direct WNT/B-catenin target gene that is located in the vicinity

of the ASCL2 gene locus and participates in the formation of an intra-chromosomal loop”.

Loss of
WINTRLINC1 results in increased apoptosis and G2-cell cycle arrest in colon cancer cells by decreasing the
expression of its neighbor ASCL2 gene, a transcription factor that controls intestinal stem cell
maintenance”®. Chromosome conformation capture experiments (3C) revealed the formation of a
chromatin loop bridging the TSS region of WiNTRLINC1 with an enhancer located immediately downstream
of the ASCL2 locus. Moreover, the WiNTRLINC1 transcript itself was shown to be required for loop formation
and ASCL2 expression by affecting the recruitment of Pol Il, TCF4/B-catenin and the Mediator complex to the
ASCL2 regulatory regions. ASCL2, in turn also binds to the WINTRLINC1 promoter region, activating the
expression of WiNTRLINC1 and completing a positive feedback loop. This WiNTRLINC1/ASCL2 regulatory loop

is frequently found amplified in patients with colorectal cancer and is positively correlated with worse
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disease state, increased metastatic rate and decreased patient survival'’4. Thus, aberrant WNT pathway
activation increases the expression of WiNTRLINC1 and results in ASCL2 activation, potentially enhancing

stemness and carcinogenesis in the intestine.

1.4.2 Lnc-IGSF9

1.4.2.1 Lnc-IGSF9 and cancer

LnclGSF9/LINC01133 is a newly identified cancer-associated IncRNA. Recent studies have shown that
it can act both as oncogene and tumor-suppressor depending on the tissue and type of cancer. Its oncogenic
role has been demonstrated in non-small cell lung cancer, in cervical squamous cell carcinoma, in
osteosarcoma, in pancreatic ductal adenocarcinoma (PDAC) and in hepatocellular carcinoma'’>*’8, As an
oncogenic IncRNA, the high expression of LINC01133 is driven by the transcription factor C/EBPB and gene
amplification in tissues where LINC01133 promotes tumorigenesis through targeting tumor-suppressive
miRNAs (i.e., miR-442a) or proteins (i.e., KIf2, E-cadherin, p21, Dkk1) or upregulation of oncogenic mediators
(Cyclin G1 and phosphorylated PI3K/AKT). On the other hand, its role as a tumor-suppressor has been
observed in oral squamous cell carcinoma, in gastric cancer, in colorectal cancer, in breast cancer and
ovarian tumor'’”178 As a tumor-suppressor, there is a reciprocal inhibition between LINC01133 and pro-EMT
TGF-B signaling. In gastric cancer, LINC01133 also inhibited oncogenic WNT/B-catenin signaling via targeting
miR-106a-3p*”’.

In recent studies on colorectal cancer, LINC01133 was found to physically interact with SRSF6, whose
overexpression promoted EMT and metastasis, indicating that LINCO1133-mediated regulation of EMT was
effected, at least in part, via inhibiting SRSF6. Consistent with its anti-EMT function, clinical sample analysis
revealed that LINC0O1133 expression was negatively associated with vimentin (a mesenchymal marker) and
positively associated with E-cadherin (an epithelial marker). Low tumor expression of LINC01133 was
correlated with poor survival of CRC patients'’®, These studies indicated that LINC01133 downregulation
contributes functionally to CRC progression, where this INcRNA could serve as a prognostic factor. Although
these studies have elucidated some of the potential roles of LINC0O1133, its nuclear roles and exact
mechanism of function in normal intestine and colon as well as in colorectal cancer have not been
delineated and require further investigation.

Despite its double role in tumorigenesis, deregulation of LINC01133 has been shown to be
associated with clinicopathological parameters and patient survival in multiple cancer types, pointing to the
prognostic value of this IncRNA. Moreover, the tissue-specific functions of LINC0O1133 might preclude its
systemic inhibition or reactivation for cancer therapy. Development of methods for tissue-specific targeting
of LINC01133 is therefore warranted. Taken together, LINC01133 is a tumor-associated IncRNA with clinical

potential.
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1.4.2.2 Establishing the premises

Our group has identified WNT-regulated IncRNAs by utilizing the CRC cell line Ls174T engineered to
overexpress in an inducible manner a small hairpin RNA (shRNA) against B-catenin or a dominant negative
mutant form of TCF4, in order to shut down the WNT pathway'’2. ChIP-seq experiments with antibodies
against TCF4, B-catenin, H3K4me3 and the largest subunit of RNA polymerase Il, along with RNA-seq
experiments before and after WNT pathway abrogation, revealed sites of WNT-depended transcription?’2.
Among others, Inc-IGSF9 was identified as a gene that is negatively regulated by the WNT pathway. The Inc-
IGSF9 gene is located on the long arm of chromosome 1 (hgl9 coordinates: chr1:159931014-159948876),
consists of three exons and produces a transcript of ~1154 nt. The transcript is 5’-capped and

180 and in vitro transcription/translation experiments, IncIGSF9

polyadenylated. Based on PhyloCSF software
does not have protein coding potential. In addition, the IncRNA is localized mainly in the nucleus, as revealed
by cell fractionation and FISH experiments. Following that, reanalysis of the RNA-seq data from The Cancer
Genome Atlas (TCGA) revealed that Inc-IGSF9 is significantly down-regulated in patient-derived adenomas
and carcinomas compared to normal tissue, indicating that it could be used as a predictive biomarker for
colorectal cancer. Taking advantage of colorectal cancer cell lines engineered to express the dCas9 protein
fused to transcriptional activators we managed to overexpress Inc-IGSF9 in cis (unpublished data). Follow-up
RNA-seq experiments demonstrated a long list of differentially expressed genes, some of which potentially
directly affected by Inc-IGSF9 induction. Among them is the IGSF9 gene, which the IncRNA was named after,
as it is located in the vicinity of the IncIGSF9 locus; IGSF9 was one of the most upregulated genes and was
identified as putative target of Inc-IGSF9 (unpublished data).

Moreover, one of the first approaches to further delineate the function of Inc-IGSF9 was to identify
Inc-IGSF9-interacting proteins through RNA-pull down experiments coupled with mass-spectrometry. The
proteins that were found to interact with this specific transcript are mainly associated with the organization
of genome architecture. Interestingly, homeobox protein CDX2, a master regulator of intestinal epithelium
differentiation and development, which is also essential for the binding of TCF4 on specific WNT targets, was
found to interact directly with the Inc-IGSF9 transcript!®182, Finally, after reanalysis of publicly available
CDX2 ChlIP-seq experiments in LS174 cells we observed strong binding of CDX2 in the promoters of the
InclGSF9 and IGSF9 genes, an indication that CDX2 may be strongly implicated in the regulation of these

genes.
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Materials and Methods

Cell Culture

LS174T and HT29 colorectal cancer cells were used for the functional experiments of this study. Both cell
lines carry APC mutations (active WNT pathway). Cells were cultured in DMEM (Gibco) medium
supplemented with 10 % FBS (fetal bovine serum) and a cocktail of antibiotics (Amphotericin, Penicilin-
Streptomycin, Gentamicin). Cells were maintained in flasks or culture plates at 37°C degrees and with 5%
supplied CO, Absence of mycoplasma infection was confirmed regularly (PCR mycoplasma detection kit,

ABM).

For WNT activation we utilized HT29 cells. CHIR99021 (a GSK-3 inhibitor) was used to chemically inhibit the
GSK-3 kinase an activate the Wnt pathway. At 80% confluency, 24h after plating, HT29 cells were treated
with 5 mM CHIR99021. Control cells were treated with DMSO. 24h hours later cells were harvested, and RNA

was extracted.

The HEK-LentiX 293T cell line was used for production of lentiviruses. The Lenti-X 293T cell line is a subclone
of the transformed human embryonic kidney cell line, HEK 293, which is highly transfectable and supports
high levels of viral protein expression. When transfected with the Lenti-X Packaging System and a lentiviral

vector, these cells are capable of producing lentiviral titers as high as >108 ifu/ml

Lentivirus Production

For lentiviral production, 40x10° HEK LentiX-293T cells were plated in 10cm? plates, that were previously
coated with 1mg/ml collagen (Collagen Type |, Rat tail, Corning) and cultured for 24h. On the second day
cells were transfected with a DNA mix consisting of 3.75 ug plasmid vector (shRNA, sgRNA or the sequence
that codes for the IncRNA/protein of interest) , 1.32 ug of pMD2.G (Addgene, #12259) plasmid vector that
expresses lentiviral envelop proteins and 2.43 ug of psPAX vector that expresses proteins that are necessary
for the packaging of the lentiviruses. LentiX-293T cells were transfected with JetPrime (PolyPlus) in a 1:2
ratio (1ug DNA: 2ul JetPrime Reagent). The culture medium was replaced 8h after transfection with fresh
medium and cells were incubated for 48h. After checking transfection efficacy by fluorescent microscope,
the virus-containing medium was collected and centrifuged at 500g, 4°C for 5 minutes to precipitate dead
cells. The virus supernatant was collected and filtered through a 0.45um sterile filter. Fresh viruses were
used directly to transduce cells or stored at -80°C for future use. In order to enhance transduction efficiency,

we used the cationic polymer Polybrene (Hexadimethrine bromide, 8ug per ml of culture medium).
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In cis overexpression of Inc-IGSF9

In order to overexpress Inc-IGSF9 transcript in cis, we used LS174T colorectal cancer cell line that has been
engineered to constitutively express a mutant form of Cas9 (dCas9), fused to VP64 transactivating domains
domain as well as the transcriptional activators HSF1 and p65. dCas9 can precisely target sites through
hybridization with a guide RNA but has no nuclease activity and as a result it cannot cleavage DNA. Instead it
functions as a scaffold that recruits the transcriptional machinery to activate locus-precise gene expression.
To achieve Inc-IGSF9 overexpression, two sgRNAs were designed that target the promoter of the gene as
well as a non-targeting sgRNA as control (NTG). The sgRNAs were cloned into the pLV-U6-gRNA-diMS2-
EF1Alpha-Puro-T2A-BFP vector.

For the transduction experiments, 3X10° cells were plated and simultaneously transduced with 500ul of
lentiviruses expressing sgRNA1 or sgRNA2 and NTG as a control. Transduction was assisted with the addition
of the cationic polymer Polybrene, which significantly enhances infection efficacy. Transduction efficiency
was checked in a fluorescent microscope as the sgRNA vector contains sequences for the expression of Blue

Fluorescent Protein (BFP).

Single guide RNAs

Primer name | Target site Sense oligo Antisense oligo

sgRNA1 GGAAAATGAGACAAGGAA | GGAAAATGAGACAAGGAA | TTAGCTCTTAAACTTCCTTG
TCTCATTCCTCCCCAACAA | TCTCATTTTCCCCAACAAG

SgRNA2 GGAAAATGAGACAAGGAA | TTGGGGAGGAAAGCCAAA | TTAGCTCTTAAACTTTCTTT
GAAAGTTTAAGAGC GGCTTTCCTCCCCAACAAG

NTG GGAAAATGAGACAAGGAA | TTGGGACCAGGATGGGCAC | TTAGCTCTTAAACGGGTGG
CACCCGTTTAAGAGC TGCCCATCCTGGTCCCAAC

AAG
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Knock down of (3-catenin, Inc-IGSF9 and IGSF9

In order to perform knock down experiments, we utilized a lentiviral system for overexpressing shRNAs
against target transcripts. shRNAs oligos were designed one for each target sequence (e.g., b-catenin, Inc-
IGSF9, IGSF9 and scrambled sequence used as a control in the experiments). The shRNA oligos were cloned
into the pLB vector. Stbl2 competent bacterial cells were transformed with recombinant constructs and
grew in agar plates with ampicillin. Single colonies were selected, cultured in Luria Broth medium at 38°C for
18 h and DNA was extracted. Successful recombinant constructs were identified after double digestion with
the Slal and Xbal restriction enzymes, generating a fragment of 374 bp compared to a 334 bp fragment from

the empty vector.

For the knock-down experiments, 3x10° LS174T cells were plated in 6-well plates and transduced with 300 pl
of lentiviruses overexpressing shRNA against B-catenin, Inc-IGSF9, IGSF9 according to the set-up of each

experiment. 24 h later cells were washed carefully twice with 10X PBS to remove viruses from their culture

medium. 72 h after transduction cells were harvested and whole RNA was isolated.

The shRNA constructs were transfected into HEK-Lenti-X cells to produce lentiviruses.

The shRNA sequences designed for each gene are reported in the following table:

Primer name

Sense oligo

Antisense oligo

Lnc-IGSF9 sh1

TGGGAGGAGGTAAAGAGTAGTTCAA
GAGACTACTCTTTACCTCCTCCCTTTT
TTC

TCGAGAAAAAAGGGAGGAGGTAAAG
AGTAGTCTCTTGAACTACTCTTTACCT
CCTCCCA

IGSF9 sh1

TTGGAATTGCTGGAGACTTTTTTTCA
AGAGAAAAAAGTCTCCAGCAATTCCA
TTTTTTC

TCGAGAAAAAATGGAATTGCTGGAG
ACTTTTTTCTCTTGAAAAAAAGTCTC
CAGCAATTCCAA

B-catenin sh2

TCCATGGAACCAGACAGAAATTCAAGAGATTT
CTGTCTGGTTCCATGGTTTITTC

TCGAGAAAAAACCATGGAACCAGAC
AGAAATCTCTTGAATTTCTGTCTGGTT
CCATGGA

Scrambled (scr)

TGTACAGCCGCCTCAATTCTTTCAAG
AGAAGAATTGAGGCGGCTGTACTTTT
TTC

TCGAGAAAAAAGTACAGCCGCCTCA
ATTCTTCTCTTGAAAGAATTGAGGCG
GCTGTACA
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In-trans overexpression of CDX2

In order to overexpress CDX2, we cloned the flag-CDX2 ORF into the LeGO-iG2 lentiviral vector. The
construct N-flag-CDX2-pcDNA3 containing flag-CDX2 ORF was digested with BamHI and Slal restriction
enzymes to purify flag-CDX2 DNA. LeGO-iG2 was digested with the Notl restriction enzyme. The flag-CDX2
fragment was ligated into digested LeGO-iG2 by using T4 ligase (NEB) overnight at 16°C. DH5a competent
cells were transformed with the recombinant constructs and grew in agar plates with ampicillin. Single
colonies were selected, cultured in Luria Broth medium at 38°C for 18 h and DNA was extracted. Successful

recombinant constructs were distinguished by Nhel digestion.

3x10° LS174T cells were plated per well and 1ml LeGO-iG2-CDX2 was used for the transduction. LeGO-iG2
expressing virus was used as a control. The experimental procedure and protocol follow the same steps as

described in previous sections.

RNA extraction and quantitative PCR

Total RNA was isolated with TRI reagent (Molecular Research Center). The extracted RNA (1 pg) was then
used for cDNA synthesis with reverse transcription, utilizing the M-MLV Reverse Transcriptase (Thermo
Fisher Scientific) in 20 pl reactions. The produced cDNA was diluted with ddH20 to 400 ul and 4 pl used as a
template for each PCR reaction. We performed gqPCR with the SYBR-Green PCR master mix (Applied
Biosystems) and 1 uM of the forward and reverse primer. We generated duplicates for each reaction for
greater reproducibility and we quantified the expression of the house-keeping genes RPLP1 and GAPDH for

normalization.

Primer sequences

Primer name Sequence

RPLP1 F1 AAGCAGCCGGTGTAAATGTTGAGC
RPLP1 R1 CATTGCAGATGAGGCTCCCAATGT
GAPDH F1 ACATCAAGAAGGTGGTGAAGCAGG
GAPDH R1 TGTCGCTGTTGAAGTCAGAGGAGA
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Inc-IGSF9 F4

GAATGGTTGGGAGGAGGTAAAG

Inc-IGSF9 R4 CTGGGCTCAAGGAATCTGAATAG
IGSFO F1 CCGAGAGATGAATGTGGATGG
IGSFO R1 GGAGAACGAAGGAAAGATGAGG
IGSF9 F3 CTGGCTTTGATGGTGGTTATCT
IGSF9O R3 ACCCAGTCATGGTGCATTC
CTNNB1 F1 TGCAGTTCGCCTTCACTATGGACT
CTNNB1R1 GATTTGCGGGACAAAGGGCAAGAT
CDX2 F2 TCGGCAGCCAAGTGAAA

CDX2 R2 GATGGTGATGTAGCGACTGTAG
ASCL2 F2 CGCGAGCTACTCGACTTCTCC
ASCL2 R2 GAGCGCGGGCCGGTCCA

WIiINTRLINC1 F4

GGAATATTCTCAGAGCTCCAGAGC

WIiINTRLINC1 R4

GGCGTGAGGTGTGGACAGCTGCC

AXIN2 F2 CAGCAGAGGGACAGGAATC
AXIN2 R2 CAGTTTCTTTGGCTCTTTGTG
HOXC5 F1 CCCTTTGCTGTCCCATAGTC
HOXC5 R1 AGGAAGGACCCAGAGTCAATA
FOXQ1F1 CCCAGGCTTCGTCTTATTTICT
FOXQ1R1 GTGGAAAGGTTCCCTGATGT

CRISPR/Cas9 Knock-out of Inc-IGSF9 promoter and enhancer

2.8.1 Construct Preparation

In order to knock-out the promoter and the enhancer of Inc-IGSF9 we used the pX333 vector (Addgene

#64073). The vector is designed to be used for tandem expression of two sgRNAs from two independent U6
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promoters. Cas9 is expressed from the same vector by the Cbh promoter. Four different single guides
targeting the linclGSF9 locus were designed to facilitate the excision of the promoter and the enhancer of
Inc-IGSF9. sgRNA1 and sgRNA2 target two sites surrounding the promoter, while sgRNA4 and sgRNAS target

the intronic enhancer of Inc-IGSF9.

The oligo sequences of sgRNA used are listed in the following table and a snapshot from genome browser is

provided to illustrate the exact target sites.

Target sequence Sense oligo Antisense oligo

INcIGSF9 | GCCCCATGAAGTTTG | caccgGCCCCATGAAGTTT | aaacAGGTGCAAACTTCAT
sgl KO CACCT GCACCT GGGGCc
INcIGSF9 | AGGCTGTTACATCAG | caccgAGGCTGTTACATCA | aaacCAATTCTGATGTAACA
sg2 KO AATTG GAATTG GCCTc
IncIGSF9 | TAAATCACACGCTGC | caccgTAAATCACACGCTG | aaacCGTGGGCAGCGTGT
sg4 KO CCACG CCCACG GATTTAc
INcIGSF9 | TTTAGAACAAGCCAA | caccgTTTAGAACAAGCCAA | aaacTCTTGTTGGCTTGTTC
sg5 KO CAAGA CAAGA TAAAC
Target sequence sites:

j Liheai1as NCB_l kefﬁeu .genes, curated subset (NM_w, HR_%, NF_s or YF_w%) - ﬁnnofation Rele.lase. GCF_BI&BBB.HBS.25_GRCh3?.013£1?-84-19)_

B Your Sequence from Blat Search

sal| se2| 504 |
ad vl

The complementary oligos forming the single guides were annealed and the Px333 vector was digested first
with Bbsl restriction enzyme and purified. In order to insert the first single guides (sgl and sg4 respectively),
we performed ligation with T4 (NEB) ligase enzyme. DH5a competent bacterial cells were transformed with
the recombinant constructs and grown on agar plates supplemented with ampicillin. Single colonies were
selected and resuspended in 20 pl ddH20. Next, we screened colonies with the sense primers of sg2 and sg4,
respectively and a reverse primer complementary to CMV (part of the vector). Colonies that produced the
expected PCR product of 700 bp were selected, cultured and plasmid DNA was extracted. Next, recombinant

constructs were digested with Bsal and the second single guides (single guide2 and single guide 5,
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respectively), were ligated with T4 (NEB) ligase. DH5a competent bacterial cells were transformed again with
the new recombinant constructs and grown on agar plates supplemented with ampicillin. Single colonies
were selected and resuspended in 20 ul ddH20. Multiple PCR screenings followed to ensure that both single

guides were inserted in each construct.

For the PCR screening we used the sense or antisense oligos of the single guides and the reverse CMV

sequence (CTATTGGCGTTACTATTGACG), which is a part of the pX333 plasmid.

2.8.2 Generation of knock-out cell lines

In order to generate stable cell lines that lack the promoter and the enhancer of Inc-IGSF9, LS174T cells were
tranfected with 1,8 pg recombinant contructs [1.pX333 plasmid containing single guidel + singleguide2
(targeting the promoter of Inc-IGSF9) and pX333 containing sg4+ sg5 ( targeting the enhancer of Inc-IGSF9)]
as well as 0,2 ug pcDNA 6TR plasmid in order to select clones later. Lipofectamine 3000 was used as a
transfection reagent in order to achieve optimal transfection efficiency. 8 h after transfection the medium
was replaced with fresh DMEM medium to avoid the toxic effects of lipofectamine on the cells. 24 h after
transfection the medium was replaced with selection medium (DMEM supplemented with blasticidin at 10
pug / mL ); this was removed after 3 days and replaced with DMEM. For the following two weeks the
formation of colonies was tracked regularly and 24 clones were selected when they reached the appropriate
size. Clones were expanded and DNA was extracted to test for successful KO clones. We used conventional
PCR and suitable primers to distinguish between KO, heterozygous and wild-type clones.

The primer sequences and the expected PCR fragments according to the nature of the clone (KO, WT, HET)
are listed below:

enhancer PCR screening Primers expected bands
Inclgsf9 enh KO screen F | forward | TAGGAAAGAAGCGCACAGAG
Inclgsf9 enh KO screenR | reverse | CAGGATTGAGGAGTCCAGTTT

KO 1 at 260bp

HET 2 at 500bp and 260
WT 1 at 500bp
promoter PCR screening Primers expected bands

Inclgsf9 prom KO screen F | forward | CTTGCGATAGTTTGCTGAGAATG
Inclgsf9 prom KO screen

R reverse | CAGATCCAAAGGGAAGCTAAGG

KO 1at 290

HET 2 at 290 and 1100
WT 1at 1100
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Downstream analysis of Intestinal Organoids

W utilized an RNA-seq dataset obtained from patient-derived intestinal organoids- in which the WNT
pathway was activated in two different ways (through WNT3a/R-spondin treatment or genetic ablating of
the APC gene).Differential expression analysis was performed using the DESeq2 tool (versions 1.12.4 and
1.18.1), and paired analysis was performed as well. Differential gene expression was considered significant if
log2-fold change was 21 or <-1 and the adjusted P value was <0.05. Data were annotated with HGNC
symbols using biomaRt (version 2.28.0). Differentially expressed genes were filtered again with stricter
Basemean threshold (75% of the higher observations was considered). Scatter plot visualization showing the
ranking of the differentially expressed genes was performed in the R programming language. Pearson
correlation analysis according to log2-fold change of differentially expressed genes was performed with the

cor() function in R. Plots were produced again in the R programming environment.

Enrichment analysis

GSEA analysis was performed using the preranked tool (version 2.2.3, Broad Institute). Data visualized using
the replotGSEA function from the Rtoolbox package. We generated a ranked list file from differentially
expressed genes upon Inc-IGSF9 overexpression. We built a new molecular signature from the organoid
dataset: intrinsic (WT + Wnt vs. APC-KO + Wnt) regulation, which was used to run GSEA analysis. The
customized molecular signature was divided and marked as “UPREGULATED GENES UPON APC KO” and
DOWNREGULATED UPON APC KO” in order to create gene sets that contain genes either upregulated or

downregulated upon APC KO.
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Results

Lnc-IGSF9 and the WNT Pathway

The canonical WNT pathway activates gene expression via the transcription complex B-catenin/ TCF4
which binds to DNA and modulates the expression of its target genes. However, RNA sequencing
experiments from genetically modified LS174T cells which express an shRNA against B-catenin in an
inducible manner (WNT OFF) and control cells (WNT ON) showed that the expression of the Inc-IGSF9 gene is
reduced upon WNT activation[Figure 3-1]. Accordingly, subsequent ChlP-sequencing experiments in the
same cells before and after WNT abrogation, with an antibody against RNA-Poll Il demonstrated that its

binding on the promoter region of Inc-IGSF9 is diminished upon WNT activation.
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Figure 3-1 Snapshot from UCSC browser depicting RNA-seq and ChIP-seq signals focused on Inc-IGSF9
locus

For WNT pathway abrogation we used a genetically engineered LS174T derived cell line that inducibly overexpresses an shRNA
against B-catenin when cells are cultured in the presence of doxycycline. The RNA-seq and ChlP-seq experiments were performed
72h after doxycycline treatment in LS174T cells. The Inc-IGSF9 locus is illustrated in the bottom of the picture. Bold blue boxes
represent the exons and the light blue the introns of the IncRNA. The arrow shows the orientation of its transcription. Signals have
been previously normalized.

To confirm that the expression of Inc-IGSF9 is suppressed by Wnt signaling, we performed RT-gPCR
experiments on cDNA samples prepared from LS174T cells expressing an shRNA against B-catenin or a
mutant form of TCF4, that lacks the N-terminal B-catenin-interaction region (dNTCF4): this mutant form of
TCF4 can bind DNA but does not interact with B-catenin, acting as a dominant negative mutant. In both
cases, the expression levels of Inc-IGSF9 increased significantly after WNT pathway abrogation [Figure 3-3,A].
The above pattern of regulation was also confirmed by transducing LS174 cells with lentiviruses
overexpressing an shRNA against B-catenin .The levels of Inc-IGSF9 transcript increased markedly in cells
overexpressing the shRNA against B-catenin compared to control cells expressing a scrambled sequence
[Figure 3-3,B].
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A. gPCR expression analysis of Inc-IGSF9 in control cells and cells with inducible overexpression of an shRNA against B-catenin or a
dominant negative mutant form of TCF4 (ANTCF4). The LGR5 gene is known to be positively regulated by the WNT pathway and was used
as a control. B. qPCR expression analysis of Inc-IGSF9 in LS174T cells transduced with lentiviruses which overexpress an shRNA against B-
catenin. CTNNB1 expression levels have been checked along with the known WNT-targets AXIN and ASCL2 levels. C. Mechanism of function
of CHIR99021, which acts to inhibit GSK-3 kinase, ultimately leading to B-catenin accumulation and overall WNT pathway transcriptional
program activation (WNT ON state) D. Schematic representation of the experimental process that we used for GSK-3 inhibition. 0.5nM
CHIR concentration was used for a 24 h. E. gPCR analysis of Inc-IGSF9 expression in HT29 cell after WNT activation. AXIN2, ASCL2 and
IncRNA WINTRLINC1 expression levels were inspected to confirm the efficiency of WNT activation.

In addition, we conducted experiments where we activated the WNT pathway, by using the GSK-3
inhibitor, CHIR99021. For these experiments, we took advantage of the human colorectal cancer cell line
HT29 which carries a heterozygous mutation in the APC gene, rendering the WNT pathway less activated
compared to other homozygous APC mutant cell lines. Therefore, induction of HT29 cells with CHIR09921
results in further activation of the WNT pathway. HT29 cells were treated with CHIR09921 and harvested
24h later [Figure 3-3,C-D]. RT-qPCR analysis showed increased expression levels of known WNT target genes,
such as AXIN2, ASCL2 and WiINTRLINCI confirming pathway activation. Moreover, Inc-IGSF9 expression levels
were considerably decreased, demonstrating its negative regulation by the WNT pathway|[Figure 3-3,E].
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Figure 3-2 Scatter plots that depict the ranking of genes based on differential expression in patient-

derived intestinal organoids.

A. Ranking of genes upon WNT activation via the receptor B. Ranking of genes upon APC gene deletion (APC KO). With red dot we
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Moreover, paired differential analysis of RNA-seq data obtained from patient-derived intestinal
organoids- in which the WNT pathway was activated in two different ways (through WNT3a/R-spondin
treatment or genetic ablating of the APC gene) — revealed Inc-IGSF9 as one of the most down regulated
genes upon WNT activation, supporting our previous observations in a model that to some extend
recapitulates the in vivo conditions of the intestinal epithelium. Specifically, Inc-IGSF9 is ranked in position
1451 among the 1654 differentially expressed genes that arise after p-value adjusted filtering set at < 0.05
in the WNT3a/Rspondin treatment dataset and in position 3494 among the 3692 differentially expressed
genes in the dataset generated after APC deletion organoids.[Figure 3-2].

Functional characterization of Inc-1GSF9

Because Inc-IGSF9 is poorly expressed in colorectal cancer cell lines, in order to study its functional
role in cancer cells, we performed a gain of function analysis by taking advantage of CRISPR/Cas9
technology. Specifically, we used the CRISPRa system to boost the expression levels of Inc-IGSF9 in cis and
observe differences at the transcriptional level (QPCR and 3 mRNA-seq). In cis overexpression of IncRNAs is
widely used to investigate IncRNAs which act locally by affecting gene expression in cis. Thus, we utilized a
cell line derived from LS174T cells that has been genetically engineered in our laboratory to constitutively
express a mutant form of Cas9 (dead Cas9, dCas9), which is catalytically inactive in terms of nuclease
activity. This dCas9 is coupled with the transcriptional activator VP64 (viral protein 64) and interacts with the
transcription factors p65 and HSF1. [Figure 3-4,A] The recruitment of the latter two transcription factors at
the target sequence is achieved through their interaction with MS2 aptamers added to the sgRNA sequence.
The resulting cell line (LdC10 cells) was transduced with lentiviruses that overexpress either a control sgRNA
(Non-Targeting-Guide) or two sgRNAs that each targeted different regions of the Inc-IGSF9 promoter
(sgRNA1, sgRNA2). [Figure 3-4,B]. Therefore, the expression of the sgRNAs led to the targeted guidance of
the ribonucleoprotein complex (dCas9-VP64-MS2-p65-HSF1) on the promoter of Inc-IGSF9.

A B

Inc-1gsf9
p65;_ . sgRNA1 Inc-1gsf9
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Figure 3-4 CRISPRa mediated in cis overexpression of Inc-IGSF9

A. Outline of the CRISPRa system with the fusion protein stratified in the long non-coding RNA gene locus with the aid of a specific
sgRNA. B. Transduction of cells with lentiviruses expressing NTG, sgRNA1 and sgRNA2 respectively. 24h after transduction the
medium is replaced with fresh one to avoid strong toxic effects from the viruses. Finally, cells are harvested 72h after transduction

and whole RNA is extracted.
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RT-gPCR analysis showed that Inc-IGSF9 expression levels were increased by approximately 120-180 fold
(depending on which guide was used and on the titer of the viruses) compared to the cells that expressed
the control sgRNA (NTG) [Figure 3-5,A]. In order to delineate how Inc-IGSF9 expression impacts global gene
expression in colorectal cancer cell lines we investigated the transcriptomic profile of LS174T cells that
overexpress InclGSF9 in cis, using 3 MRNA-seq'®. In this method only the 3’UTR of each read is sequenced
and as a result signals are observed mainly in the 3" UTR region of each transcript. Differential expression
analysis of these cells revealed statistically significant changes in the expression of 1093 genes upon Inc-
IGSF9 overexpression. Specifically, we identified 727 upregulated and 366 downregulated genes,
respectively, upon Inc-IGSF9 overexpression (threshold for natural Fold Change >2x, p value< 0.05).
Surprisingly, among the differentially expressed genes, we identified a gene located in the vicinity of the Inc-
IGSF9 locus, IGSF9 (from whom the IncRNA was named), whose expression was significantly increased upon
Inc-IGSF9 overexpression. Interestingly, it is the only upregulated gene within a 1MB distance from the Inc-
IGSF9 locus, upon Inc-IGSF9 overexpression, indicating that its expression may be regulated by Inc-IGSF9.
[Figure 3-5,B-C]. IGSF9 is a cell adhesion molecule whose function has not been characterized in the
intestine. However, there are some studies which have investigated its role in the brain, specifically in the

development of dendrites and in the maturation of neuronal synapses.
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Figure 3-5 In cis overexpression of Inc-IGSF9 impacts gene expression in the LS174T colorectal cell line

A. RT-gPCR analysis from LS174T cells overexpressing dCas9 transduced with control (NTG) sgRNA or two sgRNAs targeting different
regions of Inc-IGSF9 promoter. The bar plot summarizes the average fold change in the expression of Inc-IGSF9 over control from two
independent biological replicates, standard deviation has been also estimated and is illustrated using error bars. B. Snapshot from
UCSC genome browser, shows Quant-seq signals concentrated on Inc-IGSF9(up) and IGSF9(down) gene locus. C. Volcano plot
presenting the de-regulated genes upon Inc-IGSF9 overexpression in LS174T cells [ log2fold change > |1, pvalue < 0.05 (reported by
Deseq algorithm used for the differential expression analysis)]. Inc-IGSF9 is as expected the most upregulated gene and is pointed in
the plot, IGSF9 is also displayed. Down-regulated genes are labelled with green dots, while upregulated genes are reported as red
dots. Dots with blue colour represent genes that do not pass the threshold to be regarded as differentially expressed.
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To investigate the relationship between Inc-IGSF9 and IGSF9 and its connection to the WNT
pathway, we performed loss of function experiments. Thus, we designed experiments in which we
overexpressed an shRNA against B-catenin in LS174T cells, shutting down the WNT pathway, and we
measured the expression levels of Inc-IGSF9 and IGSF9. The expression of both transcripts was found to be
increased about 10 fold and 8 fold compared to control cells, respectively [Figure 3-6, A]. Interestingly, the
regulation of IGSF9 by the WNT pathway can also be observed, similar to Inc-IGSF9, after reanalysis of the
patient-derived intestinal organoids dataset. IGSF9 is downregulated not only upon WNT activation through
the receptor but also upon APC deletion [Figure 3-2,A-B].

To investigate whether is the Inc-IGSF9 transcript itself or the act of its transcription that activates
IGSF9 expression, we transduced LS174T cells with two different lentiviruses at the same time, one that
overexpressed an shRNA against B-catenin (to increase Inc-IGSF9 transcript levels) and one that
overexpressed either an shRNA against the Inc-IGSF9 transcript or an shRNA against the IGSF9 transcript. RT-
gPCR analysis demonstrated that both Inc-IGSF9 and IGSF9 expression levels decreased upon Inc-IGSF9
shRNA overexpression, indicating that the expression of IGSF9 is dependent on the Inc-IGSF9 transcript. On
the contrary, synchronous transduction of cells with lentiviruses expressing shRNAs against B-catenin and
the IGSF9 transcripts showed a significant drop in the expression of IGSF9, while Inc-IGSF9 transcript levels
were not decreased [Figure 3-6,B]. This result indicates that IGSF9 is not necessary for Inc-IGSF9 expression.
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Figure 3-6 Inc-IGSF9 regulates IGSF9 expression but not vice versa.
A. gPCR analysis, bar plots. Both Inc-IGSF9 and IGSF9 are upregulated upon B-catenin-mediated pathway abrogation. CTNNB1 levels are

demonstrated to validate WNT abrogation. B. qPCR analysis. Expression levels of each gene are displayed as fold change over control. All

samples are normalized over the sample LS174 shRNA B-catenin.

The RNA-seq dataset from the The RNA-seq dataset produced fro intestinal organoids after WNT
activation is an exceptional model for studying the effects of the WNT pathway in intestinal physiology as i) it
provides an ‘in vitro’ model of the intestinal epithelium and ii) both Inc-IGSF9 and IGSF9 are more robustly
expressed in normal cells compared with cancer cells. Thus, we generated two custom molecular signatures
(MSig) from the RNA-seq data Thus, we generated two custom molecular signatures (MSig) from the RNA-
seq data derived upon deletion of APC gene, marked as either ‘GENES UP-REGULATED UPON APC KO’ Or
‘GENES DOWN-REGULATED UPON APC KQO'. Gene set enrichment analysis (GSEA) of the genes differentially

expressed upon Inc-IGSF9 overexpression demonstrates that upregulated genes are enriched in the
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molecular signature ‘GENES DOWNREGULATED UPON APC KO’ whereas genes downregulated upon Inc-
IGSF9 overexpression are enriched in the Molecular Signature ‘GENES UPREGULATED UPON APC KO’ [Figure
3-7 GSEA analysis of differentially expressed genes in cells overexpressing Inc-IGSF9.] The above
demonstrates that the overexpression of Inc-IGSF9 deregulates a relevant set of target genes that are
divergently regulated by WNT signalling.
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Figure 3-7 GSEA analysis of differentially expressed genes in cells overexpressing Inc-IGSF9.
A. Plot showing the enrichment of the upregulated genes upon Inc-IGSF9 overexpression in the Molecular Signature

‘DOWNREGULATED UPON APC KO'. Each black line represents a gene from the dataset. Red shading corresponds to upregulated
genes and blue to downregulated B. Plot depicting the enrichment of genes down-regulated upon Inc-IGSF9 overexpression in the
‘UPREGULATED UPON APC KO’ Molecular Signature.

Although, the IGSF9 protein has been mostly studied in the brain, analysis of Genotype-Tissue
Expression (GTEX) data showed that it is expressed at higher levels in other tissues, such as in the colon and
small intestine [Figure 3-8,B]. We wanted to further elucidate whether IGSF9 is a direct target of Inc-IGSF9,
as well as its role in intestinal homeostasis. Therefore, we took advantage of publicly available RNA-seq data
from i) different colorectal cancer cell lines ii) the GTEX project, iii) the The Cancer Genome Atlas Network
(TCGAN), iv) and expression data generated from patient-derived intestinal organoids in order to examine
Inc-IGSF9/IGSF9 expression patterns and study their correlation in terms of expression. Specifically,
significant correlation of expression levels of the two genes was detected in 28 colorectal cancer cell lines
(R=0.74, p-value< 0.01) [Figure 3-8,A]. Furthermore, in order to study the correlation between Inc-IGSF9 and
IGSF9 in all normal tissues, we analysed GTEX RNA-seq data. The outcome of the analyses is summarized in
the dot plot in [Figure 3-8,B]. It is apparent that the expression of Inc-IGSF9 and IGSF9 is closely linked in
most tissues; however, in tissues where the expression of Inc-IGSF9 is low, IGSF9 expression is also limited
and correlation is not strong. Importantly, significantly positive correlations in the expression of the two
genes can be observed in the gastrointestinal tract (small intestine, colon and stomach) (See highlighted red
box in [Figure 3-8,B]. In these tissues, we observed the highest average expression of Inc-IGSF9 and IGSF9,
and the most significant correlations (R? = 0.8-0.9), pointing to a strong association between the two genes.

A similar pattern of co-expression is evident from colorectal cancer samples and healthy tissues from the
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TCGA Network data (R?=0.51) [Figure 3-8, C]. It is noticeable that the correlation in expression of Inc-IGSF9-
IGSF9 in healthy tissues is stronger than in colorectal cancer (see green dots Figure 3-8 , C). Moreover, the
expression of Inc-IGSF9 and IGSF9 is reduced in colorectal cancer biopsies compared to the neighbouring
healthy tissues [Figure 3-8,D]. Finally, we observed a strong correlation in expression between Inc-IGSF9 and
IGSF9 in patient-derived intestinal organoids. The square correlation coefficient for the two genes was 0.927
and IGSF9. We also observed that REG4, a gene that it is negatively regulated by the WNT pathway, and
CDX2, a known tumour suppressor (see below) strongly correlate with Inc-IGSF9 (Pearson Correlation=0.727
and 0.177, respectively) and IGSF9 (Pearson Correlation= 0.484, 0.404, respectively) whereas AXIN2, ASCL2
and CDK6, which are known positively regulated WNT targets, are found to be anticorrelated with both Inc-
IGSF9 (Pearson Correlation=-0.405, -0.547 and -0.838, respectively) and IGSF9 (Pearson Correlation=-0.306,
-0.441, -0.806, respectively)[Figure 3-8].
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Figure 3-8 Inc-IGSF9 expression is positively correlated with IGSF9 expression
A. Scatter plot illustrating the association in terms of expression of Inc-IGSF9 and IGSF9 in 34 Colorectal Cancer Cell Lines B. Dot plot

depicting in parallel the average expression of Inc-IGSF9 and IGSF9 in different tissues and their correlation coefficients. Data obtained
from GTEX. C. Scatter plot that presents the correlation between Inc-IGSF9 and IGSF9 in 434 colorectal cancer biopsies, as well as in 40
biopsies from neighbouring healthy tissue. Data derived from TCGA. D. Box plot that gives information on the total expression of Inc-
IGSF9 and IGSF9 in 434 colorectal cancer biopsies and in 40 healthy counterpants. Data obtained from TCGAN. E. Scatter plot, ranking
all expressed genes with respect to the correlation with Inc- IGSF9 upon WNT activation and F. Same as E, for IGSF9.
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Investigating the involvement of CDX2 in Inc-IGSF9/ IGSF9
regulatory axis

To better elucidate the mechanisms of Inc-IGSF9 function we investigated the proteins that interact
with this transcript in cancer cells. For this purpose, we performed RNA pull-down experiments, using Inc-
IGSF9 as a bait, followed by mass-spectrometry (mentioned in the introduction). Among the most prominent
and consistent interactors was the transcription factor CDX2, which has been shown to function as a
negative regulator of the B-catenin/TCF4 pathway, and is an intestine-specific regulator of cellular
differentiation, limiting the proliferation of colon cancer cells and promoting cell differentiation?®.

In order to define the global binding pattern of CDX2 in intestinal cancer cells, we re-analyzed
previously published data from a CDX2 ChIP-seq experiment in the LS174T cell line®®. Interestingly, we
identified CDX2 binding sites in the promoter as well as in a putative intronic enhancer of Inc-IGSF9, pointing
to a putative role for the transcription factor in regulating Inc-IGSF9 expression [Figure 3-9,A]. In addition,
another binding site, but with lower affinity, is locate in the promoter of the IGSF9 gene. We additionally
identified a great number of prominent peaks close to genes of the HOX family, which are known CDX2

targets in intestinal epithelial cells'®

, which validates the quality of the ChIP-seq dataset and its analysis.
Next, we tested whether Inc-IGSF9 expression is affected by CDX2 in LS174T cells. Firstly, we

overexpressed in-trans the CDX2 protein in our cell system by transducing LS174T cells with lentiviruses

constructed to overexpress CDX2. RT-qPCR analysis showed increased expression levels of both Inc-IGSF9

and IGSF9 genes, pointing to CDX2 being implicated in their regulation [Figure 3-9,B].
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To examine the effects of the Inc-IGSF9-CDX2 interaction on IGSF9 expression, we overexpressed
Inc-IGSF9 in cis by utilizing the CRISPRa system and synchronously overexpressed CDX2 in trans in LS174T
cells. Surprisingly, we observed synergistic activation of IGSF9 by Inc-IGSF9 and CDX2: they increased IGSF9
levels far more than either factor alone [Figure 3-10]. We also observed that Inc-IGSF9 expression levels
increased robustly after its in cis overexpression and simultaneous in trans overexpression of CDX2,
indicating that its expression is highly dependent on CDX2. HOXCS gene expression levels, a known target of
CDX2, were quantified as a control.
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Figure 3-10 Inc-IGSF9 and CDX2 act synergistically to regulate IGSF9 expression
RT-qPCR analysis from LS174T cells overexpressing CRISPRa transduced with control (NTG) sgRNA or sgRNA1 targeting the promoter
of Inc-GSF9.

The identification of the two CDX2 binding sites on Inc-IGSF9 gene locus prompted us to hypothesize
that the CDX2 protein might participate in the Inc-IGSF9/IGSF9 regulatory axis by binding at these regions. To
test this hypothesis, we firstly knocked-out the putative intronic enhancer of Inc-IGSF9, where CDX2 binds,
using CRISPR/Cas9. Therefore, we transfected LS174T cells with the pX333 plasmid vector. The latter carries
expresses Cas9 as well as two U6 cloning cassettes for the expression of two single guide RNAs. These
sgRNAs are designed to target the region to be excised [Figure 3-11,A]. DNA extraction from the resulting
cell clones, coupled with a conventional genotyping PCR (using a primer set flanking the region of interest),

revealed 2 knock-out clones that lack the ‘enhancer’ region of Inc-IGSF9 [Figure 3-11].
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Figure 3-11 Generation of a stable cell line that lacks the internal enhancer region of Inc-IGSF9
A. Graphical representation of the experimental set-up used to obtain knock-out clones. Two different guide RNAs flanking the

region of interest were cloned into the pX333 plasmid. Cells were plated and transfected synchronously with pX333 plasmid and a
vector carrying a blasticidin resistance gene. 24 h after transfection the medium was refreshed with culture medium containing 10
ug/mL blasticidin. 72 h later blasticidin was removed. Clones were picked approximately 2 weeks later and expanded for 1-2 more
weeks. Clones were screened by conventional genotyping PCR B. Snapshot from the UCSC Genome Browser depicting the binding
site of CDX2 on the ‘enhancer’ region of Inc-IGSF9, the target sites of the designed sgRNAs and the screening primers that were used
for the genotyping of KO, WT and HET clones C. Agarose gel showing the expected DNA bands. For the WT clones we expect a band
at 500 bp, for HET clones two bands at 500 bp and 260 bp respectively, as the region of interest is deleted only in one allele, and for
KO clones one band at 260 bp (left). The quality of the extracted DNA was also tested by using a primer set targeting a control
genomic region that is not affected by the CRISPR/Cas9 manipulation (right).

To better characterize these clones, we firstly examined Inc-IGSF9 and IGSF9 expression profiles. RT-
gPCR analysis in cDNAs derived from Inc-IGSF9 enhancer WT and KO clones revealed that there are no
significant changes either in Inc-IGSF9 or in IGSF9 transcript levels in KO clones compared to the WT clones
[Figure 3-12,A]. Subsequently, we investigated whether this region is implicated in CDX2-mediated
regulation of the Inc-IGSF9 gene. Therefore, we trans overexpressed CDX2 by using lentiviruses in Inc-IGSF9
enhancer KO and WT clones. The subsequent RT-gPCR analysis showed that CDX2 overexpression did not
result to significant differences in Inc-IGSF9 and IGSF9 expression levels between WT and KO clones,
suggesting that the enhancer is not necessary for the CDX2-mediated regulation of the Inc-IGSF9 and IGSF9
genes [Figure 3-12,B]
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Figure 3-12 The Inc-IGSF9 enhancer is not necessary for Inc-IGSF9/IGSF9 regulation via CDX2
A. RT-gPCR analysis of that demonstrates the expression profile of KO clones. Expression was checked with two different primers for

both Inc-IGSF9 and IGSF9. All samples have been normalized over the WT clone. B. RT-gPCR analysis in which LS174T WT and KO cells
for the enhancer of Inc-IGSF9 were transduced with LeGo-IG2 and LeGo-IG2-CDX2 lentiviruses. CDX2 and FOXQ1 (a known CDX2

target gene) levels were examined to confirm CDX2 overexpression.

Moreover, we deleted a part of the promoter region of Inc-IGSF9 to examine whether the CDX2-
mediated effect on Inc-IGSF9 expression is achieved through CDX2 binding on its promoter region. For this
purpose, we followed the same experimental approach as in the case of the ‘enhancer’ knock-out by utilizing
different sgRNAs designed to specifically target and delete a part of the promoter region of Inc-IGSF9. DNA
extraction from each clone and subsequent screening by PCR resulted in 3 KO clones that lack a part of the
promoter sequence of Inc-IGSF9[Figure 3-13].Furthermore, we tested with RT-qPCR the expression levels of
Inc-IGSF9 in promoter WT and KO clones. We observed minimal to no expression of Inc-IGSF9 in all KO clones
compared to the WT ones. IGSF9 transcript levels were not affected significantly, probably because Inc-IGSF9
is already expressed at low levels in the LS174T cell line. Further experiments are designed to elucidate the
importance of the promoter in CDX2-mediated regulation, as well as to delineate the mechanism by which

the CDX2—Inc-IGSF9 complex impacts IGSF9 expression.
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Figure 3-13 Excision of the promoter of Inc-IGSF9
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A. Snapshot from the UCSC genome browser illustrating the position of sgRNAs that were used for targeted deletion of Inc-IGSF9. The primers

used for the screening of promoter KO clones are also depicted. Tracks from a CDX2 ChIP-seq experiment illustrate the position where CDX2

binds to the promoter of Inc-IGSF9. B. Picture of an agarose gel showing the output of genotyping PCR in LS174T clones. 3 KO clones are

depicted and 1 WT clone. C. gPCR analysis showing the expression of Inc-IGSF9 and IGSF9 in one WT (blue) and 3 KO clones (different shades of

red). 2 different primers were used for both Inc-IGSF9 and IGSF9 for validation of the expression levels.
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Discussion

The first cases of functional IncRNAs were described two decades ago, and since then a plethora of
studies have identified IncRNAs that play a pivotal role in the regulation of cell proliferation, cell
differentiation and apoptosis'®’. LncRNAs have been associated with disease, and most notably with cancer.
Moreover, IncRNAs have been implicated in several signaling pathways, ultimately affecting their outputs.

The purpose of our study was to discover and characterize WNT-regulated IncRNAs with a functional
role in intestinal homeostasis and carcinogenesis. Therefore, we utilized as a model cell lines in which we
reduced the expression of B-catenin, the main transcriptional effector of the WNT cascade. ChIP-seq using
antibodies against B-catenin and TCF4 and genome-wide transcriptional profiling upon WNT abrogation,
revealed many unknown sites of WNT dependent-transcription and a series of Inc-RNAs that are deregulated
upon B-catenin knock-down. Among them we identified Inc-IGSF9, a IncRNA that seems to be negatively
regulated by the WNT pathway Interestingly, previous studies, which refer to Inc-IGSF9 by its alternative
annotation LINC01133, have reported its implication in distinct cancer types.

The first reference of Inc-IGSF9 in the literature originates from a study which highlights its role as an
oncogene in lung squamous cell cancer (LSCC). Since then, Inc-IGSF9 has been characterized in a spectrum
of cancers, e.g., cervical squamous cell carcinoma, osteosarcoma, pancreatic ductal adenocarcinoma, and
hepatocellular carcinoma, where it acts as an oncogenel’®. On the other hand, it has been characterized as a
tumor suppressor in cancers such as oral squamous cell carcinoma, gastric cancer, breast cancer and
colorectal cancer. Specifically, in a recent study, Zhang et al. demonstrated that Inc-IGSF9 functions as a
tumour suppressor, titrating the SFSF6 protein away from its RNA targets by directly binding to its critical
domain, ultimately blocking the induction of EMT8, This particular study demonstrates that Inc-IGSF9 acts
as a molecular decoy in the cytoplasm to suppress colorectal carcinogenesis. However, work in our
laboratory has shown that Inc-IGSF9 is almost exclusively expressed in the nucleus in our CRC cell line
system, LS174T cells, as well as in other colorectal cell lines.

Lnc-IGSF9 drew our attention as an example of a IncRNA that is negatively regulated by the WNT
pathway. As is generally accepted in the field, the B-catenin/TCF4 complex mainly activates gene expression.
Therefore, Inc-IGSF9 is upregulated upon WNT abrogation and also features B-catenin and TCF4 binding sites
in its locus, implying a novel putative repressive role for the B-catenin/TCF4 complex.

WNT pathway abrogation, after inducible or lentiviral-mediated knock-down of B-catenin or
overexpression of dominant-negative TCF4, resulted in up-regulation of Inc-IGSF9. Then, we examined
whether the activation of the WNT pathway could conversely repress the expression of Inc-IGSF9. To study
this, we exploited publicly available data from patient-derived intestinal organoids, after extrinsic (activation
after genetic ablating of the APC gene) or intrinsic(activation through WNT3a/R-spondin treatment) WNT
activation®. Interestingly, the expression of Inc-IGSF9 was significantly down-regulated by both modes of
WNT activation, corroborating the idea that the WNT pathway negatively regulates Inc-IGSF9. Data derived
from organoids provides valuable information because they mimic in more deatail the in vivo environment
compared to two-dimensional cellular models. The in vitro recapitulation of some aspects of native
physiology of the adult intestinal epithelium and stem cell function makes the intestinal organoid technology
an excellent tool that can recapitulate disease pathways ore accurately. In our case, it was also important
that Inc-IGSF9 is robustly expressed in organoids compared to our colorectal cancer cell lines, where the low
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expression of Inc-IGSF9 is a limiting factor in its investigation. Taking all these into consideration, we propose
that Inc-IGSF9 expression is regulated by the WNT pathway in the intestine.

Due to the fact that Inc-IGSF9 is downregulated in colorectal cancer, the majority of CRC cell lines
express low levels of Inc-IGSF9. The low basal expression of Inc-IGSF9 in our CRC cancer cell lines taken
together with previous in trans overexpression experiments performed in our laboratory that demonstrated
little effect of Inc-IGSF9 in the phenotype of CRC cells, may suggest that this IncRNA acts in cis.

To overcome the limitations of low expression of linc-IGSF9 in our cellular systems, we
overexpressed it in cis with the use of the CRISPRa system to identify putative Inc-IGSF9 target genes. The
CRISPRa system is a powerful technique that enables overexpression of endogenous genes by targeting an
activating Cas9 complex close to their transcription sites; it acts with high efficiency and considerably lower
off-target effects and is widely used to study the in cis effects of IncRNAs®. In cis overexpression of Inc-
IGSF9, followed by 3° mRNA-sequencing revealed its transcriptional effects on target genes. We discovered
that Inc-IGSF9 orchestrates a gene expression program that induces cell adhesion and differentiation, while
it restricts cell proliferation, highlighting its prognostic value in colorectal cancer.

Supporting further this theory, we discovered an underlying regulatory axis between Inc-IGSF9 and
IGSF9, a gene that is located in the vicinity of the Inc-IGSF9 gene locus. Specifically, IGSF9 was the only gene
that was found to be affected within a 1MB distance from the Inc-IGSF9 locus upon Inc-IGSF9 overexpression
Moreover, we showed that the Inc-IGSF9 transcript is essential for the expression of IGSF9, with the latter
following the same pattern of expression as the IncRNA, after WNT abrogation/activation and in colorectal
carcinogenesis. Therefore, we propose that Inc-IGSF9 potentially regulates IGSF9 expression through a cis-
acting mechanism.

The IGSF9 protein is a cell adhesion molecule that has been thoroughly studied in synapse
development; however, there is no clear evidence for its role in other tissues, where it is more abundantly
expressed®. Indeed, profiling using GTEX data clearly shows minimal expression of IGSF9 in the human
brain, while its expression in the intestine and colon is much higher. Because of the low expression levels of
this protein in intestinal cancers, to further investigate its role in colorectal carcinogenesis, we are planning
to perform gain of function studies for IGSF9 in our CRC cell lines by using an IGSF9 ORF expressing plasmid.
By performing immunofluorescence experiments with an antibody against IGSF9 and cell scratch/wound
healing assays we will decipher the contribution of the above protein in cell migration and/or cell-cell
communication as an adhesion molecule.

Although we unveiled a regulatory axis between Inc-IGSF9 and IGSF9, the exact underlying
mechanism of regulation is incompletely understood. RNA pull-down experiments coupled with mass-
spectrometry using Inc-IGSF9 as a bait revealed Inc-IGSF9 interacting proteins. CDX2 is a protein whose
interaction with Inc-IGSF9 was highly reproducible and, in addition, is an intestine-specific transcription
factor, responsible for cell differentiation'®>184, In concordance with the RNA pull-down experiments, meta-

192 revealed binding sites in

analysis of ChIP-seq experiments using an antibody against CDX2 in LS174T cells
the promoter and the ‘enhancer’ region of Inc-IGSF9. Taking all these into consideration we propose that
CDX2 as a potential mediator of Inc-IGSF9 regulation. Moreover, in trans overexpression of CDX2, showed
that it regulates the expression of both Inc-IGSF9 and IGSF9. Further experiments will be designed to
overexpress CDX2 and synchronously knockdown Inc-IGSF9 to investigate whether the CDX2-mediated
regulation of IGSF9 depends on Inc-IGSF9. Such a result will demonstrate the direct dependence of IGSF9 on

the Inc-IGSF9 transcript.
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We also found that, based on double transduction experiments (CDX2 and Inc-IGSF9 simultaneous
overexpression), the Inc-IGSF9 — CDX2 interaction can affect IGSF9 expression in a synergistic manner.
Finally, we report that the successful deletion of the Inc-IGSF9 promoter region with CRISPR/Cas9 technolog,
showed loss of Inc-IGSF9 expression in the resulting knock-out clones. On the other hand, this did not occur
after the excision of the putative enhancer, implying that this region might have less importance for the Inc-
IGSF9/IGSF9 regulatory axis. Finally, Inc-IGSF9 promoter KO clones could be further utilized as a tool to
elucidate the impact of CDX2 on IGSF9 in the absence of Inc-IGSF9 expression.

From a broad perspective IncRNAs is a novel class of transcripts, whose expression is more tissue-
specific than that of mMRNAs!®3. Only a small number of IncRNAs is expressed in a particular cell type,
indicating that transcripts themselves might regulate tissue and cell-type specific transcriptional programs
driving for example differentiation or cell proliferation®®. It is obvious that whole transcriptome analysis of
single cells, in combination with deep RNA-seq of tissues, will assist to identify abundant cell type-specific
IncRNAs. Due to their specificity IncRNAs can be potent targets for IncRNA-centered therapies. Indeed, Inc-
IGSF9 is a IncRNA, whose expression is barely detected in many tissues but robustly expressed in others such
as the small intestine and the colon. Moreover, it is known that a particular IncRNA can act through a
different mechanism at different tissues and/or different developmental stages!®. For example, Malatl a
well-known IncRNA abundant in most tissues has been found to act differently according to the tissue where
it is investigated®®® %, In our case, Inc-IGSF9 has been characterized by different groups to act either as an

198 indicating that its molecular function is highly

oncogene or as tumor suppressor in different cancers
dependent on the tissue and the context where it is expressed. Here we report an in cis mechanism for Inc-
IGSF9 that appears to impact the expression of a gene in its close neighborhood. Such in cis mechanisms
have been previously reported for a plethora of nuclear IncRNAs, yet it is still difficult to distinguish how
frequently this regulation might result from the IncRNA transcript or its regulatory regions or even the
process of transcription itself. Numerous examples in the literature have demonstrated that a transcriptional
effect previously attributed to a IncRNA transcript was in fact mediated through the promoter of the
INcRNA'. It goes without saying that new methods and technologies such as CRISPR-KRAB, CRISPR-SAM,
Road-block dCas9, CRISPR/Cas9 knock-out, shRNA technology?®?! and others should be applied to
distinguish the real cause of changes in the transcriptome. As far as, Inc-IGSF9 is concerned there is strong
evidence arising from our experiments that it is the transcript that regulates the expression of IGSF9, but
further experiments should be performed to reinforce our working hypothesis. In line with this, the fact that
we have discovered that CDX2 — an intestinal-specific factor which also binds to Inc-IGSF9 locus— interacts
with Inc-IGSF9 suggests that Inc-IGSF9 might be an example of IncRNA that regulates its neighbouring gene
through direct interaction with CDX2. Yet this direct interaction remains to be proved as well as the exact
mechanism through which those two molecules regulate the expression of IGSF9. Finally, from a systems
biology perspective, the IncRNAs generally perform their biological functions together with other molecules,
rather than individually. Many examples of IncRNAs have been discovered that interact with general
transcription factors to regulated gene expression. For instance, noncoding RNAs Ul and 7SK directly interact
with general transcription factor TFIID or transcription elongation factor PTEF-b, respectively, to modulate

transcription initiation or pause release?®.

However, in our study we have identified a tissue-specific
transcription factor that can regulate expression by interacting with the Inc-IGSF9 transcript. Taken into
consideration the tissue specificity of IncRNAs and the fact that they can interact with transcription factors
we can suggest that the interaction between CDX2 and Inc-IGSF9 is a potent mechanism that mediates IGSF9
expression and highlights the importance of IncRNAs in tissue-specific and disease-specific molecular

mechanisms.
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Figure 4-1 Schematic representation of the proposed molecular mechanism
When the WNT pathway is in active, Inc-IGSF9 is robustly expressed, interacts with CDX2 transcription factor to activate the

expression of IGSF9. IGSF9 protein is expressed and translocated to the cell membrane, promoting cell adhesion, cell-to-cell
communication and differentiation.
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