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“The ultimate measure of a man is not where he stands in moments of comfort and
convenience, but where he stands at times of challenges and controversy”

Martin Luther King
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Abstract

Gastric cancer (GC) is the 5™ most common cancer and the 3" with the highest mortality,
worldwide. Almost 80% of GC patients are only diagnosed at advanced stage of disease,
where tumors are usually inoperable and the standard of care is conventional
chemotherapy, with an overall survival of ~1 year. Therefore, it is imperative to improve both
GC stratification and therapy. CD44 is a cell adhesion molecule codified by CD44 gene that
undergoes extensive alternative splicing, resulting in the production of many different
isoforms. CD44v6-containing isoforms are all the isoforms that contain the variant exon 6
and have been often associated with cancer development and aggressiveness. A previous
study conducted by our group have shown that de novo expression of CD44v6 is a poor
prognosis factor in GC, but also a likely modulator of response to conventional
chemotherapy in GC cell lines. Relying on the concept of exon skipping, we aimed to
develop models of GC cell lines where exon v6 is skipped from CD44v6-containing isoforms
using PMOs and the CRISPR/Cas9 system, to further explore the role of CD44 exon v6, by
itself, in the response to chemotherapy in GC cell lines.

We used two main approaches, PMOs and CRISPR/Cas9, to specifically remove exon v6
from CD44 gene, transiently and permanently, in two GC cell lines that express CD44v6
endogenously, whilst maintaining the reading frame. We genotyped and characterized the
total CD44 and CD44v6 expression of the edited cell lines and wild-type controls.
Afterwards, we used the permanently edited cell lines by CRISPR/Cas9 for treatments with

chemotherapeutic agents. Cell survival was evaluated in short and long-term treatments.

Using PMOs, we obtained transient GC cells that skipped exon v6, splicing together exon
v5 and exon v7. Regarding CRISPR/Cas9 approach, we obtained various homozygous
clones lacking exon v6 only. To understand the role of exon v6 in response to
chemotherapy, we tested cell survival of GC cells expressing CD4v6- isoforms, the same
cell lines either submitted to CD44 exon v6 RNAI leading to depletion of all CD44v6-
containing isoforms or lacking specifically exon v6 due to CRISPR/Cas9 editing. Results
suggest that depletion of all CD44v6-containing isoforms by RNAI increases cell survival in
short-term treatments, while in long-term treatments, cell survival is decreased, when
comparing to CD44v6 expressing cells. Among edited clones, no consistent differences
were observed in cell survival between clones with or without exon v6. These data support
that depletion of all CD44v6-containing isoforms modulate cell response to chemotherapy,
while exon v6 removal from CD44v6-containing isoforms has no effect in response to

chemotherapy in GC cell lines.

Vi
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In conclusion, results obtained throughout this project suggest that exon v6 is not
responsible for the modulation of chemotherapy response associated with CD44v6-

containing isoforms in GC cells.

VI
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Resumo

O cancro gastrico (GC) é o 5° tipo de cancro mais comum e 0 3° com maior mortalidade,
globalmente. Aproximadamente 80% dos doentes com GC séo diagnhosticados apenas em
estadio avancado da doencga, onde os tumores sao geralmente inoperaveis e o tratamento
de primeira linha é a quimioterapia convencional, com uma sobrevida de ~1 ano. Portanto,
€ imperativo melhorar a estratificacdo e a terapia dos doentes com GC. O CD44 é uma
molécula de adesédo celular codificada pelo gene CD44, que é sujeito a um extensivo
splicing alternativo, resultando na producédo de diversas isoformas. As isoformas CD44v6
sédo todas as isoformas que contém o exdo variante 6 e tém sido frequentemente
associadas ao desenvolvimento e agressividade de varios tipos de cancro. Um estudo
anteriormente realizado pelo nosso grupo mostrou que o CD44v6 é expresso de novo em
lesbes pré-malignas e malignas de GC e que é um fator de mau progndstico em doentes
com GC, no entanto, é também um provavel modelador de resposta a quimioterapia
convencional em linhas celulares de GC. Recorrendo ao conceito de skipping de ex&o, o
nosso objetivo era desenvolver modelos de linhas celulares de GC onde é feito o skipping
do exdo v6 das isoformas CD44v6, usando as tecnologias de PMOs e CRISPR / Cas9,
para explorar qual € o papel do exado v6 do gene CD44, por si s6, na modulagéo da resposta

a quimioterapia em linhas celulares de GC.

Para alcancar o nosso objetivo, usamos duas abordagens principais, PMOs e
CRISPR/Cas9, para remover especificamente o exdo v6 do gene CD44, de forma
transiente e permanente, em duas linhas celulares de GC que expressam CD44v6
endogenamente, mantendo a grelha de leitura. Caracterizamos a expresséao do CD44 total
e CD44v6 nas células editadas e linhas parentais. Posteriormente, usamos as linhas
celulares editadas permanentemente por CRISPR/Cas9 para tratar com agentes
quimioterapéuticos. A sobrevivéncia celular foi avaliada em tratamentos de curta e longa

duragéo.

Usando PMOs, obtivemos linhas celulares de GC que transientemente inibem o exao v6,
fazendo o splicing conjunto do ex&do v5 e v7. Em relacdo a técnica de CRISPR/Cas9,
obtivemos varios clones homozigoéticos sem o exdo v6. De modo a investigar o papel do
exao v6 na resposta a quimioterapia, foi testada a sobrevivéncia celular de células de GC
gue expressam isoformas CD44v6 e as mesmas linhas celulares submetidas a RNAI para
0 exdo v6 do CD44, levando a que todas as isoformas CD44v6 fossem depletadas, ou
especificamente sem o exdo v6 editado por CRISPR/Cas9. Os resultados sugerem que a
deplecdo de todas as isoformas CD44v6 por RNAi aumenta a sobrevivéncia celular em

tratamentos de curta duracdo, enquanto que em tratamentos de longa duracdo, a

Vil
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sobrevivéncia celular diminui quando comparada as células que expressam CD44v6. Entre
os clones editados, ndo foram observadas diferencas consistentes na alteracdo da
sobrevivéncia celular entre os clones e células com e sem CD44v6. Estes dados suportam
que a deplecdo das isoformas CD44v6 modula a resposta celular a quimioterapia,
enquanto que a remocao do exdo v6 das isoformas CD44v6 ndo afeta a resposta a

quimioterapia em linhas celulares de GC.

Em concluséo, os resultados obtidos ao longo deste projeto sugerem que o exdo v6 nao é
responsavel pela modulagéo da resposta a quimioterapia associada as isoformas CD44v6
em células de GC.
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1. Gastric Cancer (GC)

Cancer is considered a major health problem around the globe. The World Health
Organization estimated, in 2015, that cancer was the first or second leading cause of death
in people with less than 70 years in more than half of the countries in the world. A complex
combination of factors, such as aging and growth of the world’s population and changes in
prevalence and distribution of the main cancer risk factors contribute to the rising cancer

incidence and mortality worldwide (1).

One of the greatest contributors to this health burden is GC. Even though GC incidence
has declined in the past fifty years (2), according to the International Agency for Research
in Cancer, in 2018, more than one million people were diagnosed with GC and 780 000
people perished from this disease, making GC the 5" most common type of cancer and the

3" leading cause of cancer-related deaths, globally (3).

GC has a characteristic distribution around the world, with Eastern Asia and South and
Eastern Europe having the highest rates regarding both GC incidence and mortality.
Concerning gender, men are more susceptible to GC when compared to women, as GC
incidence and mortality rates in men are 7.5% and 9.2%, respectively, while in women these
rates decrease to 4.1% and 6.5%, respectively, regarding all types of cancers (3).

1.1. GC diagnosis and staging

GC is a silent disease at initial stages due to the non-specific symptoms that most
patients exhibit, with merely vague stomach aches or abdominal pain and, consequently,
approximately 80% of GC patients are only diagnosed at advanced stages of disease. At
these stages, the ambiguous symptoms may evolve to vomits, anorexia, weight loss,

difficulty in swallowing, excessive belching and increased tiredness (4, 5).

The diagnosis of gastric tumors is performed by endoscopy and biopsy (6) and,
afterwards, staging is an imperative step to properly stratify GC patients in order to deliver
the best personalized treatment to each patient. Tumor, nodes and metastases (TNM)
classification system is the method of choice regarding staging of GC patients. The TNM
system focus on tumor size and extent (T), presence or absence of lymph node invasion
(N) and on presence or absence of distant metastases (M) (7). To classify a gastric tumor
according to their stage, the techniques of choice are endoscopic ultrasonography and
compute tomography scan of the chest and abdomen (6). The combination of the three
TNM components results in a final staging ranging from 0 to IV (7), as shown in Table 1.

Gastric tumor development is schematically represented in Figure 1.
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Table 1 — GC TNM staging overview (Modified after reference (7)).

Stage Grouping T stage N stage M stage
Stage 0 Tis NO
Stage 1A T1 NO
Stage 1B T2 NO
T1 N1
Stage IIA T3 NO
T2 N1
T1 N2
Stage IIB T4a NO
T3 N1
T2 N2 MO
T1 N3
Stage IlIA T4a N1
T3 N2
T2 N3
Stage IIIB T4b NO-1
T4a N2
T3a N3
Stage IIIC T4b N2 -3
T4a N3
Stage IV Any T Any N M1

T1 - tumor growth into the inner layers of the stomach wall, T2 - tumor growth into the muscle layer of the
stomach wall, T3 - tumor growth into the outer lining of the stomach wall, T4 - tumor growth beyond the outer
lining of the stomach wall. NO — No cancer cells are encountered in lymph nodes, N1 — There are cancer cells
in 1-2 lymph nodes close to the stomach, N2 - There are cancer cells in 3-6 lymph nodes close to the stomach,
N3 - There are cancer cells in more than 7 lymph nodes close to the stomach. MO — GC has not spread into
distant organs, M1 - GC has spread into distant organs.

Tia
Tib
T2

T4a

S oNe
.

Liver «————— Cancerinthe

nearby organs
or tissues

Inner lining
Supportive tissue
Muscle

Quter lining

Figure 1 - GC TNM staging (A) As the tumor grows and invades the outer layers of the stomach, the T increases;
(B) When the tumor has grown so big that invades the nearby organs, it is classified as T4b; (C) The N increases
with the increase of invaded lymph nodes; (D) The MO changes to M1 when distant metastases are discovered
(Modified from Cancer Research UK: https://www.cancerresearchuk.org/about-cancer/stomach-
cancer/stages/tnm-staging).
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1.2. GC patient management

The management of gastric tumors relies on their staging and on the fithess of the
patients. The practical recommendations for management of local and locoregional disease,
which comprises tumors from stage | to stage lll, is surgery. For early diagnosed tumors
(stage IA), endoscopic resection of the tumor is the best approach. For patients with stage
IB — lll tumors, the indication if for a radical gastrectomy in combination with pre- and
postoperative chemotherapy. Regarding both advanced and metastatic GC, the
recommendations for first-line treatments are doublet or triplet platinum/fluoropyrimidine
based combinations. These are very aggressive treatments and, therefore, are only
indicated for fit patients. These treatments demonstrated to improve both survival and
quality of life when compared to the best supportive care alone, leading to a median overall
patient survival of ~1 year (8). In recent years, targeted therapies have been introduced for
the treatment of GC patients. The first targeted therapy approved by the Food and Drug
Administration (FDA) for the treatment of GC was the anti-HER2 Trastuzumab monoclonal
antibody for patients with HER2 overexpression, in 2010. In the ToGa phase 3 trial, it was
shown that combining Trastuzumab with chemotherapy improved survival in advanced GC
patients overexpressing HER2, when comparing to patients treated with chemotherapy
alone (9). Afterwards, in 2014 the anti-VEGFR-2 monoclonal antibody Ramucirumab was
also approved by the FDA for the treatment of unresectable and metastatic GC. The
RAINBOW phase 3 trial proved that Ramucirumab combined with Paclitaxel improved both
overall and progression-free survival when compared to Paclitaxel alone (10). These are
the approved target therapies for GC management. However, these GC targeted therapies

have showed a limited overall survival (OS) improvement, of only 2 to 4 months (9, 10)

1.2.1. Resistance to GC therapy

The success of GC treatment mainly relies on the stage at diagnosis. Radical surgery
is the only curative treatment, however, approximately 80% of GC patients are diagnosed
at an advanced stage of disease, where tumors are usually unresectable and chemotherapy
is the main treatment of choice. Nevertheless, the success rate of chemotherapy is small
and eventually most GC patients relapse or do not even respond (11). This therapy failure
can occur due to pre-existent resistance factors present in the tumor (intrinsic resistance)
or due to an acquired resistance to the drugs used in the chemotherapy regimens (12, 13).
The intrinsic resistance might be a consequence of host factors, such as poor absorption
or rapid metabolism that lead to the excretion of the drug, or specific alterations in cancer

cells at the genetic and epigenetic level. On the other hand, the most common reasons for
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acquired cancer drug resistance are the overexpression of energy-dependent transporters
(that are capable of removing cancer therapy agents from cells), overexpression of DNA
repair enzymes (that allow cancer cells to repair the drug-induced DNA damage more
efficiently) or overexpression of anti-apoptotic molecules, that reduce the levels of drug-

induced apoptosis in cancer cells (12).

1.3. Biomarkers in GC: State of art

A biomarker can be defined as a measurable characteristic that designates a certain
biological state as normal or irregular and can be many types of biomolecules, such as
DNA, RNA, proteins, peptides, among others (14). In the past years, biomarkers have
gained a relevant role in cancer. There are biomarkers that can be used to properly define
specific cancer diagnosis (diagnostic biomarkers), provide important information about the
course of the disease (prognostic biomarkers) and predict the most likely response to

therapy of certain patients (predictive biomarkers) (4).

Regarding GC, few are the biomarkers already used in the clinical practice. The use of
TNM system at diagnosis is still the best way to determine patient’s prognosis and decide
the best treatment for GC patients (4, 15). The histologic type is also a prognostic factor for
GC patients, where intestinal type or well differentiated is associated with a better survival
after 5-years when compared to diffuse type or poorly differentiated in advanced GC, while
in early GC the intestinal type presents the worst outcome (16).

2. CD44in GC
2.1. CD44 gene and protein

Cluster of Differentiation 44 (CD44) is a family of glycoproteins that are encoded by one
single gene, the CD44 gene, which is constituted by 20 exons in mice and 19 exons in
humans. The human CD44 gene has been mapped and it is located in the chromosomal
locus 11p13, while in mice, it is located in chromosome 2 (17, 18). As represented in Figure
2, this gene is constituted by a constant part from exon 1-5 and exon 16-20 and a variant
part from exon 6-15 (also known as v1-v10), that is regulated by an intensive alternative
splicing, resulting in many different transcripts. The different formed transcripts result in
different protein isoforms that are constituted by an identical cytoplasmic and
transmembrane domain, however, its extracellular domain differs between isoforms, since
the translation of the variant exons result in the addition of amino acids to a specific part of

the extracellular domain (17, 19, 20), as shown in Figure 2.
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Figure 2 - The CD44 gene composition and its different isoforms. Human CD44 gene is composed of 10
contitutively transcribed exon (S1 to S10) and 9 variant exons (V2 to V10), which are inserted between exon S5
and S6 through alternative splicing (Modified after reference (17)).

This molecule has been widely studied over the years. It was first described as a
lymphocyte homing receptor (21), however, nowadays many are the functions to which
CD44 is associated. This cell adhesion molecule controls cell behavior by mediating cell-
cell and cell-matrix contact, being essential for the tissue integrity and maintenance. It is
also included in lymphocyte activation, circulation and homing, and hematopoiesis. CD44
binds primarily to hyaluronan (HA) through its extracellular domain, which is important to
the maintenance of the three-dimensional structure of the tissues, to the proliferation of
epithelial cells, and to cell repair (17). CD44 also binds to other ligands, such as ankyrin

and ezrin-radixin-moesin (ERM) through its cytoplasmic tail (18).

2.1.1. Alternative splicing and variant isoforms

As mentioned above, CD44 gene is subjected to an intensive alternative splicing (17-
20), a mechanism of genetic regulation and variation in higher eukaryotes, which results in
a greater source of protein diversity from the genetic code (22). The alternative splicing
patterns are responsible for including only certain portions of the coding sequence in the
MRNA, after transcription. This process results in many protein isoforms that vary in peptide
sequence and, consequently, in chemical and biological activity (23), as it is schematically

described in Figure 3.
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Figure 3 — Alternative splicing machinery. The 2’'OH of a specific branch point within the intron attacks the donor
site at the same intron, forming a loop. Hereafter, the donor site 3'OH attacks the acceptor site in the same
intron, removing the intronic area. Afterwards, exons connect and are translated. By alternative splicing, not all
exons might be translated and different protein isoforms are produced, all originated from the same gene. Don-
Donor; BP-Branch Point; Acp-Acceptor (Based on reference (22)).

Regarding CD44 gene, many CD44 variant isoforms are produced. The most abundant
isoforms are the standard (CD44s) and the epithelial isoforms (CD44e). The first one is only
constituted by the constant part of the gene and the second one has the insertion of exons
v8-v10 by alternative splicing. Besides these isoforms, other CD44 variant isoforms
(CD44v) are originated by the insertion of certain variant exons by alternative splicing
between exons 5 and 16 of the constant part of the gene (19). Both CD44s and CD44v play
important roles in tumor initiation, progression, invasion and metastization of certain types

of cancer (20).

2.1.2. Expression pattern and tissue specificity

The different CD44 protein isoforms do not display the same expression pattern and
usually vary in function (24). CD44s is ubiquitously expressed in almost all mammalian cells.
However, CD44v are expressed in specific epithelial cells, particularly during embryonic
development, lymphocyte maturation and activation. Specific CD44v isoforms have also
been reported to be aberrantly expressed in several types of cancer (25), such as CD44v3,
which has been reported to be overexpressed in GC, uterine cervix squamous cell

carcinoma, nasopharyngeal carcinoma and colorectal cancer and is associated with poor
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cellular differentiation, advanced stage, lymph node metastases, worse overall survival
(0S) and disease-specific survival (DSS) (26-29). CD44v9 has also been reported to be
highly expressed in early GC, esophageal squamous cell carcinoma, triple-negative breast
cancer, and head and neck carcinoma and has been associated with poor prognosis, worse
survival rate and higher number of lymph node metastases (30-33). CD44v6 isoforms have

also been associated with cancer, as it will be mentioned bellow.

2.2. CD44v6 isoforms

The CD44v6-containing isoforms are composed by a cluster of isoforms that contain the
variant exon 6 (18, 34). These isoforms have been widely investigated in the past decades
due to its additional binding motifs that connect specific ligands and that relate these
proteins with some features commonly associated with cancer (18). The portion of the
protein translated from exon v6 contains extra binding sites that ligate CD44 to hepatocyte
growth factor (HGF) and vascular endothelial growth factor (VEGF) (19). The HGF is the
ligand to the receptor tyrosine kinase MET (c-MET), a well-known proto-oncogene and, the
binding of CD44v6 to HGF results in the activation of c-MET by phosphorylation, which
ultimately promotes cancer cell invasion. The recruitment of ERM proteins by the
cytoplasmic tail, results in the interaction of ERM with VEGF receptor 2 (VEGFR-2), which
contributes to angiogenesis, cancer cell division, proliferation and invasion (35). Figure 4

details the signaling pathways of CD44v6.
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Figure 4 - CD44v6 and CD44s downstream signaling pathways. CD44v6 possesses specific binding sites for c-
MET and VEGFR-2, leading to its activation and the activation of specific pathways, which ultimately results in
cancer cell proliferation, invasion, angiogenesis and shifts in metabolism (Modified after (35)).
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2.2.1. CD44v6 in normal tissues

Only a few specific types of cells express CD44v6-containing isoforms in a non-
pathologic manner. Soukka and colleagues (1997) discovered that some skin cells
expressed CD44v6 and CD44s likewise. According to them, all the cell layers from the
epidermis, except the keratinized upper layer, express both CD44s and CD44v6. Hair
follicles and sweat glands express both isoforms as well (36). Kooy and colleagues (1999)
study concluded that CD44v6 is also expressed in adherens junctions, desmosomes and
complex interdigitating membrane structures of the epidermis (37). Another research, from
Afify and colleagues (2005), investigated the expression of CD44v6 in endometrium cells
and concluded that the up-regulation of CD44v6 in the secretory glands of the endometrium
were coincident with the time in which endometrium is most accessible to embryo
implantation (38). In a study by Mack and Gires (2008) it was possible to understand that
CD44v6 is also expressed in normal epithelial cells of the head and neck (39). Nevertheless,
as most CD44v, CD44v6 is majorly expressed in malignant cells when compared to normal
tissues (40).

2.2.2. CD44v6 in cancer

Studies on the association between CD44v6 and cancer began in the early 1990’s after
Gunthert and colleagues (1991) discovered a new CD44 glycoprotein (CD44v4-v7 isoform)
in a metastatic rat pancreatic carcinoma cell line (BSp73ASML) and that, upon transfecting
that specific variant, into a related non-metastasizing cell line (BSp73AS), conferred a
metastatic potential to those cells (41). Afterwards, Seiter and colleagues (1993)
investigated the use of a specific antibody for CD44v6 in the transfected cells. They treated
mice with the transfected cells and with the CD44v6 specific antibody, resulting in the
blockade of lymph node and lung metastases, hence proving the metastatic potential

conferred to these cells by CD44v6-containing isoforms (42).

Since then, many researchers have studied the expression of CD44v6 in various types
of cancer and its aberrant expression has been associated with poor prognosis in gastric
cancer (43, 44), esophageal cancer (45), colorectal cancer (46), non-small cell lung cancer
(NSCLC) (47) and breast cancer (48). Nevertheless, it has also been associated with lymph
node or/and tumor metastases in gastric cancer (44), pancreatic cancer (49), esophageal
cancer (45), breast cancer (48, 50) and colorectal cancer (46). Moreover, some studies
have associated CD44v6 with a worse survival rate at the 5-year marker in gastric cancer
(44), pancreatic cancer (49) and in colorectal cancer (46) as well. CD44v6 is also associated

with tumor differentiation in gastric cancer (44), colon cancer (45) and breast cancer (48)
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and with advanced tumor staging in gastric (44) and breast cancer (50). Since CD44v6 is
involved in tumor initiation, progression and invasion in various types of cancer, this protein

might work as a cancer biomarker.

2.2.2.1. CD44v6 de novo expression in premalignant and malignant lesions

As mentioned above, the expression of the variant isoforms is a rare event in the
organism. However, its expression in premalignant and malignant lesions is frequent (18,
19). In a previous study from our group, it was discovered that CD44v6 expression changed
between normal gastric tissue and gastric tumor tissue. Analyzing samples from normal
gastric mucosa, hyperplasia, metaplasia, dysplasia and advanced gastric carcinomas, it
was observed that there was no expression of CD44v6 in normal gastric mucosa, however,
as the lesion evolved to hyperplasia, transdifferentiated into metaplasia, dysplasia and
finally GC, CD44v6 became gradually overexpressed, indicating that CD44v6 may be
involved in the malignant transformation of the gastric mucosa (51).

2.2.2.2. CD44v6 expression in cancer stem cells

Cancer stem cells (CSCs) have been defined as a small sub-population of tumor cells
with increased tumor-initiating capacities and self-renewal potential. Over the years, it has
been discovered that CSCs possess the ability to self-renew and that tumors who derived
from purified CSCs can recapitulate the heterogeneous phenotype from the original tumor,
hence their differentiation capacity. These cells are, often, highly resistant to apoptosis and
are essential in the process of metastases formation after a latency period (25). Both CD44s
and CD44v are considered CSC markers and they have been shown to be engaged in
performing functions shared by CSCs and normal stem cells (19). As reported in the
literature, CD44v6 is highly expressed in CSCs from brain (52), colon (53), pancreas (54)

and head and neck tumors (39).

2.2.2.3. CD44v6 and associated therapy resistance

A high percentage of GC patients treated with chemotherapy often do not respond to it
or relapse upon an initial favorable response (11). Therefore, intrinsic and acquired
resistance to chemotherapeutic agents is one of the main reasons for therapy failure. It has
already been reported in the literature the association between CD44v6 expression and
chemotherapy resistance in cancer patients (55). Lin Lv and colleagues demonstrated that

CD44v6 overexpression is implicated in acquired resistance in colon cancer through a
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process of autophagy flux (56). Nevertheless, little is known about the implication of CD44v6

in GC therapy resistance.

2.2.2.4. Anti-CD44v6 targeted therapies and clinical trials

As CD44v6 began to be studied in the cancer field and its potential use as a biomarker
or a therapeutic target in the clinic investigated, the use of monoclonal antibodies (mAb)
against CD44v6 started being tested. A mAb anti-CD44v6 was developed in combination
with ®®*™Technetium, namely BIWA 1, and was tested for head and neck cancer diagnosis
However, BIWA 1 was proved to be immunogenic and to have a heterogeneously
accumulation in the tumor cells (57). Afterwards, the covalent combination of the same mAb
anti-CD44v6 with the chemotherapeutic cytotoxic drug mertansine (i.e. bivatuzumab
mertansine), was tested in patients with incurable squamous cell carcinoma of the head
and neck or esophagus. This phase 1 clinical trial resulted in the death of one of the study
participants through grade 4 skin toxicity, where the patient suffered a large loss of
epidermis in the body, with the separation of the skin from the body on touch. At the
microscopic level, there was an extensive apoptosis of the keratinocytes from the basal and

suprabasal layers, where CD44v6 is known to be expressed (58).

Recently, gold nanostars-based PEGylated multifunctional nanoprobes conjugated with
CD44v6 mAb (i.e. CD44v6-GNS) have been developed for the treatment of GC. These
conjugated nanoparticles display a high affinity towards spheroids of GC stem cells and are
capable of destroying those spheroids with a low power laser treatment. These nanoprobes
were injected in xenograft nude mice models as well, and it was demonstrated that CD44v6-
GNS were capable of targeting the GC vascular system and inhibit tumor growth after laser
irradiation. Likewise, CD44v6-GNS nanoprobes revealed great potential for GC therapy in
the near future (59). Nevertheless, anti-CD44v6 cancer therapy is yet to be implemented

into clinical practice.

3. Genetic manipulation strategies for ablation of exon v6 from CD44 gene

Technologies for manipulating the human genome have enabled several advances in
many biological fields in the past decades (60). The techniques developed to genetically
manipulate both DNA and RNA have become extremely precise over the course of years
of investigation and can alter the genome either transiently or permanently (60, 61). These
techniques have been able to change gene expression and, therefore, its usage is being

considered for certain pathologies as gene therapy (62).
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As CD44v6 is implicated in tumor initiation, progression and invasion in many cancer
pathologies (19), the application of genetic manipulation technology to successfully remove
exon v6 from the CD44v6-containing transcripts would be an interesting approach to

investigate for cancer therapy.

3.1. Antisense oligonucleotide strategy

In recent years, there has been a renewed interest in antisense oligonucleotides (AONS)
usage for gene therapy (63). AONs are synthetic strings of nucleic acid in single stranded
form, which possess 8 to 50 nucleotides in length and can bind to mRNA through Watson—
Crick base pairing hybridization. These oligonucleotides can interfere with the expression
of certain genes by altering their RNA function (63-65). Stephenson and Zamecnik (1978)
were the first to develop a DNA molecule of 13 nucleotides with modifications at the 3' and
5" OH moieties, which was capable of inhibiting replication and cell transformation of the
Rous sarcoma virus (66). Since then, many modifications in AONs chemistry were
developed to improve AONSs stability, binding strength and specificity which allowed the use
of AONs for therapy applications. For instance, giving rise to several different tools to
interfere with gene expression, allowing their use to restore protein expression, to reduce

the expression of certain toxic proteins or even modify mutant proteins (63, 64).

The modifications developed to improve AONs efficacy over the years relate with their
backbone, sugar component and some alterations in ribose and nucleoside components.

Figure 5 displays in detail AONs types of modifications.

According to their function, AONs can be divided in dependent or non-dependent of
RNase H. The first ones eventually lead to mRNA degradation, while the RNase H non-
dependent AONs prevent or inhibit the splicing machinery (64). One application of the
RNase H non-dependent ANOs is to cause the skipping of exons in certain genes. The
concept of exon skipping relies on the splice out of a specific exon of multiple exons by
alternative splicing. This mechanism occurs naturally in cells as part of the splicing
machinery and is the main event occurring in vertebrates and invertebrates in terms of
alternative splicing (67). However, the concept of exon skipping is a very useful tool for gene
manipulation, since skipping an out-of-frame mutated exon that causes knockout of an
important protein can lead to restauration of the reading frame, hence resulting in a smaller

but functional protein (68).
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Figure 5 — General modifications developed in AON strategy. The main modifications occur at the backbone,
sugar and nucleobase. Combined modifications occur at the “Advanced modified AONs” (Modified after (69)).
AONSs — Antisense Oligonucleotides.

One of the most prone AONSs for exon skipping is the Phosphorodiamidate Morpholino
Oligomer (PMO). PMOs are synthetic and uncharged analogs of nucleic acids that are
usually 25 subunits linked together, with each one bearing a nucleotide. Its
phosphorodiamidate backbone consists of morpholine rings with methylene groups which
are bound to modified phosphates with a nonionic dimethylamine group. One standard DNA
nucleotide is bound to each morpholine ring. Antisense PMOs can block macromolecule
interactions with mRNA by paring through Watson—Crick base pairing hybridization. This
prevents the initiation complex read-through or modifies the splicing of many cell types,
including human cells (70, 71).

Recently, a PMO was approved for the treatment of Duchenne Muscular Dystrophy
(DMD), namely Eteplirsen. Also known as Exondys 51 or AVI-4658, this 30-mer drug
developed by Sarepta Therapeutics hybridizes with exon 51 of the DMD gene, blocking its
splicing into the mRNA. In DMD patients carrying an out-of-frame mutation near this exon,
Eteplirsen can block the splicing of exon 51, which restores the reading frame. This leads
to a shortened functional DMD protein, resulting in milder symptoms, similar to the ones

observed in Becker Muscular Dystrophy (BMD) (72). These two disorders result from
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mutations on the same gene, however, DMD is caused by out of-of-frame mutations that
result in no production of DMD protein, while BMD is caused by in-frame mutations that
result in a truncated but functional protein. They only differ in severity, age of onset and
progression rate. In DMD, muscle weakness commonly appears in early childhood and
rapidly gets worse. DMD patients usually are wheelchair-dependent when they reach
adolescence and, due to rapid disease progression, normally live only into their twenties.
On the other hand, BMD patients present the same symptoms, however, these symptoms
begin later, and evolve much slower, hence BMD patients can survive into their forties and
beyond (73). The mechanism of gene therapy for DMD patients is underlined in Figure 6.

Another AON has been approved, by the FDA, for the treatment of Spinal Muscular
Atrophy (SMA). Nusinersen, also known as Spiranza, was developed by Biogen and is an
18-mer phosphorothioate 20 -O-methoxyethoxy AON with all cytidine’s methyl-modified at
the 5-position. SMA is caused by a mutation in the SNM1 gene, which leads to deficient
SNM protein. The SMN1 gene is the principal responsible for SMN protein production,
however, there is a SMN2 gene, which produces very small quantities of protein. This AON
can include exon 7 in SMN2 mRNA by targeting and blocking an intron 7 internal splice site,

resulting in SMN2 producing a SMN protein similar to functional SMN1 (74).

A B
Pre mRNA Deletion of exon 52 Pre mRNA AOs
—_—
l Splicing 1 Exon 51 skipping at splicing
mMRNA mMRNA
Misalignment of the reading frame Correction of the reading frame
(out-of-frame) (in-frame)
No dystrophin expression Production of truncated dystrophin
DMD Mild dystrophinopathy phenotype

Figure 6 — Gene therapy for DMD disease. (A) a mutation on exon 52 lead to the misalignment of the reading
frame, resulting in no dystrophin protein expression. (B) Targeting an AON to exon 51 results in skipping of exon
51, correction of the reading frame and consequently in the production of a smaller but functional dystrophin
protein (Modified after reference (75)).
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3.2. CRISPR/Cas9 genome editing

The genome editing techniques started to be developed in the 1970s with the discovery
of restriction enzymes that protect bacteria against phages. Since then, gene editing has
evolved, being CRISPR/Cas9 system the most promising genomic engineering technology

presently available (60).

CRISPR stands for Clustered Regularly Interspaced Short Palindromic Repeats and is
essential in the adaptive immunity of several microorganisms (60, 76, 77). Various CRISPR
systems have been identified from a wide range of bacterial and archaeal hosts, all
comprising a cluster of CRISPR-associated genes (Cas), noncoding RNAs and repetitive
elements that are interspaced by short sequences of exogenous DNA targets, namely
protospacers that are associated with a protospacer adjacent motif (PAM). The type Il
CRISPR system derived from Streptococcus pyogenes is the best-characterized one. The
CRISPR system was modified from these microorganisms to be used as an engineering
genomic tool to precisely cut DNA. A single guide RNA (sgRNA), which is constituted by a
CRISPR RNA (crRNA) and a trans-activating crRNA (tracrRNA), is joined to the Cas9
protein, and this complex is transfected into cells. The sgRNA targets a DNA portion via
Watson-Crick base paring and the Cas9 protein recognizes the PAM sequence, causing a
double strand break (DSB) approximately 3bp upstream the PAM sequence, in the target
DNA. The DSBs can then be repaired by the error-prone non-homologous end-joining
(NHEJ) pathway or the highly precise homology-directed repair (HDR). NHEJ leads to
insertions or deletions that cover for the DSB site, while the HDR requires a DNA template
with homolog regions overlapping each side of the cut DNA to be precisely inserted into the
region of the DSB (60, 76). The CRISPR/Cas9 system is described in detail in Figure 7.
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Figure 7 - Engineered CRISPR-Cas9 system. Fusion between a crRNA and a tracrRNA sequence, results in a
sgRNA. Afterwards, the sgRNA complexes with Cas9, and this complex is capable of breaking the DNA 3-4bp
upstream the PAM sequence, which is recognized by the Cas9 (Modified after (78)). crRNA - CRISPR RNA;
tracrRNA - transactivated CRISPR RNA; sgRNA - single guide RNA; PAM - Protospacer Adjacent Motif.

Even though CRISPR/Cas9 is a gene editing technique with enormous possibilities, its
use for gene therapy for human diseases is still controversial. Despite its potential, how
CRISPR/Cas9 editing tools are efficiently delivered to targeted cells in vivo and how to avoid
or reduce unintended off-target effects remain major challenges, which are crucial for its
clinical applications (79). Nevertheless, this technology is a good approach to mimic the
results obtained with AONs for the treatment of several disorders in a permanent fashion.
Only few clinical trials have started testing the use of CRISPR/Cas9 technology in human
disorders, however, some researchers are studying it in vitro and in vivo, in several animal
models (80-83).
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3.3. Potential of genetic manipulation for cancer therapy

Cancer is a disease mainly caused by the accumulation of genetic and epigenetic
alterations. Likewise, it is feasible that genetic manipulation may have great potential for
cancer therapy. Cancer cells often present aberrant expression of certain genes, namely
oncogenes or tumor suppressor genes. Using gene manipulation to restore the normal

expression of such genes would be a proper mechanism to treat cancer (79).

While this idea seems promising, the truth is that no gene manipulation therapy has yet
been approved for the treatment of oncologic pathologies (84, 85). Regarding AONs
strategies, there are currently approximately 90 clinical trials evaluating their potential for
cancer therapy (website: https://clinicaltrials.gov/ct2/results?term=antisense+and+cancer&
Search=Search). Nevertheless, none of these clinical trials have passed phase 3 stage with
satisfying results (84). Some were promising, such as Custirsen (developed by Isis and
Teva/Oncogenex), an AON developed to target clusterin, which is implicated in prostate
cancer cell survival and drug resistance (86), or Lucanix (developed by Nova Rx), an AON
that targets TGF-f32, for the treatment of NSCLC (NCT00676507). Imetelslat (developed by
Geron) is another AON developed to target telomerase by binding to the RNA at the active
site of the enzyme (NCT01731951). However, none of these AONs have shown
improvement in patients survival comparing to standard therapies (84).

Concerning CRISPR/Cas9 technology, there are significantly less clinical trials ongoing,
and only still in initial states of investigation, nevertheless, a few show promising results.
One example is a phase 1 clinical trial that genetically engineers autologous lymphocytes
ex vivo to knockout PD-1. The genetically engineered T-cells are infused back into the
patient for the treatment of advanced NSCLC (NCT02793856) (87).

Although gene manipulation has entered the clinics as therapy for some genetic
disorders, to this date there is still no approved gene manipulation for cancer therapy (88).
Nevertheless, in the future, manipulation of genes engaged in cancer initiation and
development will be an important field of investigation due to its potential as an anticancer

therapy.
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GC is one of the deadliest cancers worldwide. Most GC patients are diagnosed at stage
IV, where usually tumors are inoperable and where chemotherapy is the first line of
treatment. Usually GC patients respond poorly to chemotherapy, therefore, both GC patient
stratification and therapy must be improved. CD44 has been widely investigated in various
types of cancer, including GC. This protein is important in cell-cell- and cell-matrix junctions.
CD44 gene endures extensive alternative splicing, which ultimately results in the production
of various variant isoforms. CD44v6-containing isoforms are mainly expressed in cells from
the gastric mucosa that undergo malignant transformation. CD44v6 has been implicated in
cancer development, and it was discovered that CD44v6-containing isoforms were capable
of modulating GC cell lines response to chemotherapy. CD44v6 has also been investigated
for targeted therapy however, the clinical trial to test CD44v6 inhibition did not produce

conclusive results.

Keeping all of this in mind, our general aim was to design and establish GC cell line
models where CD44 exon v6 is skipped from CD44v6-containing transcripts, maintaining
the reading frame. These models would then be pivotal to dissect the role of exon v6, itself,
in the modulation of chemotherapy response associated to CD44v6-containing isoforms in

GC cell lines. To accomplish this main goal, three specific goals must be achieved:

e Specific aim 1: Design strategies to obtain GC cell line models lacking only exon
v6, in a transient and permanent manner, using PMOs and CRISPR/Cas9
techniques, respectively.

e Specific aim 2: Characterize the GC cell lines obtained from the editing techniques.

e Specific aim 3: Use the permanent GC cell line model, obtained with
CRISPR/Cas9, to assess whether the removal of exon v6 from CD44v6-containing

transcripts modulates the response of GC cells to chemotherapy.

With the proposed aims, we will generate two exon skipping models for GC investigation
and through those models, it will be possible to study the specific role of exon v6, namely

in the modulation of therapy response in GC cells.

30



Silvana Patricia Lobo Ferreira de Sousa | Novel Predictive Markers of
Therapy Response in Gastric Cancer

Chapter Ill | Material and Methods

31



Silvana Patricia Lobo Ferreira de Sousa | Novel Predictive Markers of
Therapy Response in Gastric Cancer

1. Experimental design

The workflow for this project involved two main approaches for genetic manipulation of
CD44 gene, as observed in Figure 8. PMOs and CRISPR/Cas9 system were used to either
transiently or permanently delete exon v6 from CD44v6 expressing GC cell lines, without
knocking down the CD44 gene. To achieve this goal, two GC cell lines that endogenously
express CD44v6, GP-202 and MKN-45, were used.

Initially, PMOs were designed to target the splice sites at the beginning and at the end
of the CD44 exon v6. Prior to the use of the designed PMOs, transfection conditions were
optimized in order to achieve the best transfection efficacy. After transfecting PMOs into
GP-202 and MKN-45 cell lines, cells were analyzed regarding their RNA and protein

modifications.

While designing the PMOs, sgRNAs sequences were designed to target the adjacent
exon v6 introns, the exon-intron boundaries from exon v6, and the exon v6 itself. Afterwards,
the designed sgRNAs were cloned into a plasmid containing the Cas9 gene and the
recombinant plasmid was transfected into GP-202 and MKN-45 cell lines. After cell
selection, the obtained clones for each cell line were characterized and only the ones with
a homozygous deletion and no CD44v6 expression, at the DNA, RNA and protein level,

were selected to carry out the experiments.

For each cell line, three clones permanently edited by CRISPR/Cas9 and mock cell lines
were treated with chemotherapeutic agents used in the treatment of GC patients. Two types
of treatments were performed, short-term and long-term treatments, in order to evaluate if
exon-v6 is involved in the modulation of the response to chemotherapy observed in GC
cells expressing CD44v6-containing isoforms. Initially, we aimed to perform chemotherapy
treatments using cells lines from both PMOs and CRISPR/Cas9 approaches. However, later
we decided to pursue the treatments using only the clones obtained with the CRISPR/Cas9

technology.
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Figure 8 — Workflow for this project regarding the (A) PMOs and (B) CRISPR/Cas9 experiments.

2. Cell culture

Human GC cell line MKN-45 was purchased from the JCRB Cell Bank (Japanese
Collection of Research Bioresources Cell Bank), and the non-commercial GP-202 cell line
was established at Instituto de Patologia e Imunologia Molecular da Universidade do Porto
(Ipatimup). Both cell lines were routinely cultured in Roswell Park Memorial Institute medium
(RPMI) from ThermoFisher Scientific (Waltham, MA, USA) containing 10% (v/v) of Fetal
Bovine Serum (FBS) from Biowest (Nuaillé, France). Cell cultures were maintained at 37
°C under a 5% CO; humidified atmosphere. Cells were sub-cultured every 4-5 days, for a
maximum of 5 months. Cells were routinely confirmed to be free of mycoplasma

contamination.

3. PMO approach

Three PMOs were used in the project: one fluorescent PMO (labelled with Fluorescein)
to assess transfection efficiency; two PMOs specifically designed to target splice sites near
exon v6. All PMOs were purchased from Gene Tools (Philomath, OR, USA).

3.1. PMO design

PMOs used in this project were designed to target the splice sites at the beginning and
at the end of exon v6 of the CD44 gene, as observed in Figure 9. CD44 gene transcripts
were analyzed using Ensembl genome browser 97 (https://www.ensembl.org/index.html).
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Figure 9 — PMOs location in the CD44 gene. The CD44v6_Beginning PMO targets the donor site and the
CD44v6_End PMO targets the acceptor site adjacent to exon v6.

To search for the possible splice sites near exon v6, Human Splicing Finder online tool
(http://www.umd.be/HSF3/HSF.shtml) was exploited and the PMOs were designed to target
the specific splice acceptor and donor at the 5’ and 3’ sites of exon v6, respectively. Two
PMOs were designed: “CD44v6_Begining” (5° CTGGACTGTGAGAAGAATATCAGTT 3’),
at the 5’ site of exon v6 and “CD44v6_End” (5 CTTGTTAAACCATCCATTACCAGCT 3’),
at the 3’ site of exon v6.

3.2. Transfection optimization of PMOs

PMOs were delivered into the cells by transfecting with Endo-Porter (EP) solution from
Gene Tools (Philomath, OR, USA). EP is an aqueous polyethylene glycol (PEG) formulation
reagent (1 mM of EP peptide and 10% polyethylene glycol in water) capable of forming
endosomes that contain the PMOs and enter the cells by endocytosis, hence delivering the

PMOs into the cytosol, as shown in Figure 10.
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Figure 10 - Endo-Porter delivery mechanism of PMOs into cell cytosol. EP forms endosomes that involve the
PMOs and enter the cell by endocytosis. In the cytosol, the endosomes became permeable and PMOs are
release into the cytosol Adapted from Gene Tools: https://www.gene-tools.com/endo_porter.
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Before transfecting the PMOs specific to the intron®exon/exon”intron boundaries, MKN-

45 and GP-202 cells were transfected with a standard fluorescent control and EP solution.

Different concentrations of both reagents were tested to assess transfection efficacy and,

48 h after transfection, cells were washed 4 times with 1x Phosphate-Buffered Saline (PBS),

trypsinized and centrifuged (304 x g; 5 min). After discarding supernatant, pellet was

resuspended and cells were fixed in 200 pL of 2% (v/v) Paraformaldehyde (PFA) from

Merck (Darmstadt, Germany). Cells fluorescence was analyzed by FACS Canto Il (BD

Biosciences, Franklin Lakes, NJ, USA). Data analysis was performed using FlowJo version
10 software (FlowJo LLC, Ashland, OR, USA).

3.2. Generation of transient cell line models lacking exon v6 using PMOs

Cells were seeded in 12 well plates, 7x10* MKN-45 and 1x10° GP-202 cells per well
and allowed to adhere overnight. In the following day, RPMI medium was replaced (750 uL
per well), PMOs were added to the medium and subsequently EP solution was added at
the desired concentrations (2 puM of EP for both cell lines; 4 uM of both CD44v6_Beginning
and CD44v6_End PMOs for GP-202 cell line; 4 uM CD44v6_Beginning and 6 pM
CD44v6_End for MKN-45 cell line). Cells were incubated for 48 h and then collected either
for RNA extraction, expression analysis by reverse transcription quantitative real-time
polymerase chain reaction (RT qRT-PCR), or immunofluorescence analysis of total CD44
and CD44v6 expression. Both PMOs (5" UTR and 3’ UTR) were individually transfected.

4. CRISPR/Cas9 system
4.1. Single guided RNA (sgRNA) design

All sgRNAs were purchased from Sigma-Aldrich® (Poole, UK) and were designed to
target the adjacent exon v6 introns, the exon-intron boundaries from exon v6, and the exon
v6 itself from CD44 gene. To locate the best sgRNA target regions, Benchling online tool
(https://benchling.com/) was assessed to identify and score the target regions in the flanking
introns and within the exon v6. Six sgRNAs were selected according to their strategic

location, as shown in Figure 11.
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Figure 11 — sgRNA location in the CD44 gene. sgRNA 1 targets intron v5, sgRNAs 2 and 4 target exon v6
boundaries, sgRNA 3 targets exon v6 and sgRNAs 5 and 6 target intron v6.

4.2. Cloning sgRNA into pSpCas9(BB)-2A-Puro (Px459) V2.0 plasmid

The sgRNAs were separately cloned into the pSpCas9(BB)-2A-Puro (PX459) V2.0
plasmid (Addgene plasmid #62988; http://n2t.net/addgene:62988; RRID:Addgene_62988)
from Addgene (Watertown, MA, USA), which contains the Cas9 gene from S. pyogenes
and the PX459 vector backbone, as shown in Figure 12.

The PX459 vector contains a Bbs | restriction site downstream the U6 promoter, where
sgRNA were inserted. Using Bbs | restriction enzyme, the vector was digested, resulting in
cohesive ends. The sgRNAs were inserted into the open vector after being annealed to

form a double chain, as demonstrated in Figure 13.

(245) Bbsl Bbsl (267)

|chicken B-actin promoter|

/,_J\ . \\\)

A L >
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gRNA scaffory
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(7245) BsmBI —

pSpCas9(BB)-2A-Puro (PX459) V2.0 sequence 9175 bps
9175 bp

Figure 12 - pSpCas9(BB)-2A-Puro (PX459) V2.0 plasmid. It contains a Bbs | restriction site, the Cas9 gene, the
puromycin gene and the ampicillin gene (Modified from reference (76)).
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Cloning of the six sgRNAs into the pSpCas9 plasmid was performed according to
“Morrisey Lab Protocol: Generating Large (>1 kb) Genomic Deletions using CRISPRSs”
(https://www.med.upenn.edu/genetics/tcmf/documents/Protocol2.pdf), with few
adaptations. 2 ug of PX459 vector was digested using Bbs | restriction enzyme from New
England Biolabs (Ipswich, MA, USA) (37 °C; 1 h incubation with enzyme - 65 °C; 15 min
for enzyme inactivation). To dephosphorylate the vector, Shrimp Alkaline Phosphatase
(rSAP) from New England Biolabs (Ipswich, MA, USA) was added to the reaction (37 °C;

30 min incubation with enzyme - 65 °C; 5 min for enzyme inactivation).

The sgRNAs are customized as single chain oligomers and, in order to ligate the
sgRNAs into the vector, complementary single chain sgRNAs annealing is necessary, to
produce a double chain form. To link to the dephosphorylated vector, the sgRNAs were
phosphorylated using T4 PNK enzyme from New England Biolabs (Ipswich, MA, USA). The
annealing and phosphorylation were performed in a thermocycler (37 °C; 30 min = 95 °C;
5 min = ramp down -5 °C/min until 25 °C).

The ligation reaction works in a proportion of insert:vector of 1:1 and was composed of
150 ng of vector to 150 ng of insert. T4 ligase from Invitrogen (Carlsbad, CA, USA) was
used to ligate the insert to the vector.

Ué CBh NLS hSpCas9 NLS
PX459:
spCas9 + chimeric guide e
RNA et e L
Bosl Bbsl, o TTTmmmeeeall

GAMCACCGGGTCTTCOAGAAGALCT
LR RUR AR RN |
TITCCTGCTTTEYGEC C CAGAAGL TCTTCTGLA
Y

gude sequence
nSerton s

guide sequence
nsert

Figure 13 - Scheme for Bbs | digestion site. An extra “CACCG” sequence is placed in the beginning of all
SgRNAs to match the Bbs | digestion site (Modified from reference (76)).

One Shot™ StblI3™ Chemically Competent Escherichia coli from ThermoFisher
Scientific (Waltham, MA, USA) was utilized to expand PX459 vector with the desired insert.
pUC19 DNA was added to Stbl3 cells as a positive transformation control. After incubating
the ligation product and Stbl3 mix (30 min on ice), a heat shock was performed (42 °C; 45
sec), followed by recovery on ice to allow the vector to enter the cells. Super Optimal broth
with Catabolite repression medium (SOC) was used for cell recovery. Stbl3 cells were
incubated at 37 °C for 1 h with agitation. Afterwards, the entire reaction was plated in

lysogeny broth (LB) plates with ampicillin for bacteria selection overnight (ON).
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4.2.1. Positive colony screening

Isolated colonies were harvested for screening by PCR amplification of the insertion
region. For that, primers binding to the promotor region were used (Primers A and E from
Table S1). The multiplex PCR kit from Qiagen (Venlo, Netherlands) was used for colony
screening, according to manufacturers’ protocol. Samples were placed in a thermocycler
with the following program: (95 °C, 15 min) once - (95 °C, 30 sec; 58 °C, 90 sec; 72 °C,
60 sec) 34 cycles - (72 °C, 10 min) once - hold at 12 °C.

Afterwards, PCR-product sizes were assessed through a 2% (w/v) agarose gel
electrophoresis to validate sgRNA insertion in the vector. Gel Doc™ XR+ Gel
Documentation System from Bio-Rad (Hercules, CA, USA) was used to reveal the agarose
gel. PCR products were sequenced by Sanger Sequencing.

4.2.2. Plasmid DNA extraction

Extraction of recombinant plasmid DNA was performed using Plasmid maxi kit from
Qiagen (Venlo, Netherlands) according to manufacturers’ protocol. Briefly, after PCR
validation, one positive colony was selected and placed in 100 mL of LB broth with ampicillin
to grow ON. After DNA extraction, the eluted DNA was precipitated by addition of 10.5 mL
of 2-propanol and centrifuged 17,000 x g. DNA pellet was washed using 70% (v/v) ethanol
and allowed to air-dry. DNA was dissolved in preheated sterile water. DNA quantity and
quality were measured using NanoDrop® ND-1000 UV-Vis Spectrophotometer from
ThermoFisher Scientific (Waltham, MA, USA). Quality measured by Abs260/Abs280 ratio
(above 1.80).

4.3. Generation of stable isogenic cell lines lacking exon v6 using CRISPR/Cas9

MKN-45 e GP-202 cell lines were transfected using Lipofectamine™ 3000 transfection
reagent from Invitrogen (Carlsbad, CA, USA). Cells were transfected with several
combinations of SgRNAs previously cloned into the vector or with the empty vector. 1 pg of
each sgRNA was used in the transfection. Successfully transfected cells were selected
using 5 pg/mL and 7.5 pg/mL of puromycin in MKN-45 and GP-202 cell lines, respectively.
Puromycin selection started 48 h after transfection and was renewed every 72 h, until colony

formation. Three independent transfections were performed.
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5. Characterization of the generated transient and stable isogenic cell lines
5.1. Genomic DNA extraction

Genomic DNA (gDNA) was extracted from cell pellet, using the NZY Tissue gDNA
Isolation kit from NZYTech (Lisbon, Portugal), according to manufacturers’ protocol. The
extracted DNA was eluted in a small amount of preheated to 70 °C sterile water and
NanoDrop® ND-1000 UV-Vis Spectrophotometer from ThermoFisher Scientific (Waltham,
MA, USA) was used to determine the gDNA quantity and quality. Quality measured by
Abs260/Abs280 ratio (above 1.80).

5.2. RNA extraction

For RNA isolation, medium was removed and cells were washed twice with 1x PBS. 1
mL of TriPure Isolation Reagent from Sigma-Aldrich (Poole, UK) was added to a 6-well
plate, in order to disrupt cell membrane. Afterwards, the cellular components were
separated using chloroform, followed by centrifugation (12,000 x g; 15 min; 4 °C). The
agueous phase containing the RNA was transferred to a new tube and 2-propanol was
added to precipitate RNA, followed by centrifugation (12,000 x g; 10 min; 4 °C). RNA pellet
was washed with 75% (v/v) ethanol and resuspended in a small amount of sterile water
preheated to 55 °C - 60 °C. NanoDrop® ND-1000 UV-Vis Spectrophotometer from
ThermoFisher Scientific (Waltham, MA, USA) was accessed to determine RNA
concentration and quality. Quality measured by Abs260/Abs280 ratio (above 1.80).

5.3. cDNA synthesis

To synthesize complementary DNA (cDNA), 1 upg of template RNA was used.
SuperScript® Il reverse transcriptase from ThermoFisher Scientific (Waltham, MA, USA)
was used, according to the manufacturers’ protocol. Briefly, random primers were added to
RNA and incubated at 70 °C for 10 min. Afterwards, 0.75 pL of SuperScript® Il reverse
transcriptase, 4 pL of SuperScript® Il buffer, 2 pL of 0.1 M dithiothreitol (DTT), 1 pL of 10
mM deoxynucleotide solution (dNTPs), 0.2 uL of RNAsin (40 U/uL) and 0.75 uL of sterile
water was mixed and added to RNA. This mixture was incubated at 37 °C for 1 h for cDNA
synthesis and the cDNA was then stored at -20 °C. Non-RT negative controls were also

produced by substituting the SuperScript® Il reverse transcriptase for sterile water.
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5.4. gDNA and cDNA genotyping by Sanger Sequencing

gDNA and cDNA from CRISPR/Cas9 clones and cDNA from cells treated with PMOs
were sequenced using Sanger Sequencing. Briefly, gDNA and cDNA were amplified by
PCR using multiplex PCR kit from Qiagen (Venlo, Netherlands) with the following program:
(95 °C, 15 min) once - (95 °C, 30 sec; 56 °C (gDNA) / 60 °C (cDNA), 90 sec; 72 °C, 60
sec) 34 cycles 2 (72 °C, 10 min) once - hold at 12 °C. The primers used for this reaction
were designed to flank exon v6, either in the flanking introns (for gDNA) or the flanking
exons (for cDNA). Primer sequences are described in Table S1.

Afterwards, 1 pl of PCR product was purified using ExoSAP-IT Express PCR Cleanup
Reagent from ThermoFisher Scientific (Waltham, MA, USA), followed by a thermal cycle
(37 °C; 4 min - 80 °C; 1 min). The primers used for the following reaction were the same
from the previous reaction. Products were sequenced in forward and reverse manner. To
sequence the PCR product, BigDye™ Terminator v3.1 Cycle Sequencing Kit from Applied
Biosystems (Foster City, CA, EUA) was utilized according to manufacturers’ protocol. A
sequencing PCR was carried out (96 °C, 3 min) once - (96 °C, 30 sec; 54 °C, 45 sec; 60
°C, 3 min) 34 cycles - (60 °C, 10 min) once - hold at 12 °C. Afterwards, PCR product was
purified using illustra Sephadex G-50 DNA Grade SF from GE Healthcare (Chicago, IL,
USA) according to manufacturers’ protocol. PCR products were short sequenced, with each
primer used to sequence the exon v6 and adjacent sites. The used primers are described
in Table S1 (Primers B / F for cDNA sequencing, C / G for gDNA sequencing, D / H for total
CD44 cDNA sequencing).

5.5. gRT-PCR

CD44v6 and total CD44 gene expression were assessed by gRT-PCR, using probes
specific for CD44v6 (exon span v5-v6, Hs.PT.58.45400024) and CD44 total (exon span 2-
3, Hs.PT.58.4880087) from iDT (Coralville, 1A, USA). gRT-PCR was performed in triplicate
using 1 pL of template cDNA per well. Briefly, a mix containing a 5 pL of TagMan Master
Mix, 0.2 puL of Rox Low reagent both from ThermoFisher Scientific (Waltham, MA, USA),
3.3 L of sterile water and 0.5 pL of the desired probe was added to 1 L of template cDNA

and placed on an ABI Prism 7500 Sequence Detection System.

CD44v6 and total CD44 relative expression was calculated by comparative 224CT
method using the housekeeping gene 18s (custom assay) from iDT (Coralville, 1A, USA) in
order to normalize and obtain the expression results between samples (RQ = 2-22°T, where

AACT = ACTSampIe - ACTControI sample and ACT = CTgene of interest — CTendogenous gene control)-

40



Silvana Patricia Lobo Ferreira de Sousa | Novel Predictive Markers of
Therapy Response in Gastric Cancer

5.6. Flow cytometry

Flow cytometry was used to determine the expression of total CD44 and CD44v6 in GC
cell lines. Cells were seeded in 6-well plates and allowed to grow until cells were
approximately 90% confluent. Cells were then washed once with 1x PBS, detached using
Versene (ThermoFisher Scientific, Waltham, MA, USA) for approximately 30 min and
washed in ice-cold 3% (w/v) BSA — PBS. Cells were then blocked in 3% (w/v) BSA — PBS
for 30 min and incubated with the primary antibody. The primary antibodies used were:
mouse monoclonal antibody against CD44 (clone 156-3C11; 1:100 dilution; 60 min
incubation; Cell Signaling Technology, Beverly, MA, USA) and against CD44v6 (MA54;
1:100; 60 min incubation; ThermoFisher Scientific, Waltham, MA, USA). Cells were
subsequently washed with 3% (w/v) BSA — PBS and incubated with the anti-mouse Alexa
Fluor 647 (1:500; 30 min incubation; ThermoFisher Scientific, Waltham, MA, USA)
secondary antibody.

Fluorescence was analyzed using FACS Canto Il from BD Biosciences (Franklin Lakes,
NJ, USA). Mean fluorescence intensity was measured for at least 15,000 gated events per

sample and Flow Jo version 10 software was used to analyze the data.

5.7.Immunofluorescence

Immunofluorescence was used to determine total CD44 and CD44v6 expression and
protein location in GC cell lines. Cells were seeded in 6-well plates with glass cover slips in
the bottom and allowed to grow until cells were 80% - 90% confluent. Afterwards, cells were
washed three times with 1x PBS and fixed with 4% (v/v) PFA (Merck, Darmstadt, Germany)
for 15 min. After cell fixation, cells were washed again with PBS and incubated with 50 mM
NH4Cl for 10 min. Afterwards, cells were incubated in 0.2% TritonX-100 for 5 min and
subsequently blocked with 5% (w/v) BSA — PBS for 30 min. After blocking, cells were
incubated ON with the primary antibodies. The primary antibodies utilized were: mouse mAb
anti-CD44v6 (clone MA541; 1:100 dilution; ThermoFisher Scientific, Waltham, MA, USA)
and mouse mAb anti-CD44 antibody (156-3C11; 1:100 dilution; Cell Signaling Technology,
Beverly, MA, USA). Cells were then washed three times with 1x PBS and incubated in the
dark with secondary antibody Alexa Fluor 488 Donkey Anti-Mouse secondary antibody
(1:500; 2 h incubation; Life Technologies, Carlsbad, CA, USA). Cells were washed,
incubated with DAPI (CAS Number 28718-90-3; 1:1000; 5 min incubation; Sigma-Aldrich,
Poole, UK), washed and mounted in Vectashield mounting media (Vector Laboratories,

Burlingame, CA, USA). Cells were analyzed by fluorescence microscopy (Imager.Z1,
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AxioCam fluorescence microscope or Eclipse TE-2000, Zeiss, Gottingen, Germany) using
AxioVision software (Rockville, MD, USA).

6. Cell treatment with chemotherapeutic agents

GP-202 and MKN-45 stable isogenic cell lines lacking exon v6, and respective Mock
controls, were treated with cisplatin and 5-Fluorouracil (5-FU), two chemotherapeutic
agents frequently used in GC therapy. Drug response in the different cells/conditions was

assessed using three different cell survival assays as described below.

Depending on the experiments being performed, an additional control was also used,
where GP-202 and MKN-45 cells were transfected with a short interference RNA (siRNA)
targeting CD44v6 in order to destroy all CD44v6-containing isoforms (as detailed in 6.4.).

6.1. Optimization of the short-term and long-term experiments

To test cell survival in the presence of chemotherapeutic drugs compared to vehicle
control, two techniques were used: PrestoBlue (PB) and Sulforhodamine B (SRB). Both PB
and SRB assays can provide an indirect estimation of cell number, however, PB is a
resazurin-based assay that is reduced by metabolically active cells, while SRB is a protein-
binding dye that stains protein content.

To evaluate the number of cells to use for each cell line in the short-term treatments, a
dilution series ranging from 40,000 cells to 625 cells of MKN-45 and GP-202 cell lines were
evaluated by PB and SRB on the day that cells were meant to be treated (TO h) and 48 h
after (T48 h), as shown in Figure 14.

In order to choose a number of cells that, after 48 h, cells would still be growing
exponentially without reaching absorbance levels where the SRB assay is known to
saturates (absorbance above 2.0), 2500 cells and 4000 cells for MKN-45 and GP-202 were

selected, respectively.
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Figure 14 — Analysis of cell growth 24 h and 72 h after seeding for GP-202 and MKN-45 wt cell lines. (A) 24 h
and (B) 72 h after seeding, analysis by PB assay; (C) 24 h and (D) 72 h after seeding, analysis by SRB assay.
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For the long-term treatments, the number of cells to use for each cell line was assessed.
MKN-45 and GP-202 wt cells were placed in 6-well plated with, 300, 1000 and 5000 cells
per well and allowed to grow for several days until colonies were approximately 50 cells
each. After 10 days, for MKN-45, 1000 cells were the optimal number of cells to carry out
the treatments, as for GP-202, an intermediate concentration of cells was chosen, therefore

3000 cells were selected to plate in subsequent experiments (data not shown).

Regarding the concentrations of chemotherapeutic agents to use, MKN-45 and GP-202
wt and edited clones were subjected to a range of concentrations of cisplatin and 5-FU.
Cisplatin was tested from 0.01 pM to 20 pM for GP-202 and from 0.001 pM to 2.5 uM for
MKN-45, while 5-FU was tested from 0.01 pM to 5 pM for both cell lines (data not shown).
The concentrations chosen to continue further experiments were 0.1 uM of cisplatin and 0.5
UM of 5-FU, for GP-202 cell lines, and 0.5 uM of cisplatin and 2.5 uM of 5-FU, for MKN-45

cell lines.

6.2.Short-term cell survival assessment: PB and SRB assays

PB and SRB assays were used to assess cell survival after 48 h treatments. MKN-45
and GP-202 mock cells transfected with sSiRNA Scramble and CD44v6, and the selected
edited clones were plated in 96-well plates, with 2.5x10° and 4x10° cells per well,
respectively. Cells adhered for approximately 24 h, under normal conditions, were either
treated with cisplatin, 5-FU or vehicle. Cisplatin was reconstituted in 0.9% NaCl and 5-FU
in sterile water, and both diluted in RPMI medium to the desired concentrations. Vehicle
used had the equivalent concentration to the higher concentration of drug used, but with
NaCl in RPMI medium. After 48 h, cell medium was removed and cells were washed once
with 1x PBS.

10x PB from Invitrogen (Carlsbad, CA, USA) was diluted in RPMI medium to a final
concentration of 1x and added to cells. Cells were incubated for 45 min under normal
conditions and, afterwards, fluorescence was measured at 560 nm using a microplate
reader PowerWave HT Microplate Spectrophotometer from BioTek (Bad Friedrichshall,

Germany).

Afterwards, cells were fixed in 10% trichloroacetic acid (TCA) for 1 h on ice and proteins
were stained with 0.4% SRB solution from Sigma-Aldrich (Poole, UK) for 30 min. Cells were
subsequently washed with 1% (v/v) acetic acid to remove any unbound dye, and protein
stain was solubilized with 10 mM Tris solution. Using a microplate reader PowerWave HT

Microplate Spectrophotometer from BioTek (Bad Friedrichshall, Germany), SRB
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absorbance was measured at 560 nm, with background correction at 655 nm. Three

independent experiments were performed, each in triplicate.

To calculate % of cell survival, fluorescence/absorbance of treatment conditions was

normalized to vehicle (% cell survival = (Treatmentriuoans * 100) / Vehicleryoabs)-

6.3. Long-term cell survival assessment: Clonogenic assay

Clonogenic assay was used to access the cell lines colony formation ability when treated
with cisplatin, 5-FU or vehicle. Cisplatin was reconstituted in 0.9% NaCl and 5-FU in sterile
water, and diluted in RPMI medium to the desired concentrations. Vehicle used had the
equivalent concentration to the higher concentration of drug used, but with 0.9% NacCl in
RPMI medium. Mock cells transfected with sSiRNA Scramble, siRNA for CD44v6 and the
selected edited clones were plated in 6-well plates, with 1x10%and 3x103cells per well for
MKN-45 and GP-202 cell lines, respectively. Cells were allowed to adhere and 24 h and
then treated with 0.1 uM of cisplatin and 0.5 uM of 5-FU (GP-202 cells), or 0.5 uM of cisplatin
and 25 uyM of 5-FU (MKN-45 cells). After 48 h, RPMI medium containing the
chemotherapeutic agents was removed, cells were washed with PBS and 2 mL of new
RPMI medium was added to cells. Cells were then incubated for several days until colonies
had approximately 50 cells each (10 days). Afterwards, cells were fixed with cold methanol
and stained with 0.5% (v/v) crystal violet from Sigma-Aldrich® (Poole, UK). The number of
colonies formed upon drug treatments were compared to vehicle. Three independent

experiments were performed, each in triplicate.

To calculate % of cell survival, number of colonies of each treatment conditions was

normalized to vehicle (% cell survival = (Treatmentne of colonies * 100) / Vehiclene of colonies)-

6.4. RNA interference (RNAI)

GP-202 and MKN-45 cell lines were transfected with a siRNA targeting CD44v6. The
transfection reagent used was Lipofectamine® RNAiMax from ThermoFisher Scientific
(Waltham, MA, USA), according to manufacturers’ instructions. Briefly, cells were seeded
in 6-well plates with 2x10° cells and 1.5x10° cells per well for GP-202 and MKN-45,
respectively. After 24 h, lipid based conjugates were prepared by mixing either 20 nM of
siRNA Scramble (negative control DS NC1; iDT, Leuven, Belgium), or 20 nM of human
siRNA CD44v6 (Sense strand: 5- GCGUCAGGUUCCAUAGGAAUCCUTT - 3’; Antisense
strand: 5'- AAAGGAUUCCUAUGGAACCUGACGCAG - 3’, custom made from iDT, Leuven,

Belgium), to diluted Lipofectamine® RNAiMax Reagent (1:1 ratio). Cell medium was

45



Silvana Patricia Lobo Ferreira de Sousa | Novel Predictive Markers of

Therapy Response in Gastric Cancer

replaced with fresh medium and conjugates were incubated for 5 min at room temperature
and added dropwise to cells. Cells were incubated for 24 h, after which they were detached,

counted and plated for different assays.

6.5. Assessment of chemotherapy response in isogenic cell lines lacking exon v6

or exon v6 containing isoforms

MKN-45 and GP-202 mock cells and corresponding edited clones were seeded in 6-
well plates and allowed to adhere ON. Afterwards, cells were transfected with either sSiRNA
Scramble or CD44v6 siRNA. After 24 h incubation, cells were detached, counted and
replated for up to three distinct assays: i) short-term (PB and SRB assay) and ii) long-term
(clonogenic assay) cell survival assessment, and for CD44v6 expression assessment by
immunofluorescence (in the case of mock cells transfected with SiRNA Scramble or CD44v6
SiRNA). 24 h after being replated, both short-term and long-term cells were treated either
with cisplatin, 5-FU or vehicle. After 48 h, short-term treatment was assessed by PB and
SRB assays (as detailed in section 6.2) and long-term treatment cells were washed and
medium was renewed. After 10 days, long-term treatment was assessed (as detailed in
6.3).

7. Statistical analysis

Statistical analysis was performed using GraphPad Prism version 7.00 software
(GraphPad Software Inc., CA, USA). Normality test was performed using Shapiro-Wilk test,
to see the distributions of each condition. Two-way ANOVA, with Tukey's Post Hoc Test for
multiple comparison analysis was used, with the confidence interval of 95%. Significant
differences were considered at p < 0.05, < 0.01, < 0.001 and < 0.0001.
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Chapter IV | Results
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1. Experimental design for induction of transient and permanent skipping of

exon v6 from CD44v6-containing transcripts

1.1. Concept and design of PMOs targeting exon v6 boundaries

To develop a transient model for the skipping of exon v6 from the CD44v6-containing
transcripts, two different PMOs targeting two splicing sites in the boundaries of exon v6
were used. To design these PMOs, the region to target was assessed to properly obtain the
skipping of exon v6. The best regions for that are the splice sites at the exon boundaries,
splicing acceptors and donors. To underline the splicing acceptors and donors near exon
v6, Human Splicing Finder (http://www.umd.be/HSF3/HSF.shtml) website was used. The
DNA sequence from the CD44 gene (ENST00000415148.6) was analyzed and several
possible splicing acceptors and donors were identified. The canonical splicing acceptor and
donor were localized in the intron/exon and exon/intron boundaries of the exon v6,
respectively. The PMOs were designed to target these regions, hence resulting in the
skipping of exon v6 and consequently in the splicing of exon v5 and exon v7 together, as
demonstrated in Figure 15. The specific sequences of the acceptor and donor targeted by
the PMOs are stated in Table 2. The PMO sequences are detailed in Table 3.

A Donor \ ( Acceptor Donor \( ( Acceptor
Exon v5 |GT A —AG[ Exon v6 ‘GT A —AGI Exon v7
Intron Intron
v5 — — v6
CD44v6_Beginning CD44v6_End
B Donor \ ( Acceptor Donor \’ Acceptor
| Exon v5 |GT A —N Exon v6 M A —AG{ Exon v7 |
C Donor 1/"7 Acceptor —————  Donor \( f Acceptor

| Exon v&

A —N Exon v6 M A —AG{ Exon v7 I
G
T

Exon v5 | Exon v7 |

Figure 15 - Skipping of exon v6 using PMOs. (A) PMOs target either the acceptor or the donor site near exon
v6, disguising it. (B) The splicing machinery starts, and the 2’0OH of a specific branch point within the intron
attacks the donor site right after, forming a loop. (C) Afterwards, the donor site 3’OH attacks the acceptor site
right after, however, since the acceptor is masked, the donor attacks the next acceptor site, (D) leading to the
skipping of the exon, and the splicing together of the previous and subsequent exons.
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Table 2 — Potential splice sites near exon v6 of the CD44 gene detected by Human Splicing Finder

Splice site type Potential splice site  Score Location
Acceptor ttcttctcacagTC 91.44 Int v5"Exo0 v6
Donor CTGgtaatg 81 Exo v6MInt v6

Table 3 — PMOs designed to target the splice sites near exon v6 of the CD44 gene

PMO ID Sequence Location
CD44v6_beginning 5 CTGGACTGTGAGAAGAATATCAGTT 3’ Int v5*Exo v6
CD44v6_end 5 CTTGTTAAACCATCCATTACCAGCT 3 Exo v6”Int v6

Both PMO sequences were blasted using the NCBI Basic Local Alignment Search Tool
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) to search for possible off targets in different genes
and no significant off target locations appeared for any sequence.

1.2. Concept and design of sgRNAs for CRISPR/cas9 genome editing targeting
exon v6 boundaries and adjacent intronic regions

To develop a stable model for the skipping of exon v6 from the CD44v6-containing
transcripts, sgRNAs were designed to either cause a DSB in the splice site near exon v6
(by using only one sgRNA), disrupting it and consequently leading to splicing out of exon
V6, or to cause a large deletion (by using two sgRNAS), resulting in the deletion of the entire
exon without disrupting the reading frame, as demonstrated in Figures 16 and 17,
respectively. Taking these two approaches into account, 6 different sSgRNA were designed
to target either the splice acceptor and donor near exon v6 or to target the adjacent intronic
regions.
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Figure 16 - Skipping of exon v6 using CRISPR/Cas9. (A) One sgRNA targets the acceptor or the donor site near
exon v6, disguising it. (B) The splicing machinery starts, and the 2°OH of a specific branch point within the intron
attacks the donor site right after, forming a loop. (C) Afterwards, the donor site 3'OH attacks the acceptor site
right after, however, since the acceptor is masked, the donor attacks the next acceptor site, (D) leading to the
skipping of the exon, and the splicing together of the previous and subsequent exons.
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Figure 17 — Mimicking the skipping of exon v6 using CRISPR/Cas9. (A) Using two sgRNAs that target the
adjacent introns of exon v6. (B) and (C) The deletion caused is so large that results in the deletion of the whole
exon v6, including it splice sites, mimicking the skipping of exon v6, (D) leading to the skipping of the exon, and
the splicing together of the previous and subsequent exons.

To locate the possible sgRNA target regions in the location of interest, Benchling online
tool (https://benchling.com/) was assessed to identify and score the target regions in the
flanking introns and within exon v6. These target regions must possess a protospacer
adjacent motif with an NGG sequence downstream to be recognized by the Cas9 protein.
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Six sgRNAs sequences were selected according to their score and strategic target location,
as shown in Table 4. An extra “CACCG” sequence was placed in the beginning of all
sgRNAs to insert the sgRNAs into the pSpCas9(BB)-2A-Puro (PX459) V2.0 plasmid,
through the Bbs | digestion site.

Table 4 — Specifications of the six sgRNAs design to target exon v6, exon v6 boundaries and adjacent introns.

sgRNA Sequence PAM Score Strand Location
1 5 CACCGTATGTTGACAGCTATTGGTG 3’ AGG 76 + Intron v5
2 5 CACCGTGATATTCTTCTCACAGTCC & AGG 59 + Int v5*Exo v6
3 5 CACCGGGCAACTCCTAGTAGTACAA 3 CGG 83 + Exon v6
4 5 CACCGCAGGGACAGCTGGTAATGGA 3 TGG 61 + Exo v6MInt v6
5 5 CACCGGGGTTAAACGGTAGACATTG 3 AGG 83 + Intron v6
6 5 CACCGAGGAATTGTCACGAGATGTT 3’ AGG 81 + Intron v6

All sgRNA sequences were blasted using the NCBI Basic Local Alignment Search Tool
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) to search for possible off targets in different genes

and no significant off target locations appeared for any of the sequences.

2. Skipping of exon v6 from CD44v6-containing transcripts is effective
using PMOs and CRISPR/cas9 technologies

2.1. The transient approach — PMOs

PMOs were used as a transient antisense strategy, and are constituted by 25 subunits
that targets RNA without its degradation. Regarding the concept of exon skipping, PMOs
are a suitable strategy since the mRNA is maintained and translated into a functional protein
(71). It has been reported that PMOs can maintain their function until approximately 9 days
(89).

2.1.1. Optimization of CD44 exon v6 skipping using PMOs
For each cell line, GP-202 and MKN-45, the concentration of transfection reagent
required to internalize PMOs (with the minimal toxicity to cells) was optimized, using a
fluorescent PMO, as shown in Figure 18. Two concentrations of EP transfection reagent
were tested and results show that, for both cell lines, 2 uM of transfection reagent resulted
in PMO internalization in a greater percentage of cells, when comparing to 6 pM. The 2 uM

caused no significant changes in cell viability in both cell lines (data not shown).
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Figure 18 — Optimization of PMO transfection into MKN-45 (left) and GP-202 (right) cells. Cells were transfected
with different concentrations of transfection reagent (Endo-Porter) and fluorescence labelled PMO. Transfection
efficiency was assessed by quantifying cell fluorescence by Flow cytometry. Results are representative of one
experiment.

To evaluate the CD44v6_Beginning and CD44v6_End PMOs efficiency to inhibit exon
v6, two different concentrations were selected for each cell line, based on the experiments
performed with PMO fluorescent control (1 uM and 4 uM for GP-202 and 4 uM and 6 uM
for MKN-45 cells). To assess the efficiency of the designed CD44v6 PMOs in inhibiting exon
v6, the total CD44 and exon v6 expression were analyzed by qRT-PCR, as shown in Figure
19.

Results obtained by qRT-PCR show that both CD44v6_Beginning and CD44v6_End
PMOs are more efficient in inhibiting exon v6 in GP-202 than in MKN-45 cells. For
subsequent experiments, 4 uM of CD44v6 Beginning and CD44v6_End was used to
transfect GP-202 cells. For the MKN-45 cell line, 4 uM of CD44v6_Beginning and 6 uM of
CD44v6_End were used.
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Figure 19 — CD44 total and CD44v6 expression in GP-202 and MKN-45. qRT-PCR results for the optimization
of the concentration of CD44v6_Beginning and CD44v6_End for (A) GP-202 and (B) MKN-45 cell lines.

2.1.2. Characterization of PMOs-induced CD44 exon v6 skipping
To understand if PMOs caused the skipping of exon v6 from CD44v6-containing
transcripts, cDNA from parental and transfected cells were amplified from exon v5 to exon

v7 and analyzed by gel electrophoresis, as shown in Figure 20.

Results show that the untreated parental cells (lanes 1 and 5) and cells incubated with
transfection reagent alone (lanes 2 and 6) possess only one transcript (B), whereas cells
transfected with CD44v6_Beginning (lanes 3 and 7) and CD44v6_End (lanes 4 and 8)

present two new transcripts (A and C).
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O WX

Figure 20 — Transcript analysis following PMOs transfection in MKN-45 and GP-202 cells. MKN-45: (1) untreated
control, (2) EP, (3) EP+CD44v6_Beginning PMO, (4) EP+CD44v6_End PMO; GP202: (5) untreated control, (6)
EP, (7) EP+CD44v6_Beginning PMO, (8) EP+CD44v6_End PMO; (Bl) Negative control. EP — Endo-Porter. PCR
products correspond to (A) artefact originated by a heterodimer of PCR products B and C; (B) splicing of exon
v5, v6 and v7; (C) skipping of exon v6.

To confirm that these PCR products encompass the sequence of the expected
transcripts, the cDNA from each condition was sequenced (Figure 21). The sequences
obtained show that the PCR product B includes variant exons 5, 6 and 7 from the CD44
gene, which is the transcript present in parental cells. On the other hand, PCR product C

reveals the skipping of exon v6, resulting in exon v5 and v7 being spliced together.
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Figure 21 - Analysis of the new transcripts formed through PMO transfection by Sanger sequencing technique
(representative of both MKN-45 and GP-202 cell lines). Resulting sequences from (A) the artefact originated by
a heterodimer of sequences B and C; (B) the splicing of exons v5, v6 and v7; (C) the skipping of exon v6.
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PCR product A represents an artefact originated by a heterodimer of the two PCR
products, confirmed by the presence of two different sequences after exon v5: the sequence

of exon v6 and the sequence of exon v7.

The RNA expression of CD44v6 and total CD44 in parental and transfected cells was
then assessed, as shown in Figure 22. In GP-202 cell line, CD44v6 expression is
significantly lower in cells transfected with either the CD44v6_Beginning or CD44v6_End
PMO. However, in MKN-45 cell line, no significantly decrease in CD44v6 expression was
observed using either CD44v6_Beginning or CD44v6_End.
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Figure 22 — Total CD44 and CD44v6 gene expression in (A) GP-202 and (B) MKN-45 cell lines. All conditions
were normalized to transfection reagent (EP) control. Results represent the average + SD of 3 independent
experiments. p= * <0.05; ** <0.01; *** <0.001; **** <0.0001.
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These results indicate that both PMOs are efficient in achieving exon v6 skipping from

CD44v6-containing transcripts in GP-202 cells, which was not consistently shown in MKN-
45 cells.

Immunofluorescence, performed in GP-202 cells, confirms that, CD44v6 expression is
inhibited by PMOs, while expression of other CD44 isoforms is maintained (assessed by
using an antibody targeting a canonical region of CD44), as shown in Figure 23.

CD44 Total CD44v6

/

GP-202 wt

GP-202 2uM EP +
4uM CD44V6 Beg GP-202 2uM EP

GP-202 2uM EP +
4uM CD44v6_End

Figure 23 - Immunofluorescence for total expression of CD44 and specific expression of exon v6 from CD44 in
GP-202 cells transfected with PMOs. Nuclei are stained with DAPI (represented in blue) and white scale bars
represent a distance of 50 pm.
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2.2. The permanent approach — CRISPR/cas9 system

CRISPR/Cas9 is the most recent approach using target nucleases. This system can be
used to efficiently engineer the genome from eukaryotic cells by targeting approximately 20
nucleotides from a DNA of interest. The double-strand break caused by the Cas9 nucleases
can be repaired via NHEJ or HDR, resulting in a permanent mutation in the target genome
(76).

2.2.1. Cloning the sgRNAs into a Cas9 containing vector
In order to successfully edit GP-202 and MKN-45 cell lines, each sgRNA was cloned
into the pSpCas9(BB)-2A-Puro (PX459) V2.0 plasmid, which contains the Cas9 gene, the
ampicillin gene, for positive colony selection, and the puromycin gene, for edited cell

selection.

The PX459 vector contains a Bbs | restriction site downstream the U6 promoter. Using
Bbs | restriction enzyme, the vector was digested and the sgRNAs were inserted into the
open vector. Afterwards, the plasmid was inserted into StbI3™ and the DNA obtained from
positive colonies was sequenced in order to verify the correct insertion of the sgRNAs into

the vector, as shown in Figure 24.

After confirming the sequences of the vector containing the sgRNAs, bacteria containing
the vector was expanded and bacterial DNA was extracted. Sequencing was also
performed following maxiprep DNA extraction and it was confirmed that bacteria massive

expansion did not cause any mutations in the vectors’ DNA (data not shown).
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Figure 24 — Sanger sequencing for analysis of the insertion of each sgRNA into Bbs | restriction site. The
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2.2.2. Establishment and characterization of the CD44 exon v6 skipping

permanent models

The six sgRNAs were single or paired transfected into MKN-45 and GP-202 cells to test
both exon skipping by disruption of the splice sites or by the deletion of the whole exon, as
shown in Table 5. The empty vector was also transfected into cells (MKN-45 mock and GP-
202 mock).

Table 5 — Identification of MKN-45 and GP-202 possible edited clones according to the sgRNAs transfection.

MKN-45 cell line GP-202 cell line
Clone sgRNA 5’ sgRNA 3’ Clone sgRNA 5> sgRNA 3’
MKN-45_015 1 5 GP-202_015 1 5
MKN-45_016 1 6 GP-202_016 1 6
MKN-45_02 2 e GP-202_02 2 e
MKN-45_03 3 e GP-202_03 3 e
MKN-45_04 4 e GP-202_04 4 e
MKN-45_024 2 4 GP-202_024 2 4
MKN-45_014 1 4 GP-202_014 1 4
MKN-45_025 2 5 GP-202_025 2 5
MKN-45_026 2 6 GP-202_026 2 6

After puromycin selection, only certain sgRNA combinations resulted in edited GP-202
and MKN-45 cells. To evaluate the sgRNAs efficiency in removing exon v6, DNA was

extracted and amplified for exon v6 and adjacent intronic regions, as shown in Figure 25.

59



Silvana Patricia Lobo Ferreira de Sousa | Novel Predictive Markers of
Therapy Response in Gastric Cancer

8

9 10 500bp 171 12

131&15

Figure 25 - Genomic mutations caused by CRISPR/Cas9 in comparison to the wt DNA of MKN-45 and GP-202
cell lines. (1) MKN-45 wt, (2) MKN-45 mock, (3) MKN-45_026, (4) MKN-45_014, (5) MKN-45_015, (6) MKN-
45_024, (7) MKN-45_025, (8) MKN-45_02, (9) MKN-45_03, (10) MKN-45_04; (11) GP-202 wt, (12) GP-202
mock, (13) GP-202_026, (14) GP-202_014, (15) GP-202_025; (16) GP-202_04, (17) GP-202_016; (BI)
Negative control.

It was observed that most clones present only one specific edition, while few clones
present various types of editions. Figure 26 schematically represents the expected large
deletion for each sgRNA mix. Nevertheless, it is not possible to predict the type of editing

for the sgRNAs individually transfected.
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Figure 26 - Schematic representation of the expected editions caused by each sgRNA combination. In the paired
sgRNA transfection it is expected a large deletion, however, in the single sgRNA transfected it is not possible
to predict the caused mutation.
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In order to determine if the mutations of the obtained clones matched the expected

editions, the DNA extracted from the clones was sequenced. Figures 27 and 28 show the
break points for the clones obtained for the GP-202 and the MKN-45 cell lines, respectively

(Figure S1 displays the target sites of each sgRNA in the wt CD44 gene).
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Figure 27 — Representation of the break points for the obtained clones by CRISPR/Cas9 for the GP-202 cell

line by Sanger sequencing.

61



Silvana Patricia Lobo Ferreira de Sousa | Novel Predictive Markers of
Therapy Response in Gastric Cancer

MKN-45_015
LI R R I R I TR R I N T
| ft Nl |
| \ i M
AN \ | ,,‘I‘L "‘ f i
L] A UW VYV
\i/ Intron vé | SERNAS
Point mutation
MKN-45_024
O R O IR R TR R R B R I
R | "I‘ A -, :‘A"‘, X l,r" I’r\l
N N f \ A ANE
Af\ NAAN /\ AVRAVATRIE /\\ RVAVRVAVIRRVA
LA\ AAVARARR/A'R'RVAEBVAVAV
| sgRNA 2
MKN-45_014
Frrregery 0¥ e preyne
ﬂ
JI \ \ [“ .‘
| [ \ |\
Y\ Y VAL
\ sgRNA 1 [ sgrnaa |
MKN-45_025
pje ¥ o1 2ey 28 r e Forpay oyt SEIERE R I
N /
f\ ‘Il" I i . B
A JI I\ A \ /f\ A
[ - ‘ ng?\IA 3 - sgRNA 5

sgRNA 2 sgRNA 6

MKN-45_03
e e om ow

MKN-45_04

260 270
e r YR RR O OPEORRROROsEog i

|

|

|

N\anaa/Vin i

\ sgRNA 4 i

Point mutation

Figure 28 - Representation
line by Sanger sequencing.

of the break points for the obtained clones by CRISPR/Cas9 for the MKN-45 cell
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DNA sequencing results show that the clones GP-202_016, GP-202_025, GP-
202_026, MKN-45_015, MKN-45_024, MKN-45_014, MKN-45_026, MKN-45_03 and
MKN-45_04 have a homozygous edition, either deletion or insertion. Nevertheless, after
analyzing the GP-202_014 sequence, it was perceived that this clone has two different
types of deletions with the difference of only 1bp. The MKN-45_025 clone displays various
editions, however, the sequence presented corresponds to the most representative edition,
as shown in Figure 25. Table 6 summarizes the expected editing for each clone according
to their target site, and their actual edition after performing CRISPR/Cas9.

Table 6 — Expected editing vs Real editing of CRISPR/Cas9 obtained clones from MKN-45 and GP-202 cell
lines. NA means no clones were obtained using that sgRNA combination.

MKN-45 cell line GP-202 cell line

Name Expected editing Real editing Name Expected editing Real editing
MKN-45_015 Deletion of 239bp Deletio‘n of 131bp GP-202_015 Deletion of 239bp NA
Insertion of 2bp

MKN-45_016 Deletion of 284bp Insertion/deletion  GP-202_016 Deletion of 284bp Deletion of 286bp
MKN-45_024 Deletion of 134bp Deletion of 133bp  GP-202_024 Deletion of 134bp NA
MKN-45_014 Deletion of 182bp Deletion of 182bp  GP-202_014 Deletion of 182bp Deletion of 181bp
MKN-45_025 Deletion of 191bp Inversion of 178bp  GP-202_025 Deletion of 191bp Deletion of 190bp
MKN-45_026 Deletion of 236bp Deletion of 235bp  GP-202_026 Deletion of 236bp Deletion of 236bp
MKN-45_02 Insertion GP-202_02 No editing
MKN-45_03 Insertion/Deletion? Insertion of 1bp GP-202_03 Insertion/Deletion? NA
MKN-45_04 Insertion of 1bp GP-202_04 No editing

To understand if there was skipping of exon v6 from mRNA and splicing together of
exons v5 and v7, cDNA was amplified for the region from exon v5 to exon v7, as shown in
Figure 29. Two major PCR products are observed, one corresponding to the PCR product
observed in wt (lanes 1 and 11) and mock (lanes 2 and 12) cells, and a lower molecular
weight PCR product that appears to be newly formed. In order to understand what these
two PCR products encompass, cDNA was sequenced (Figure 30). Sequencing results show
that the PCR product present in wt and mock cells corresponds, as expected, to the
transcript where splicing together of exons v5, v6 and v7 (Figure 30A). Sequencing of the
lower molecular weight PCR product reveals a transcript where splicing together v5 and v7

occurred in the edited clones (Figure 30B).
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Figure 29 — Formation of new transcripts in the RNA of the clones obtained by CRISPR/Cas9 in comparison to
the wt RNA of MKN-45 and GP-202 cell lines. cDNA of: (1) MKN-45 wt, (2) MKN-45 Mock, (3) MKN-45_026,
(4) MKN-45_014, (5) MKN-45_015, (6) MKN-45_024, (7) MKN-45_025, (8) MKN-45_02, (9) MKN-45_03,
(10) MKN-45_04; (11) GP-202 wt, (12) GP-202 mock, (13) GP-202_026, (14) GP-202_014, (15) GP-202_025;
(16) GP-202_04, (17) GP-202_016; (Bl) Negative control.
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Figure 30 — Transcript analysis following CRISPR/Cas9 edition by Sanger sequencing (representative of both
MKN-45 and GP-202 cell lines). Resulting sequences from (A) the splicing of exons v5, v6 and v7; (C) the
skipping of exon v6.

Therefore, clones GP-202_025, GP-202_026, GP-202_014, GP-202_016 (lanes 13
to 15 and 17 of Figure 29, respectively), MKN-45_026, MKN-45_014, MKN-45_015, MKN-
45_024 and MKN-45_025 (lanes 3 to 7 of Figure 29, respectively) have a large deletion of
exon v6 and splicing together of v5 with v7, mimicking exon v6 skipping. When single
sgRNAs were transfected, the induced edition did not lead to a total skipping of exon v6
from RNA, as can be observed for clones MKN-45 02, MKN-45_ 03, MKN-45_04 and GP-
202_04 (lanes 8 to 10 and 16 of Figure 29, respectively).

The edited clones, presenting mimicking of exon v6 skipping, where further
characterized for CD44v6 and total CD44 RNA expression by gRT-PCR. Only clone GP-
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202_016 was not tested, because preliminary flow cytometry analysis showed that 50% of

cells were still positive for CD44v6 (data not shown). The majority of edited clones

presented normal CD44 total gene expression. Clones MKN-45_ 025 and MKN-45_024 still
possessed residual CD44v6 expression (Figure 31).
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Figure 31 — qRT-PCR analysis of CD44 total and CD44v6 gene expression in (A) GP-202 and (B) MKN-45 cell
lines. Results represent the average + SD of at least 3 independent experiments (except MKN-45_025 and
MKN-45_024, which are representative of 1 experiment). All conditions are normalized to wt control. p=* <0.05;
** <0.01; *** <0.001; **** <0.0001.

For subsequent characterization and experiments, three clones were selected per cell
line. Only clones with homozygous v6 DNA deletion and mimicking the skipping of exon v6

at the RNA level and, consequently, with no CD44v6 expression were selected.

GP-202_026, GP-202_014 and GP-202_025 and MKN-45_026, MKN-45_014 and

MKN-45_015 clones were further characterized at the protein level, by flow cytometry and
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immunofluorescence. Flow cytometry results show that all six clones analyzed have
significantly decreased CD44v6 expression when comparing to wt and mock cells, while no
significant differences are observed in terms of total CD44 expression (Figures 32 and 33).
This was corroborated by immunofluorescence analysis, where no CD44v6 expression was

observed in the edited clones, while total CD44 expression is maintained (Figure 34).
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Figure 32 — Total CD44 and CD44v6 expression in the wt, mock and edited cells of GP-202 and MKN-45 cell
lines analyzed by Flow cytometry. Results shown are representative from those obtained from at least three
independent experiments.
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Figure 33 - Flow cytometry against total CD44 and CD44v6 for assessing expression at the post-translational
level in the wt, mock and edited GP-202 (Panel A) and MKN-45 (Panel B) cells. Results are the average + SD
of at least 3 independent experiments. p= * <0.05; ** <0.01; *** <0.001; **** <0.0001.

At the protein level, it was verified that all GP-202 and MKN-45 selected clones present total
inhibition of CD44v6, while maintaining the expression of other CD44 isoforms. From these
results, it is not possible to assess whether new isoforms lacking only the portion
corresponding to exon v6 are formed. However, using the Expasy online tool

(https://web.expasy.orq) to translate the nucleotide sequence of CD44 without exon v6 into

a protein sequence, the whole sequence maintains an open reading frame, suggesting the

entire sequence can be translated to form a functional protein.
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Figure 34 — Immunofluorescence for total CD44 and CD44v6 protein expression in wt, mock and edited clones
from GP-202 and MKN-45 cell lines. Nuclei are stained with DAPI (represented in blue) and white scale bars
represent a distance of 50 pm.

3. Functional consequences of stable induction of skipping of CD44 exon v6:

effects in chemotherapy response

In order to evaluate the response of GC cells to chemotherapy, three of the obtained
CRISPR/Cas9 edited clones of MKN-45 (MKN-45_026, MKN-45_ 014 and MKN-45_015)
and GP-202 (GP-202_026, GP-202_014 and GP-202_025) that present a homozygous
deletion and perform the skipping of exon v6 were used, as well as the mock cell lines. The
mock cell lines were also transfected with a short interference RNA (siRNA) targeting exon
v6 in order to compare the response to chemotherapy between the parental cell line without
any CD44v6-containing isoforms (induced by siRNA) and the specific exon v6 lacking

clones.
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For this part of the project, two different chemotherapeutic agents were used, cisplatin and
5-FU, since they are often used for the treatment of GC patients and due to their different
mechanisms of actions (8). Cisplatin is a cytotoxic platinum-based drug that binds to DNA,
affecting DNA replication and inhibiting cancer cell division. Due to its poor selectivity for
tumor cells over normal tissues, cisplatin presents a wide range of severe side effects (90,
91). 5-FU is an antimetabolite and pyrimidine analog that undergoes ribosylation and
phosphorylation, resulting in a nucleotide like product, that binds to thymidylate synthase,
blocking the synthesis of the pyrimidine thymidine (a nucleoside required for DNA
replication) and consequently inhibiting DNA synthesis, leading to cell death in rapidly
growing cells (92, 93).

3.1. Optimization of treatment conditions

Preliminary tests using wt cells and the selected edited clones were performed to
estimate the cisplatin and 5-FU concentrations that inhibit cell survival in 50% (I1Cso). For
MKN-45 cells the ICs for cisplatin was approximately 2.5 pM and 5 pM for 5-FU. In GP-202
cells the I1Cs for cisplatin was approximately 20 uM and 5 uM for 5-FU (Figure 35). These

concentrations were selected for subsequent experiments.
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Figure 35 - Cell survival in response to cisplatin (A and C) and 5-FU (B and D) in MKN-45 and GP-202 wt cells
and edited clones, analyzed by PB assay. Results represent the average + SD of at least two independent

experiments.
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3.2. Skipping of CD44 exon v6 does not affect cell survival in two GC cell lines in

the presence of chemotherapeutic agents

Cell survival in response to cisplatin and 5-FU was assessed in mock cells and selected
clones without exon v6, using two short-term assays (lasting for 48 h) and one long term
assay (lasting ~10 days). In order to also assess whether drug response varies between
cells that specifically lack exon v6 and cells that lack all CD44v6 transcripts (as induced by
treating cells with siRNA) one of the conditions used in these experiments was to incubate
mock cells with a siRNA for CD44v6. Mock cells and edited clones were also transfected
with a siRNA scramble for maintenance of experiment conditions. Inhibition of CD44v6
containing isoforms upon incubation with sSiRNA for CD44v6 was confirmed by
immunofluorescence (Figure 36). Immunofluorescence results also showed that this
CD44v6 expression inhibition lasts throughout the duration of the short-term drug

treatments.
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Figure 36 - CD44v6 expression levels through immunofluorescence in GP-202 and MKN-45 mock cells treated
with siRNA scramble or siRNA CD44v6, at the time when cells were treated with chemotherapy and 48 h after.
Nuclei are stained with DAPI (represented in blue) and white scale bars represent a distance of 50 um.
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To test cell survival in a short-term manner, GP-202 and MKN-45 mock cells transfected

with siRNA Scramble, siRNA CD44v6, and edited clones were analyzed by PB assay
(Figure 37) and SRB assay (Figure 38).

Results show that cells with CD44v6 expression, cells with no CD44v6 expression and the
edited clones respond differently to chemotherapy in short-term treatments. Regarding
results obtained in the resazurin-based assay (Figure 37), it is possible to observe that cells
expressing no CD44v6 isoforms (i.e. those incubated with CD44v6 sSiRNA) have a
significantly increased cell survival when compared to cells expressing CD44v6, in both cell
lines in response to cisplatin and 5-FU. GP-202_026 and GP-202_014 clones present
similar cell survival compared to CD44v6 expressing control cells and have a significant
decrease in survival when compared to GP-202 mock cells transfected with CD44v6 siRNA,
both for cisplatin and 5-FU. Cisplatin response in the GP-202_025 clone is similar to that
obtained in cells expressing no CD44v6 isoforms, hence having a significant increase in
cell survival when compared to control cells (Figure 37A). Upon cisplatin treatment,
MKN45_026 and MKN-45_014 clones showed a significant increase in cell survival when
compared to mock cells, and MKN-45_ 015 has a significant decrease in cell survival
comparing to cells expressing no CD44v6 isoforms. When treated with 5-FU, all MKN-45
edited clones present a similar response compared to CD44v6 expressing cells and have
a significant decrease in cell survival when compared with cells expressing no CD44v6

isoforms (Figure 37B).

When analyzing the results obtained from the short-term treatments in GP-202 cells by
the SRB assay (Figure 38A) it was observed that all experimental conditions presented
similar levels of cell survival. The only exception being the GP-202_026 edited clone that
had a significant decrease in cell survival when compared to cells expressing no CD44v6
isoforms. MKN-45 cells expressing no CD44v6 isoforms presented a significant increase
in cell survival when compared to CD44v6 expressing cells, in response to both cisplatin
and 5-FU (Figure 38B). MKN-45_026 and MKN-45_014 clones also presented a significant
increase in cell survival to cisplatin when compared to CD44v6 expressing cells. In addition,
MKN-45_015 clone had a significant decrease in cisplatin cell survival when compared to
cells expressing no CD44v6 isoforms. Regarding 5-FU treatment, MKN-45_015 has a
significant decrease in cell survival when compared to cells without all CD44v6 isoforms
and to MKN-45_026 clone. MKN-45_014 clone has a significant decrease in cell survival

comparing to cells expressing no CD44v6 isoforms.
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Figure 37 — Response of GP-202 and MKN-45 mock cells, siRNA transfected cells and edited clones when
treated with cisplatin, 5-FU and vehicle for 48 h. % Cell Survival of (A) GP-202 and (B) MKN-45 cell lines
analyzed by PrestoBlue assay. All conditions are normalized to the Vehicle condition. Results represent the
average + SD of at least 3 independent experiments. p= * <0.05; ** <0.01; *** <0.001; **** <0.0001.
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Figure 38 - Response of GP-202 and MKN-45 mock cells, siRNA transfected cells and edited clones when
treated with cisplatin, 5-FU and vehicle for 48 h. % Cell Survival of (A) GP-202 and (B) MKN-45 cell lines
analyzed by Sulforhodamine B assay. All conditions are normalized to the Vehicle condition. Results represent
the average + SD of at least 3 independent experiments. p=* <0.05; ** <0.01; *** <0.001; **** <0.0001.
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Throughout the duration of these experiments, it was observed that cells incubated with
CD44v6 siRNA presented a much lower cell growth rate (in the vehicle condition) when
comparing to cells treated with siRNA scramble and the edited clones, for both GP-202 and

MKN-45 cell lines (data not shown).

To evaluate if exon v6 modulates long-term cell survival in response to cisplatin and 5-
FU, the clonogenic assay was performed (Figure 39). No differences in cell response were
observed in GP-202 cells. Regarding MKN-45 cells, cells expressing no CD44v6 isoforms
presented a significant decrease in cell survival when compared to CD44v6 expressing
cells. In addition, all three MKN-45 edited clones presented similar survival levels than
CD44v6 expressing cells, whereas a significant increase in cell survival was observed when
compared to cells expressing no CD44v6 isoforms.
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Figure 39 - Cell survival analysis by clonogenic assay in GP-202 and MKN-45 cells. All conditions are normalized
to the vehicle. Results represent the average + SD of up to 3 independent replicates. p=* <0.05; ** <0.01; ***
<0.001; **** <0.0001.

When performing the clonogenic assay, it was observed that the number of colonies
obtained in the vehicle control of MKN-45 and GP-202 cells that had been previously
incubated with siRNA for CD44v6 (i.e. that possessed no CD44v6 transcripts) was
consistently lower than those obtained for the other isogenic cells, even though the same
number of cells was plated for all conditions (Figure 40). Two edited clones, GP-202_025
and MKN-45 O26 also present a lower growth rate in vehicle conditions, when comparing

to the respective control.
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Figure 40 - Colony formation analysis in the vehicle for all conditions. All conditions are normalized to mock
siRNA scramble. Results represent the average + SD of 3 independent replicates. p= * <0.05; ** <0.01; ***
<0.001; **** <0.0001.
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1. Transient and permanent study models of exon v6 skipping were

successfully generated

Our first goal was to obtain GC cell lines lacking only exon v6 from the CD44 gene.
Through the results obtained in this project, we can confirm that we successfully obtained
two different types of exon skipping models, one transient with the exon v6 skipping from
CD44v6-containing transcripts, using PMOs, and one permanent, mimicking the skipping
of exon v6 by deleting the whole exon from DNA, using CRISPR/Cas9.

Regarding PMOs, these were more efficient to cause exon skipping in GP-202 cells
rather than MKN-45 cell line. However, in both cell lines, a higher inhibition at the RNA level
was expected, since the preliminary results performed with a PMO fluorescent control
showed that approximately 90% of cells internalized PMOs with Endo-Porter, which
transports PMOs into the cytosol. Still, each specific PMO may differ in efficiency, therefore,
even though PMOs might be internalized, they may not be effective in causing the skipping
of exon v6. It is recommended to use Endo-Porter as a transfection reagent, however,
PMOs work at the nuclei level to target the pre-mRNA and Endo-Porter reagent releases
PMOs in the cytosol. Therefore, it is possible that PMOs are not entering the nucleus as
efficiently as expected. One way to allow PMOs to properly enter the nucleus would be to
use a transfection reagent that would release PMOs into the nuclei, such as Nucleofector®
reagent (94). Nevertheless, the results obtained at the protein level demonstrate that GP-
202 cells practically have no CD44v6 protein expression. This was not expected since at
the mRNA level, total exon v6 inhibition was not achieved, however, immunofluorescence
is a technigue that does not analyze the entire population of cells within a condition.
Therefore, studies that allow the evaluation of the total cell population would be required to
further validate these results, such as flow cytometry, western blot or ELISA for CD44v6

and total CD44 protein expression.

Regarding CRISPR/Cas9, we successfully obtained homozygous clones that mimic the
skipping of exon v6 in a permanent manner. Our results suggest that causing a large
deletion in exon v6 is more effective to cause the removal of exon v6 at the mRNA level,
mimicking exon v6 skipping, rather that causing only one DSB to disrupt the splice site.
When designing the sgRNA, we hypothesized that disrupting the splice sites would lead to
the non-recognition of the splice site by the splicing machinery, resulting in the skipping of
exon v6 of CD44v6-containing transcripts. However, none of the clones transfected with
only one sgRNA resulted in total exon v6 skipping at the mRNA. The transcripts formed in
these clones mimic the pattern observed in PMOs, meaning that the sequence near exon

v6 or in exon v6 itself may possess cis-regulatory elements that enhance the splicing of

78



Silvana Patricia Lobo Ferreira de Sousa | Novel Predictive Markers of

Therapy Response in Gastric Cancer

new transcripts, resulting not only in the skipping of exon v6 but in the formation of longer
transcripts (95, 96).

We have proven that a new transcript is formed, splicing together exon v5 and exon v7
and at the protein level, CD44v6 expression is undetected. Using an online tool to predict
protein formation through the analysis of cDNA sequence, it is demonstrated that removing
exon v6, a modified protein is produced without the amino acids corresponding to the v6
portion but maintaining the open reading frame, leading to a shorter but functional protein.
However, further studies are required to show how these modified proteins work. CD44v6-
containing isoforms possess specific binding sites to VEGFR-2 and to HGF, the last one
being a binding molecule to cMET. CD44v6 leads to these oncogenes activation (18), and
it has been associated with cancer metastization, angiogenesis and aggressiveness in
various types of cancer (97-100), therefore, it would be interesting to understand if the loss
of the v6 domain on CD44v6 protein upon exon v6 skipping will affect the ligation to these
two oncogenes. If so, it would be interesting to evaluate how affected would be the pathways
associated to these two oncogenes after inactivation and how this would impact the

development and progression of GC (101).

Both technologies, PMOs and CRISPR/Cas9, arose as good techniques for modulating
splicing, since both can cause exon skipping of the specific target. Nevertheless, mutations
caused by CRISPR/Cas9 are stable and, in a clinical context, it would mean that no further
maintenance therapy would be required, at least in non-proliferative or low-proliferating
tissues (102). However, CRISPR/Cas9 in biomedical investigations is still being tested only
in animal models, and when tested in human embryos, off target effects were found,
meaning that CRISPR/Cas9 technology is yet associated to negative secondary effects and
needs to be improved (103) before introducing it into clinical practice (104). Besides, a study
conducted by Charlesworth and colleagues suggests that more than half of the human
population may present humoral and cell-mediated adaptive immune response to the Cas9
proteins used for CRISPR/Cas9, since the bacteria from where they are extracted (S.
pyogenes) frequently cause infectious diseases in humans (105). This means that the
human organism would attack Cas9 proteins, destroying them. On the other hand, PMOs
are already used in clinical practice, being integrated in the treatment of DMD patients and
successfully improving their quality of life (72, 74). Although the PMO model would be more
adequate to be applied in clinical practice, if required, for the present study and for the sake
of simplicity, we aimed to understand how exon v6 modulated chemotherapy response by
studying the stable CRISPR/Cas9 created models.

79



Silvana Patricia Lobo Ferreira de Sousa | Novel Predictive Markers of
Therapy Response in Gastric Cancer
With this project, we understood that exon skipping might be a good model to study
gene alterations that cause specific diseases, since they provide information regarding the
functional role of a specific exon. It would be a good form of gene therapy to remove a
mutation in a specific exon, without knocking out the whole gene, hence maintaining protein
production. For example, DMD disorder has a gene therapy relying on the concept of exon
skipping, resulting in the production of a smaller but functional DMD protein (72). However,
the question remains if exon skipping gene manipulation would be a god approach for
cancer therapy. Nevertheless, no studies regarding this subject were found in the literature.
Hence, our study proves to be pioneer in the research area of exon skipping gene
manipulation in cancer, since we are the first to develop exon skipping models for the study
of cancer cells therapy response with the manipulation of CD44 gene.

2. CD44 exon v6 does not modulate chemotherapy response in GC cells

In order to understand whether exon v6 was responsible, itself, by the modulation of the
response of GC cell lines to chemotherapy, cell survival was analyzed in response to short
and long-term treatments with chemotherapeutic agents. Our results suggest that the
absence of all CD44v6 isoforms gives GC cells a certain advantage in the acute phase after
treatment (48 h after), when comparing to CD44v6 endogenous expression. Nevertheless,
this advantage is lost after several days of treatment, since cells endogenously expressing
CD44v6 are capable of surviving better after 10 days of treatment. This is consistently
observed in most conditions, particularly in the MKN-45 cell line. For GP-202 cells, this is
not observed in SRB and clonogenic assays. However, we verified that the assays used to
assess cell survival presented some degree of variability within independent experiments,
likely leading to loss of statistical power when differences are small between experimental
conditions. As for the clonogenic assay, we believe that the concentrations used for each
drug in GP-202 cells were too low and due to that, cells did not show any differences in cell
survival after 10 days of treatment with both cisplatin and 5-FU. Therefore, additional
studies on cell survival, to increase the statistical power, and with higher concentrations of

both drugs are required.

Regarding the response to chemotherapy of the MKN-45 and GP-202 selected clones,
some of those presented a significant differential cell survival comparing to either CD44v6
expressing or non-expressing cells. Regarding the GP-202 cells, the results suggest that
GP-202_026 and GP-202_014 clones have a pattern of response to chemotherapy similar
to CD44v6 expressing cells, while GP-202_025 clone presents a response to

chemotherapy similar to cells that express no CD44v6 isoforms, in the acute phase after
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treatment. As for the MKN-45 cells, MKN-45_ 026 and MKN-45_ 014 appear to respond to
chemotherapy in a similar manner to cells that do not express CD44v6 isoforms, while MKN-
45 015 responds to cisplatin in a similar way than CD44v6 expressing cells. However, all
MKN-45 clones’ respond to 5-FU in a similar manner to CD44v6 expressing cells, in the
acute phase after treatment. Since all GP-202 and MKN-45 clones presented the mimicking
of exon v6 skipping in the mRNA, this differential response to chemotherapy was not
expected. However, all clones present different deletions, meaning that some important
regulatory elements might be lost within the different editing’s by CRISPR/Cas9, such as
cis regulatory elements (106), epigenetic modifications (107) and changes in chromatin
structure (108), which will ultimately result in differences in gene expression. Therefore,
studies to identify important genetic and epigenetic regulatory elements would be required,
such as reporter gene assays, chromatin immunoprecipitation microarrays (108, 109) and

bisulfite modification analysis (108).

A previous study conducted by our group unveiled that GC cell lines expressing
CD44v6-containing isoforms were more resistant to cisplatin when compared to cells
without any CD44v6 isoforms (110), which differs from the results obtained in the present
study. However, in that study, cell response to treatment was evaluated through apoptosis
assays, while in the current study cell response to treatment was evaluated through cell
survival assays. The end points analyzed for each technique are different, since apoptosis
assay measures the quantity of cell in a pre-apoptotic or apoptotic state, and cell survival
assays measure the number of live cells. Nevertheless, increasing apoptosis resistance
associated with CD44v6 has also been found in a study conducted by Jung and colleagues
(2011), where they discovered that CD44v6 is capable of coordinating tumor matrix leading
to increased apoptosis resistance to cisplatin through the activation of anti-apoptotic
molecules, in pancreatic adenocarcinoma cell lines (111). Other studies found association
of CD44v6 with increased apoptosis resistance to chemotherapy (56, 112). Our results
suggest that cancer cells may be responding to the treatment without dying, entering in a
pre-apoptotic state where cells are only prone to dye. Likewise, further short-term treatment
studies evaluating apoptosis and cell cycle in cells subjected to chemotherapy would be

interesting results to add to the already obtained results.

Regarding the long-term treatments, results suggest that all MKN-45 selected clones
respond in a similar manner to 5-FU, and equally to cells expressing CD44v6, meaning that
in long-term treatment, which better mimics what may happen during GC patients
chemotherapy, cells lacking only the exon v6 do not decrease cell survival, whereas cells
with no CD44v6 expression do. These results support the hypothesis formed before for the

short-term treatments, meaning that cells may need more time to either complete the
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apoptotic process or to recover from a senescent state and continue to proliferate under
drug stress conditions. In fact, some researchers have discovered that apoptosis induced
by a certain compound can be reversed after removing such compound, leading to cell
recovering from a senescent state (113-115). Therefore, we hypothesize that cells
expressing no CD44v6 isoforms at the acute phase of treatment might be in a senescent
state due to chemotherapy, causing cell cycle arrest, however without dying. Nevertheless,
with the removal of chemotherapeutic agents and increased treatment duration, cells with
no CD44v6-containing isoforms are not capable of recovering from the senescent state,
and eventually die. On the other hand, cells expressing CD44v6 and some of the edited
clones, appear to respond well to chemotherapy in the acute phase of treatment,
nevertheless, the cells that are capable of surviving eventually regain their normal
proliferative state, surviving better after several days of treatment. Still, further studies are
required to validate this hypothesis, such as functional assays to evaluate the apoptosis
pathway, like caspases activation or organoid fragmentation. However, if this hypothesis is
correct, it would mean that exon v6 from the CD44 gene is not, itself, responsible for the
modulation of chemotherapy response associated with CD44v6-containing isoforms
observed in GC cells, however, removing all CD44v6-containing isoforms modulates
therapy response. This means that the responsible could be another variant exon of the
gene, multiple exons or even one specific isoform. To prove this, functional studies like the
present one would be required, applying exon skipping for each variant exon or to a group
of exons, to understand whether the skipping of other variant portions of the CD44 gene
would cause differential responses to chemotherapy. Ultimately, transfecting each specific
CD44v6-containing isoform separately to a non-expressing CD44v6 GC cell line, would
allow to understand if the one specific isoform was responsible for the modulation of
chemotherapy response in GC cells. Thus, many and more complex studies must be
performed to validate the results obtained throughout the present study and to identify which
variant exons are responsible for modulating therapy response in CD44v6 containing

isoforms.

Moreover, our results also suggest that cells expressing no CD44v6-containing isoforms
loose growing capacity, since in both cell lines, mock cells treated with CD44v6 siRNA have
a significant decreased growth rate, when comparing to mock cells treated with SIRNA
scramble, meaning that CD44v6-containing isoforms may be important for tumor cell growth
and self-renewal, and that destroying these isoforms may be a good approach to decrease

tumor cell division.

Results obtain throughout this project suggest that inhibiting all CD44v6-containing

isoforms from GC cells modulates response to chemotherapy, right after treatment and
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several days after that. However, exon v6 itself, does not modulates chemotherapy

response in GC cells.
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Chapter VI | Conclusion and Future Perspectives

84



Silvana Patricia Lobo Ferreira de Sousa | Novel Predictive Markers of

Therapy Response in Gastric Cancer

We can state that, using PMOs, we successfully generated transient isogenic cell lines
that perform skipping of exon v6 from the CD44v6-containing transcripts. Nevertheless, we
did not obtain complete skipping of exon v6 on GP-202 cell line and PMOs barely cause
exon v6 skipping on MKN-45 cells. Therefore, in the future, more studies are required to
improve PMOs transfection efficiency and test new transfection approaches, like

Nucleofactor® or transfect PMOs together.

Similarly, using CRISPR/Cas9, we successfully generated permanent isogenic cell lines
that either perform exon skipping through disruption of the splice site or exon deletion that
mimics exon skipping through deleting the whole exon v6. However, disrupting the splice
site was not effective in all clones, meaning that, in the future, it would be important to
deepen the knowledge about the splicing machinery in exon v6 and in the adjacent intronic
regions. On the other hand, causing a large deletion on the genome was more successful
in removing exon v6. This type of model appears to be more reliable as an exon skipping
model, however, in the future, it would important to prove the specific removal of the v6
domain at the protein level. Since CD44v6 isoforms contain specific binding sites to VEGFR
and HGF, that activates cMET, it would be interesting to observe what occurs with these
two bindings with the removal of the v6 domain from the CD44v6-containing isoforms and

if these two oncogenes (VEGFR-2 and cMET) remain activated or not.

The results obtained in this project with the treatment of GC cells with cisplatin and 5-
FU show that GP-202 and MKN-45 cells expressing no CD44v6-containing isoforms
generally survive better than CD44v6 expressing cells within 48 h of treatment, however,
with longer treatments the opposite occurs, at least for MKN-45 cells. Our results suggest
that certain edited clones present a response pattern similar to CD44v6 expressing cells
while other clones present a therapy response similar to cells expressing no CD44v6-
containing isoforms, in the short-term treatments, suggesting that the different editions of
the clones might interfere in cell survival due to loss of certain genetic or epigenetic
regulatory elements. Nevertheless, MKN-45 clones respond similarly to 5-FU in long-term
treatments, suggesting that in the long-term, cells lacking only exon v6 regain their

proliferative capacity while cells without CD44v6 isoforms do not.

In conclusion, our results suggest that inhibiting CD44v6-containing isoforms modulated
GC cell lines response to chemotherapy in both short and long-term treatments, however,
the exon v6 from CD44v6-containing isoforms is not, by itself, capable of modulating cell
response to chemotherapy in GC cells. Nevertheless, further studies are required to validate

the obtained results.
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The primers used in this project were purchased from Sigma-Aldrich® (Poole, UK)

unless stated otherwise. Table S1 describes in detail the primers utilized.

Table S1 — Description of the primers used throughout this project

Orientation In-text Binding Site Primer Sequence Melting

Name (5°-3) Temperature

A pSpCas9(BB) Bbs| GGGCCTATTTCCCATGATTCCTT Tm = 68.5°C

B CD44 Exon 8 (v5)  ATGTAGACAGAAATGGCACCAC Tm = 62.7°C

Forward C CD44 Intron 8 (v5) ATCAGTGGCCTGTTTCCTTG ~ Tm = 64.0°C
D CD44 Exon 5 GAAGACATCTACCCCAGCAACC Tm = 68.0°C

E pSpCas9(BB)_Bbs|  GACTCGGTGCCACTTTTTCAA  Tm = 66.2°C

F CD44 Exon 10 (v7)  CCATCCTTCTTCCTGCTTGATG  Tm = 66.8°C

Reverse G CD44 Intron 9 (V6) TTTGGCTCTGTGTGAACTGC  Tm = 64.1°C
H CD44 Exon 17/18  TGATCAGCCATTCTGGAATTTG  Tm = 65.9°C

The set of primers B/ F and C / G were designed specifically for this project. Firstly,

Primer3 software (http://bioinfo.ut.ee/primer3-0.4.0) was assessed in order to understand if

the primers designed were good in terms of primer length, melting temperature, GC content,

self-complementarity. The following Table S2 shows these primers properties. For each

primer was also performed a Blat (https://genome.ucsc.edu/cgi-bin/hgBlat) to search for

possible primer mismatches in other places of the human genome. No significant

mismatches were found.

Table S2 - Discriminated properties of the primers designed during this project

Orientation Primer Primer GC% Any self- 3’ self-
length complementarity complementarity
Forward B 22 45.45 4.00 2.00
Reverse F 20 50.00 4.00 0.00
Forward C 22 50.00 4.00 2.00
Reverse G 20 50.00 2.00 2.00
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2. DNA sequence of the target regions for CRISPR/Cas9
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Figure S1 - Genomic DNA sequence of the v6 locus demonstrating the target regions for each sgRNA
(Representative of both GP-202 and MKN-45 cell lines).
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