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Abstract

The concept of precision medicine is advancing the discovery of new therapeu-
tic targets for cancer treatment, offering tailored approaches based on the genetic
profile of individual patients. One such approach is the paradigm of Synthetic
Lethality, where cancer cells with specific genetic mutations are targeted by ther-
apies that spare normal, healthy cells. This concept has been successfully applied
in the treatment of various cancers, including ovarian, breast, and pancreatic can-
cers. The first synthetic lethality-based treatment to gain approval was for patients
with BRCA1/2 mutations, using PARP inhibitors. These drugs disrupt the DNA
repair machinery of cancer cells by inhibiting single-strand break repair, while the
BRCA1/2 mutations prevent double-strand break repair. However, a major limita-
tion of this approach is the development of resistance to PARP inhibitors, and the
fact that not all cancer patients carry BRCA1/2 mutations. Therefore, there is a
need to identify new synthetic lethal partners to expand the therapeutic potential
of PARP inhibitors.

The Fanconi Anemia pathway is involved in DNA repair and has a well-established
connection with BRCA2-mediated repair processes. This PhD thesis aims to ex-
plore and validate advanced genomic methodologies to investigate the genes in-
volved in the FA pathway, with a particular emphasis on their relationship with
PARP inhibitor treatment. The ultimate goal is to identify therapeutic targets
that could improve patient stratification for personalized cancer therapies, with a
specific focus on pancreatic cancer cells.

This study primarily focuses on utilizing genomic tools, specifically CRISPR-
Select and CRISPR interference (CRISPRi), to investigate the Fanconi Anemia
pathway and its relationship with sensitivity to the PARP inhibitor Talazoparib.
The key genes explored include FANCA, FANCC, FANCD2, and FANCM. In Chap-
ter 1, CRISPR-Select demonstrated its precision and reliability in assessing the
impact of gene mutations on cell survival and drug response. It revealed that
FANCA, FANCD2 and FANCM deficiencies increased Talazoparib sensitivity in a
diploid normal cell model.
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Given the genetic heterogeneity of pancreatic cancer patients, including muta-
tions in Fanconi Anemia genes, Chapter 2 focused on the commercially available
FANCC-deficient PANC 03.27 cell line. This model further established the asso-
ciation between Fanconi Anemia pathway deficiencies and heightened Talazoparib
sensitivity in a pancreatic cancer context.

To expand the investigation of Fanconi Anemia genes in pancreatic cancer,
Chapter 3 focused on the usage of CRISPRi to develop a platform for gene si-
lencing. FANCD2 and FANCC were targeted to compare results from CRISPRi
with those obtained using CRISPR-Select for FANCD2, and in the non-edited pan-
creatic cancer cell line for FANCC. HeLa cells were chosen as a control model
where CRISPRi had been developed and optimized. The pancreatic cancer cell line
Capan-1 (BRCA2-defective) has been chosen as a cancer cell model representing
patients who already receive PARPi treatment to verify how FANCC or FANCD2
deficiency further affects drug response. The BxPC3 (BRCA2-proficient) cell line
has been used to test whether FANCC and FANCD2 silencing causes Talazoparib
sensitivity. However, FANCC silencing proved difficult in both Capan-1 and HeLa
cells, leading to the suspension of experiments in BxPC3 until further optimization
of FANCC silencing could be achieved.

On the other hand, FANCD2 silencing was successful in HeLa cells, but unex-
pectedly, it did not increase Talazoparib sensitivity, contrary to the results obtained
with CRISPR-Select in Chapter 1. This discrepancy highlights the need for fur-
ther investigations into the CRISPRi method, including its suitability as a screening
tool for Fanconi Anemia gene deficiencies and the selection of HeLa cells as a model
system. Additional studies will be required to refine the methodology and better
assess the role of Fanconi Anemia genes in pancreatic cancer.

Overall, the CRISPR-Select technique proved to be a precise and reliable plat-
form to investigate a gene mutation impact on cell survival and drug response,
proving that FANCA, FANCD2 and FANCM are increasing the Talazoparib sensi-
tivity treatment in a diploid normal cell context. FANCC deficiency was found to
increase the sensitivity to Talazoparib treatment in the pancreatic cell line PANC
03.27. Further studies need to be done to find suitable cell models to translate this
study into a pancreatic cancer cell line using the CRISPRi method.
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Introduction

0.1 Fanconi Anemia Pathway

Cells are constantly exposed to DNA damage from both internal (alkylation, mis-
match of DNA bases, hydrolysis) [1] [2] and external sources (UV radiations, chem-
ical agents) [2][3]. To protect their genomic integrity, cells have developed specific
DNA repair mechanisms to detect and fix specific types of damage [4]. This step is
crucial, as errors can lead to genomic instability, which contributes to cancer devel-
opment and progression [5]. With respect to normal cells, cancer cells often adapt
by altering their DNA repair processes, allowing them to survive, resist chemother-
apy and continue growing [6][7]. This cancer cell plasticity presents opportunities
for targeted therapies. It is possible to identify a tumor-specific target that, in com-
bination with at least one oncogenic or non-oncogenic mutation, induces selective
tumor cell death, a phenomenon known as synthetic lethality (SL) [8][9]. Recent
advancements in understanding complex DNA repair pathways, such as the Fanconi
Anemia (FA) pathway, have paved the way for SL approaches [10][11][12]. These
strategies aim to target and disrupt the altered DNA repair mechanisms in cancer
cells, making them more susceptible to treatment, particularly in cases where they
are resistant to standard therapies [9][13].

To better understand the relationship between the FA pathway, DNA repair
mechanisms, SL, and the potential for targeting this pathway in cancer therapy, it
is essential to first examine the FA pathway in detail. The FA pathway is a DNA
repair mechanism [14][15]. Up to date, 27 proteins have been found to act in this
pathway at different steps of the DNA repair [16], including the FA-associated pro-
teins (FAAPs). This pathway is responsible for maintaining genomic stability by
repairing interstrand crosslinks (ICLs), which are highly toxic DNA lesions. ICLs
covalently link the two strands of the DNA double helix, preventing strand separa-
tion, thereby blocking essential processes such as replication and transcription [17].
The FA pathway orchestrates a complex, multi-step repair process that involves
the recognition of ICLs, recruitment of repair proteins, DNA incision, translesion
synthesis, and homologous recombination (HR) to restore DNA integrity.

1



0.1. FANCONI ANEMIA PATHWAY

0.1.1 Interstrand Cross Link recognition by FANCM

FA was first described in 1927 by the paediatrician Guido Fanconi as an autosomal
recessive disease [18][19]. Over the years, different proteins have been associated
with FA disease and have been grouped together as part of the FA pathway, whose
impairment leads to impaired DNA repair and cross-linker hypersensitivity. ICLs
are highly genotoxic lesions that involve covalent bonds between both strands of
the DNA helix [20][21].When the replication machinery encounters an ICL, the FA
pathway is activated to coordinate DNA repair in the S-phase of the cell cycle
[20][22]. The first step of the pathway begins with the recognition and binding of
DNA damage by the ATP-dependent DNA translocase FANCM, a protein with
distinct roles in cell-cycle checkpoint activation, chromatin remodelling, and ICL
repair [17][23].

ICL 

FANCM
FAAP24

MHF

ICL traversal

HCLK2
ATR

HCLK2 interaction

Checkpoint activation DNA replication

FA core 
complex

FA core complex 
recruitment

Figure 1: FANCM recruitment at ICL site. A schematic view of the different
roles of FANCM recruitment at ICL. FANCM interacts with FAAP24, MHF1 and
MHF2 forming a complex that is located next to the ICL. When interacting with
HCLK2, the checkpoint regulation is activated to guarantee the proper timing of
DNA repair and replication. The ICL traversal is another path by which cells can
continue the replication. The interaction of the complex with the DNA is finally
recruiting the FA core complex to the DNA, initiating the FA repair pathway.
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0.1. FANCONI ANEMIA PATHWAY

Specifically, FANCM forms a complex with the histone-fold MHF complex (com-
posed of MHF1, MHF2) [24] and FAAP24 [25] which is a protein that shares simi-
larities with the C-terminus of FANCM and contains an endonuclease-like domain.
This FANCM-MHF-FAAP24 complex locates the ICL to start the repair process.
The interaction between FANCM and the MHF complex facilitates the traversal
of the ICL, allowing the replication machinery to bypass the damage site and con-
tinue replication [26][24]. Additionally, the FANCM-FAAP24 complex interacts
with HCLK2, activating ATR-mediated checkpoint signalling [27]. This signalling
pathway ensures the precise coordination of repair processes and stabilization of the
replisome. In the context of the FA pathway, the FANCM/FAAP24/MHF complex
plays a crucial role in recruiting the FA core complex, which is necessary for the
monoubiquitination of FANCD2 and FANCI, a key step in the repair of ICLs [27].
Figure 1 illustrates the main FANCM role in ICL recognition and resolution. The
FA core complex formation is better described in the following section.

0.1.2 Core complex formation and FANCD2-FANCI ubiq-
uitination

The FA core complex functions as an E3 ubiquitin ligase and it is composed of mul-
tiple sub-complexes that interact through weak, yet coordinated, interactions [28].
The first sub-complex consists of FANCC, FANCE, and FANCF and serves as an
anchor between FANCM and the substrate [29][30] (Figure 2). The second one in-
cludes FANCA, FANCG, and FAAP20. The third sub-complex comprises FANCB,
FANCL, FAAP 100, and UBE2T (FANCT), which contains the catalytic domains
of the ligase [30][31]. Overall, the role of the core complex consists on the coordina-
tion and regulation of the E3 ligase module to properly interact with its substrates
[32]. Some studies suggest that FANCF interacts with FANCM functioning as an
adaptor protein [33]. FANCA and FANCG lead to the proper nuclear localization
of the FA core complex [34]. Evidence shows that FANCE is implicated in the core
complex integrity by interacting with FANCC, FANCF and FANCD2 [35][36][37].
However, the exact function of each protein within the core complex remains incom-
pletely understood, necessitating further research to fully elucidate their individual
roles. Once the core complex is formed, these components drive the monoubiqui-
tination of the downstream proteins FANCD2 and FANCI, known collectively as
the D2-I complex as a consequence of the ICL formation [29](Figure 2). The first
step of the ubiquitination process is the activation by the E1 activating enzyme fol-
lowed by the conjugation step performed by the E2 ubiquitin-conjugating enzyme
(FANCT/UBET)[38][39][40]. The final step consists of the ubiquitin transfer to
the Lysine residue of the substrate (D2-I complex) by the E3 ligase, specifically the
RING domain of FANCL [41]. The mono-ubiquitination of the D2-I complex is a
reversible post-translational modification.

3



0.1. FANCONI ANEMIA PATHWAY

FANCM
FAAP24

MHF

FANCC

FANCF
FANCE FANCA

FANCG

FAAP20

FANCB
FAAP100

FANCL

UBE2T

FANCD2 FANCI

Ub Ub

Figure 2: Core complex formation and D2-I complex ubiquitination. A
schematic view of the core complex recruitment next to the ICL upon FANCM
interaction with the DNA. The core complex is then contributing to FANCD2-
FANCI monoubiquitination thanks to its E3 ubiquitin ligase activity.

The de-ubiquitination of the D2-I complex is catalyzed by the deubiquitinase
USP1 and UAF1 [42][43][44][45]. This reaction is necessary for a correct ICL repair
since USP1 deletion experiments suggested an increase in ICL sensitivity [46]. The
de-ubiquitination of the D2-I complex must be therefore timely organized to guar-
antee a proper pathway functionality. To this end, FANCD2 and FANCI are being
phosphorylated to properly coordinate the DNA repair [47]. Specifically, FANCI
is phosphorylated by ATR-ATRIP in six sites known as the S/TQ cluster and this
modification critically regulates FANCD2 (de)ubiquitination rate [47]. Conversely,
CK2-mediated phosphorylation of FANCD2 prevents its monoubiquitination and
loading onto the DNA in the absence of ICL [48]. All this evidence underlies how
this pathway is precisely modulated by different processes avoiding further geno-
toxic damages.

0.1.3 Unhooking, TLS and HR steps

The monoubiquitinated D2-I forms a heterodimer complex which clamps the DNA
near the DNA damage site [49][50][51][52][53]. This D2-I foci formation is followed
by the “unhooking” step, wherein structure-specific nucleases (SSEs) are recruited
to the site of damage [29] (Figure 3). This step is facilitated by SLX4 (FANCP),
which is recruited by and interacts with FANCD2 and serves as a scaffold for these
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nucleases [54][55]. The recruited nucleases include the XPF (FANCQ/ERCC4)-
ERCC1 heterodimer, MUS81-EME1, SLX1, and FAN1 [56][57]. These nucleases
cleave the DNA strands at the site of the ICL, effectively ”unhooking” the lesion
by generating unhooked intermediates, a single-strand region containing the ICL
and a double-strand break (DSB) in the opposing strand.

FA core complex

monoubiquitinated 
D2-I foci

SLX4 (FANCP)

XPF (FANCQ/ERCC4)-
ERCC1 heterodimer, 
MUS81-EME1, SLX1, 
and FAN1 

Unhooking

REV7 (FANCV), Polζ, 
and REV1

TLS HR

BRCA2 and RAD51 
foci

Repaired DNA

Figure 3: Unhooking, TLS and HR steps for ICL repair. A schematic view
of the final steps of the FA pathway. The ubiquitinated D2-I complex forms a
heterodimer structure which clamps the DNA near the ICL. This structure recruits
specific endonucleases that cleave the DNA forming unhooked intermediates. One
strand of the DNA will contain the ICL damage and will be repaired through TLS
which requires specific polymerases. The other DNA strand will accommodate
a DSB that will be repaired through the HR pathway involving many proteins
of which only BRCA2 and RAD51 are shown. Thanks to these two combined
pathways, the DNA will finally be repaired.
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The unhooked ICL on the remaining DNA strand is bypassed through Transle-
sion Synthesis (TLS), a low-fidelity DNA synthesis mechanism that allows the cell to
bypass lesions and mitigate genomic toxicity (large DNA insertions and deletions)
[58]. This process involves specialized polymerases, including REV7 (FANCV),
Polζ, and REV1, which accommodate and replicate past bulky DNA lesions. Specif-
ically, for TLS to properly occur, the integrity of the FA core complex is crucial as
it interacts with REV1 [59]. The actual correlations between TLS and core complex
are still unknown. Meanwhile, the DSB in the opposite DNA strand is repaired
through Homologous Recombination (HR), a high-fidelity, error-free repair process
[60].

M

S
G2

G1

Exogenous (e.g. radiation)  
Endogenous (e.g 
metabolism byproduct)

ICL (Interstrand Cross Link) Fanconi Anemia Pathway

Ub

Ub

ICL UnhookingTLS (Translesion Synthesis)

HR (Homologous Recombination)

Cell replication

D-I Foci Formation

Repaired Replicated DNA

456

7 8

RAD51 

BRCA2

PALB2
BRCA1

Endonucleases (e.g. FANCP)
TLS polymerases 
(FANCV, Polζ, REV1)

DSB 

Ub

Ub

Ub

Ub

Ub

Ub

1 2 3
Core Complex

Figure 4: FA pathway overview. A schematic overview of the FA pathway. En-
dogenous and exogenous agents (1) can cause ICL (2). This will lead to the FA
pathway activation (3) during the S-phase of the cell cycle. FANCM will therefore
bind the DNA to initiate the FA core complex formation and the D2-I ubiquitina-
tion. The ubiquitinated D2-I complex will form foci near the damage (4) which will
signal the pathway to proceed to the unhooking step (5). During the unhooking
step, endonucleases will cut the DNA forming two unhooked intermediates. One
will still contain the ICL and will be repaired by means of TLS (6). The other
strand will harbour a DSB that will be repaired through HR (7). The DNA will be
finally repaired (8).

HR ensures accurate restoration of the DNA sequence using a homologous tem-
plate, to guide repair, thereby preserving genomic integrity. Briefly, the process
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begins with the resection of DNA at the break site, generating single-stranded
DNA (ssDNA) overhangs. These ssDNA regions are quickly coated by the pro-
tein RAD51, which forms nucleoprotein filaments. RAD51, in conjunction with
BRCA2 and other mediator proteins, facilitates the search for a homologous DNA
sequence, typically the sister chromatid. Once a homologous sequence is identified,
the RAD51 filament invades the intact DNA duplex, forming a displacement loop
(D-loop) [61]. This structure allows DNA synthesis, using the undamaged strand as
a template to accurately copy the missing genetic information. After DNA synthe-
sis, the newly synthesized strand pairs with the other broken DNA end, completing
the repair process through either the synthesis-dependent strand annealing (SDSA)
or double Holliday junction resolution pathway [62][63]. The latter step is crucial
for maintaining genomic stability by ensuring that the repaired DNA is accurately
restored to its original sequence. The damaged DNA is therefore finally repaired.
Figure 3 illustrates how the unhooking, TLS and HR steps coordinate the ICL
repair. Figure 4 recapitulates the FA pathway and all its steps, from the ICL
formation to the DNA repair.

An important consideration, is that the FA and HR pathways are intercon-
nected in the DNA repair process starting from the ICL damage. One of the
critical points of interaction between these pathways involves the protein FANCD2
which physically interacts with RAD51. This interaction stabilizes RAD51 fila-
ments, protects the DNA from nucleases as FAN1 and promotes the DNA strand
exchange during the repair [64][65]. Moreover, FANCD2 seems to act in a parallel
or compensatory way like BRCA2, which is known for stabilizing the RAD51 foci
too [61]. Studies suggest that over-expression of FANCD2 might compensate for
BRCA2-defectiveness [66][67]. This important correlation between the two path-
ways pointed out an important suggestion for developing drug treatments based on
the concept of SL, which will be explored in the following section.

0.2 Synthetic Lethality concept

The concept of SL was first proposed in mid-90s in fruit flies [68][69] and in yeast
right afterwards [70][71]. The SL is defined as a genetic interaction between two or
more genes (synthetic lethal partners), whose contemporary perturbation leads to
cell death [72][73][74] (Figure 4). Given the high frequency of genetic alterations
in cancer cells, such as gene mutations or overexpression, targeting synthetic lethal
partners of these altered genes presents an ideal therapeutic strategy [75][76]. This
approach enables the selective targeting of cancer cells while sparing normal cells
[76][13]. This concept opened the door for targeted therapy for oncology patients
since 2014, when the Food and Drug Administration (FDA) approved this approach
for ovarian cancer [77][78][79]. Specifically, the two approved synthetically lethal
partners are the Poly (ADP-ribose) polymerase 1 and 2 (PARP1/2) and BRCA2
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genes, which are important players in SSB (Single Strand Break) and DSB re-
pair, respectively [80][81]. PARP function in DNA repair consists of the binding
of damaged single-stranded DNA (ssDNA) or other lesions. This binding causes
allosteric changes in PARP structure activating its catalytic function, which con-
sists of adding negatively charged post-translational modifications named branched
poly(ADP-ribose) (PAR) chains [82].

Gene perturbation 
(e.g. mutation, 
deletion, 
hyperexpression)

Gene 1

Gene 2

Living 
Cell

Living 
Cell

Living 
Cell

Cell 
Death

Figure 5: Sythetic Lethality. A schematic overview of the SL between two genes.
As illustrated, the contemporary perturbation of both genes is necessary to induce
cell death

This process is referred to as PARylation and it occurs in effector proteins such
as XRCC1 that concur to chromatin remodelling and ssDNA repair [79][83]. By
inhibiting this process, the SSB will accumulate causing the formation of DSB
and replication fork collapse [83][84]. DSBs are mainly repaired through the HR
pathway, in which BRCA1/2 are the main actors. In BRCA1/2-defective cells,
the unrepaired DSB will lead to an increased accumulation of genotoxic damages
that will lead to cell death [81][85]. Therefore, the contemporary perturbation of
PARP1/2 and BRCA1/2 functions is lethal for cell survival. This outcome has
encouraged BRCA1/2-defective cancer patients with PARP inhibitors (PARPi) as
a selective treatment for cancer cells [79].

0.2.1 PARPi treatment

The first clinically approved PARPi is Olaparib (Lynparza) for BRCA1/2-mutated
metastatic ovarian cancer treatment [77][86]. Over the years, other PARPi have
been clinically approved like Rucaparib (Rubraca), Niraparib (Zejula) and Tala-
zoparib (Talzenna) [79]. How these PARPi are causing a synthetic lethal outcome
when combined with HR deficiencies is still under debate. One hypothesis is that
they might act by trapping the PARP molecule on the DNA forming DNA-protein
complexes and causing replication fork collapse [78][79][87]. However, recent stud-
ies advanced the hypothesis that PARP inhibition blocks the replisome to prevent
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transcription-replication conflicts (TRC) and therefore form transcription elonga-
tion complexes [88].

Figure 6: PARP inhibitors pharmacological profile. The reported table lists
the pharmacological profile of the PARP inhibitors. The trapping activity of the
PARP inhibitors has been used over the years as a reference value to determine the
drug efficacy to induce a SL behaviour in combination with BRCA2 deficiencies.
This figure has been previously published in Ref. [78]. CNS, central nervous system;
CYP, cytochrome P450; IC50, half maximal inhibitory concentration; NA, not
available; PARP, poly(ADP- ribose) polymerase; TNKS1, tankyrase 1; –, poor; +,
modest; ++, good.

This recent hypothesis should be better investigated as it could provide valu-
able insights for developing more effective PARP inhibitors. What is clear is that
PARPi treatment leads to SSB repair deficiencies with consequent accumulation
of DSBs during the S-phase of the cell cycle. Up to date, the pharmacological
profile of the clinically approved PARPi suggests that Talazoparib exhibit the best
trapping activity (100-fold higher than Niraparib and higher than Olaparib and
Rucaparib) and has no known off-target interaction [78][89] (Figure 5). In 2018,
Talazoparib was approved by the FDA for germline BRCA-mutated (gBRCAm)
HER2-negative locally advanced or metastatic breast cancer [90] and in 2023 for
prostate cancer treatment [91]. Early-phase clinical trial have been initiated to
prove Talazoparib efficacy in solid tumors including ovarian, prostate and pancre-
atic tumor [92][93][94]. Figure 7 summarizes the PARPi approvals by FDA starting
from 2014.

9



0.2. SYNTHETIC LETHALITY CONCEPT
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Figure 7: Timeline of PARPi approved by FDA. Timeline representation
of the approved PARPi. The first approved drug was Olaparib in 2014 [77][95],
followed by Niraparib in 2017 [96][97]. In 2018 Rucaparib [98][99] and Talazoparib
[100][90] have been approved. Approval for more types of cancer followed in 2019 for
Olaparib [101], in 2020 for Olaparib and Rucaparib [102] and in 2023 for Talazoparib
[103].

0.2.2 Synthetic Lethality and FA pathway

Despite the clear advantage of using a treatment that aims to specifically tar-
get cancer cells, one of the main problem concerning the PARPi usage consists
in PARPi resistance development. Cells might adapt to drug treatment in many
ways: a) BRCA1/2 reverse mutation. In this case cancer cells might acquire new
mutations that restores BRCA1/2 functions and, therefore, the HR pathway itself;
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b) increase drug efflux which will provide the right metabolism of the drug inside
the cells; c) epigenetic restoration which might affect BRCA1 expression levels ren-
dering drug treatment ineffective [104][105][106][107][108]. The main alternatives
to these acquired resistance include: 1) Combinational treatment with radiother-
apy or immunotherapy; 2) Discovery of other biomarkers that might enhance or
induce PARPi sensitivity; 3) Combination with other existing therapies [106]. As
previously anticipated, the FA pathway is closely linked to HR through direct in-
teractions with proteins like BRCA2 and RAD51. Therefore, studying the FA
pathway and its connection to PARPi treatment could help identify new biomark-
ers for cancer therapy and potentially offer new strategies to overcome resistance
to PARPi.

0.2.3 FA pathway and Pancreatic Cancer

Pancreatic cancer (PC) represents a good target for developing new therapeutical
strategies. In fact it is one of the critical unmet challenges in oncology [109]. In
the Phase III POLO trial, PC patients with BRCA1/2 mutations were treated
with Olaparib [110][111]. This approach improved the Overall Survival (OS) of
the patients, with a nearly 33% increase compared to the 17% OS observed in
patients who did not receive the PARPi treatment. Additionally, PARPi-treated
patients experienced a prolonged interval between chemotherapy sessions. However,
the study’s limitations include the relatively small population of PC patients with
BRCA2 mutations, as well as the potential for PARPi resistance developing during
treatment and restricting the efficacy of Olaparib to a limited subset of patients.
Despite this type of advancements in cancer research and therapies, PC remains
one of the most aggressive and lethal malignancies, with limited treatment options
and poor survival outcomes [112][113][114]. PC accounts for approximately 3% of
all cancer cases globally [115] yet it is the seventh leading cause of cancer-related
deaths worldwide [109][116][117][118]. In the United States, for instance, pancreatic
cancer makes up about 3% of all cancers [119] but is the fourth most common
cause of cancer death. The 5-year survival rate is particularly poor, ranging from
5% to 12% depending on the population and healthcare system [120][121]. Even
in developed countries with advanced medical technologies, only around 20% of
patients survive one year after diagnosis [112]. The primary reason for this poor
prognosis is that PC is usually diagnosed at an advanced stage. Over 80% of
cases are detected after the disease has metastasized, making current treatment
feasible only for a minority of patients [113]. PC can be categorized into exocrine
and neuroendocrine subtypes, according to the pancreas compartment in which the
tumor occurs. The exocrine compartment retains the digestion of carbohydrates,
fats, and proteins function. The endocrine function of the pancreas is to regulate
the glucose and metabolic homeostasis through the Islets of Langerhans [122][123].
Exocrine cancers are more common (95% of cases) than the endocrine forms (5%),
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with pancreatic ductal adenocarcinoma (PDAC) being by far the most common
exocrine cancer, accounting for over 90% of all cases [121] (Figure 8).

Exocrine 
Pancreatic 

Cancers

Squamous Cell Carcinoma

Adenosquamous Carcinoma

Colloid Carcinoma 

Ductal Adenocarcinoma

1%
3% 4%

90%

Figure 8: Exocrine Pancreatic Cancers Pie Chart. Exocrine Pancreatic Can-
cers account for 95% of all Pancreati Cancer cases. Ductal Adenocarminoma is by
far the most common form of the exocrine cancer (90%) [124] and arises from the
pancretic duct which pumps digestive enzymes into the duodenum. Adenosqua-
mous Carcinoma accounts for 0.5-4% of cases where malignant squamous cell grow
together with ductal adenocarcinoma [125][126]. 1-3% of patients develop colloid
carcinoma, also known as mucinous non-cystic carcinoma. This cancer is an hys-
tological variant of PDAC, where stromal mucin and floating malignant cells con-
stitutes the 50% of the tumor volume [127][128]. The Squamous Carcinoma is an
extremely rare form of exocrine carcinoma. It accounts for 1% of the cases and
squamous epithelium is found in these patients [129][130].

Less common types of PC include acinar cell carcinoma (about 1-2% of cases),
which originates from the enzyme-producing cells [131], and pancreatic neuroen-
docrine tumors (PNETs), which develop from the hormone-producing endocrine
cells of the pancreas [132]. PNETs are relatively rare, constituting about 3-5% of
PC. Although PNETs generally have a better prognosis than PDAC, the survival
rate can vary depending on whether the tumor is functional (producing hormones)
or non-functional (without producing hormones) [133]. The treatment of PC typi-
cally depends on the stage at diagnosis [134].

Surgery is potentially curative, but less than 20% of patients have a resectable
disease at diagnosis. Chemotherapy, typically with drugs such as Gemcitabine
and the FDA-approved FOLFIRINOX (a combination of Fluorouracil, Leucovorin,
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Irinotecan, and Oxaliplatin) [135], is standard in both adjuvant and palliative set-
tings [136]. Radiotherapy can also be applied, often in combination with chemother-
apy, although its effectiveness in PC is limited [137]. The aforementioned genetic
BRCA1/2 mutations are another alternative target, which may make patients eligi-
ble for PARPi like Olaparib. However, resistance to treatment remains a significant
issue [138]. Different studies suggest that mutations in FA genes has been found
in PC cells and patients. Mutations in FANCF and FANCM have been identified
in patients with hereditary forms of the disease [139], while somatic mutations in
FANCC and FANCG are associated with early-onset PC [140][141]. Additionally,
both somatic mutations in FANCC and germline mutations in FANCG have been
found in PC cells [142]. Genes such as FANCA, FANCC, FANCD2, FANCG, and
FANCM are increasingly recognized as potential contributors to pancreatic cancer
development [143][144][145][146]. These findings suggest that the FA pathway may
affect pancreatic cancer, and targeting FA gene deficiencies could offer new avenues
for treatment, especially in combination with PARP inhibitors, further enhancing
SL strategies in PC therapy.

0.2.4 FA genes correlation with PARPi

Different studies have aimed to investigate FA pathway to find among its genes
new synthetic lethal partner for PARPi. FA defective cells have reduced viabil-
ity after Olaparib treatment [147]. KO models for several FA genes, including
FANCA, FANCC, FANCD2, FANCL and FANCJ have shown heightened sensitiv-
ity to PARPi treatment [148][149][150][151][152]. Similarly, FANCM-deficient lym-
phoblasts also demonstrated increased sensitivity to PARPi [153]. Additionally,
deficiency in FANCI and FANCD2 have been linked to enhanced PARPi sensitivity
in ovarian cancer [150]. To predict genes associated with PARPi sensitivity, mainly
CRISPR/Cas9 and RNAi screening methods have been used, with FA genes fre-
quently identified in such screens [154][155][156][157][158]. Both methods rely on a
library that enables Loss Of Function (LOF) studies for specific genes. However,
RNAi screening is known for its limitations, such as off-target effects, cytotoxic-
ity due to the delivery of shRNA or siRNA, and inconsistent knockdown efficacy
across different genes and cell types [159][160][161]. In contrast, CRISPR/Cas9
high-throughput screens offer a more efficient approach to assessing gene essen-
tiality. Nevertheless, the potential for in-frame mutations following Cas9-mediated
DNA cuts can reduce screening accuracy, and off-target effects remain a concern
with CRISPR/Cas9 as well [161][162][163]. In this thesis, more precise and reli-
able methods for screening FA genes will be evaluated as alternatives to existing
techniques. One such method is the recently developed CRISPR-Select approach,
which offers enhanced precision in gene editing [164].

13



0.2. SYNTHETIC LETHALITY CONCEPT

Regulatory 
Region

Transcription
repression

sgRNA

Genomic DNA

dCas9

KRAB

dCas9-KRAB Transcriptional Repression System

sgRNA

Cas9

Genomic DNA

Canonical CRISPR/Cas9

sgRNA

Cas9

Genomic DNA

CRISPR-Select
ssODNs

● Extensively used for high troughput 
screening of genes

● Off target cuts 
● In-frame mutations

● Modulated silencing of gene expression
● No DNA cutting
● Difficulties in silencing strong promoters

● Precise DNA editing
● Multiple internal controls
● Ease of experiment follow-up
● Best suitable for diploid cell lines

Figure 9: Main features of CRISPR/Cas9, CRISPRi and CRISPR-Select.
CRISPR/Cas9 (up) is so far the main gene screening tool used [165][166]. The Cas9
enzyme is guided by the gRNA into the genomic region of interest to properly cut
the DNA for its editing [167]. However, the off-target and in-frame mutations
decrease the efficacy of the technique [168]. The CRISPRi tool (mid) is based
on a catalytically inactive Cas9 fused with inhibitors for the transcription of the
gene. This will result in a modulation of the gene expression without cutting
the DNA. This approach can be difficult to use for inaccessible regions of the
DNA (heterochromatin regions) or for strong promoters [169]. The CRISPR-Select
tool (bottom) cuts the DNA in specific regions where single-stranded oligodeoxy
nucleotides (ssODNs) will be integrated into the DNA for subsequent evaluation of
their effect on cell survival. This tool is way more precise than the other two for
its main internal controls but is mainly limited to diploid cell lines study
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CRISPR-Select enables the assessment of the impact of mutations, such as those
leading to protein truncation or functional alterations, on cell survival. As a second
approach, CRISPR interference (CRISPRi) will be explored [158][170][171]. First
introduced in 2013 [172], CRISPRi works by silencing the transcription of the tar-
get gene, bypassing the need for DNA cleavage by Cas9. This avoids complications
linked to DNA cutting and it reduces the risk of off-target effects. By incorporat-
ing CRISPRi alongside other methods, there is potential to enhance the precision
and efficiency of FA gene screening, overcoming some of the limitations of current
techniques. Figure 9 illustrates the main differences between CRISPR-Select and
CRISPRi, which will be better discussed in the following chapters.

0.2.5 DNA damaging drugs

To properly investigate FA genes, it is essential to use DNA-damaging drugs to in-
duce DNA damage and, in turn, activate the cell’s repair pathways. This approach
ensures that the FA pathway is functioning within the cells, allowing for a com-
parison between scenarios where the pathway is either functional or non-functional
in response to DNA damage. One of the drugs used for this purpose is Cisplatin,
a platinum-based chemotherapeutic agent that has been extensively employed to
treat various types of carcinomas and sarcomas [173]. Platinum-based drugs are
among the most commonly used chemotherapy agents. In 1967, studies demon-
strated that platinum compounds could inhibit Escherichia coli cell division and
exert a cytotoxic effect on cancer cells [174]. Cisplatin was subsequently approved
by the FDA for clinical use in 1978 for its efficacy, especially against testicular can-
cer [175]. Cisplatin works by binding to DNA, forming intra-strand DNA adducts
between adjacent purine bases, which distorts the DNA structure and activates
several DNA damage response pathways. These pathways include the activation of
transduction cascades, such as p53 signalling, leading to cell cycle arrest, upregula-
tion of pro-apoptotic genes, and downregulation of proto-oncogenes. It also triggers
the nuclear excision repair (NER) system and activates the ATR pathway, which
collectively hinders DNA synthesis and, subsequently, cell growth [176][177][178].
However, Cisplatin usage is associated with several side effects, such as nephrotoxi-
city, which can lead to kidney damage, and cardiotoxicity [179][180]. Furthermore,
ototoxicity, or hearing loss, neurotoxicity, resulting in peripheral neuropathy, and
gastrointestinal issues like nausea and vomiting, can occur after Cisplatin treatment
[181]. Cisplatin causes also myelosuppression, which reduces bone marrow activity
and the production of blood cells [182]. Another major challenge with Cisplatin
is the development of drug resistance in cancer cells. One common mechanism of
resistance is the increased DNA repair capacity of tumor cells, which enables them
to survive despite Cisplatin-induced DNA damage. For example, overexpression of
the ERCC1 protein enhances the efficiency of the NER pathway, thereby improv-
ing DNA repair [183]. Resistance can also arise from increased expression of efflux
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pumps that remove Cisplatin from cells, lowering its intracellular concentration
[184][185]. Additionally, cancer cells may alter their apoptotic pathways, becoming
them less sensitive to DNA damage and reducing the likelihood of cell death [186].
These resistance mechanisms pose significant challenges to the long-term efficacy
of Cisplatin therapy in many patients. Despite its drawbacks, Cisplatin is used in
the treatment of PC, particularly in combination with Gemcitabine. This combina-
tion has shown moderate effectiveness in patients with advanced or metastatic PC
[187][188][189]. In this thesis, Cisplatin will be used because it is relevant to PC
treatment and, importantly, because it induces DNA damage, thereby activating
DNA repair pathways such as FA and HR.

Another drug that will be used in the present study is Mytomycin C (MMC)
an antibiotic originally isolated from Streptomyces sandaensis in 1988 [189]. MMC
received FDA approval in 2020 for the treatment of upper tract urothelial can-
cer [190]. In cells, MMC creates interstrand crosslinks (ICLs) by forming cova-
lent bonds between guanine bases on opposite strands of the DNA helix. These
crosslinks inhibit the separation of DNA strands, which is necessary for replication
and transcription. As a result, cells experience cell cycle arrest and eventually un-
dergo apoptosis, especially in rapidly dividing cancer cells [3][191][192][193]. MMC
typically forms these crosslinks in the minor groove of duplex DNA, particularly at
5’-CG-3’ sites [20][194]. Unlike Cisplatin, MMC does not cause significant distortion
of the DNA helix [195][196]. MMC is particularly effective in hypoxic conditions,
which are common in many tumors, making it highly cytotoxic to solid tumors.
Its application extends to treating various cancers, including gastric, pancreatic,
and bladder cancers [197][198][199][200][201]. However, similar to Cisplatin, MMC
can cause side effects and lead to the development of drug resistance. The most
common side effect is myelosuppression, which decreases blood cell production and
increases risk of infections, anemia, and bleeding [202][203]. Pulmonary toxicity is
another concern, potentially resulting in conditions like interstitial pneumonitis or
pulmonary fibrosis [204]. Drug resistance to MMC can arise through several mech-
anisms. One prominent pathway is the increased expression of detoxifying enzymes
such as glutathione-S-transferase, which can deactivate MMC before it exerts its
cytotoxic effects [205]. In this thesis, MMC will be used for its ability to form ICLs,
which serve as the initial step in activating the FA pathway. Using MMC allows
for the activation of this DNA repair pathway, enabling the study of how cells with
functional or deficient FA pathways respond to the treatment.

16



0.3. AIM OF THE THESIS

0.3 Aim of the thesis

This thesis primarily aims to develop a methodological framework for investigating
the FA pathway and its role in PARPi response. Although the FA pathway has
been the focus of numerous studies, a comprehensive investigation covering all its
proteins remains incomplete [206][207][208]. We hypothesize that the FA pathway
plays a crucial role in DNA damage response and modulates sensitivity to PARPi
in cancer treatment. This hypothesis is supported by multiple studies linking FA
deficiencies to increased PARPi sensitivity [151][152][209]. However, these stud-
ies often lack a reliable and precise methodology to unequivocally determine the
role of FA genes in this context. Two primary methods traditionally employed to
study gene function are RNA interference (RNAi) and the CRISPR/Cas9 system.
These methods have many off-target effects that might affect the result significance
[210][211].

To address this issue, in this study we will utilize a recently developed tech-
nique, CRISPR-SelectTIME, to specifically investigate the effects of mutations in
FA genes (e.g. protein-truncating mutations) on cell survival over time [164]. The
experimental model chosen for this approach is the MCF10A cell line which is a
normal human breast epithelial cell line. This diploid cell line was selected to min-
imize confounding effects from other mutations, enabling a clear analysis of the
specific mutation’s impact on cell viability. This method will allow us to assess
the precise role of the FA pathway in PARPi response within a normal cell model.
The main limitation of the CRISPR-SelectTIME tool lies in its optimal performance
with diploid cell lines, such as MCF10A, which makes its application to PC cell
lines more challenging. PC cell lines are typically aneuploid, complicating the tool’s
efficacy in this context. Therefore, in this thesis, CRISPR-SelectTIME will primarily
serve as a proof of concept to explore the correlation between FA pathway genes
and Talazoparib sensitivity, rather than being directly applied to PC cell lines.

To develop a systematic study of FA gene deficiency in cancer cells, a sec-
ond CRISP method will be applied, being cancer cells frequently aneuploid, and
being CRISP-Select unsuitable for non-diploid cells. The CRISPR interference
(CRISPRi) toll, a technique designed to silence gene expression at the transcrip-
tional level [170], will therefore be employed. By silencing specific FA genes, we
can observe the cellular consequences of FA pathway inactivation. CRISPRi esper-
imental set up will be conducted in HeLa cells, a well-established cancer cell line
with proficient DNA repair mechanisms, widely used in studies of DNA repair defi-
ciencies [212][213][214][215][216]. This approach will enable us to evaluate the role
of the FA pathway in the context of cancer, specifically how its disruption affects
cell survival, in view of a potential future application of this approach to PC cell
lines.
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Both CRISPR-SelectTIME and CRISPRi experimental strategies will be com-
bined with drug treatments to assess the FA pathway’s function under chemother-
apeutic stress. Cisplatin will be used to observe how its DNA-damaging properties
impact cells in our experimental models. Additionally, Mitomycin C (MMC) will
be employed as it induces the formation of interstrand crosslinks (ICLs), a specific
type of DNA damage that directly engages the FA pathway for repair. This allows
us to study the FA pathway’s activation and function in response to DNA damage
that requires its intervention for resolution.

Furthermore, this thesis seeks not only to provide a method for studying the FA
pathway but also to explore its connection to PDAC. Several studies have identified
mutations in FA genes in PC patients. Our goal is to investigate the correlation
between FA pathway dysfunction and PC progression, particularly its potential
to influence PARPi sensitivity. To this end, we will utilize a PC cell line, PANC
03.27, with a known FA pathway deficiency, allowing us to assess its sensitivity to
the PARPi Talazoparib without introducing additional genetic modifications. Con-
sequently, the CRISPRi and CRISPR-SelectTIME platforms offer promising alterna-
tives for gene screening, though further optimization is needed for their application
in PC models.

In summary, this thesis proposes innovative methodological approaches for study-
ing the FA pathway in the context of PC, with the ultimate goal of improving our
understanding of how FA pathway dysfunction influences Talazoparib response and
developing targeted therapeutic strategies for FA-deficient cancers.
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Chapter 1

Detection of Synthetic Letality
between FANCA, FANCD2,
FANCM and the PARPi
Talazoparib in MCF10A cells by
CRISPR-Select

Introduction

Different methods have been used in research to investigate the role of FA pathway
in cancer and drug response. A key strategy for elucidating the essentiality of a
protein involves loss of function approaches by directly impairing protein activity
using specific inhibitors or through genomic techniques, such as CRISPR-Cas9.
The synthesis and use of inhibitors targeting the Fanconi Anemia (FA) pathway
is notably challenging due to the interactions and ubiquitous role of FA proteins
[11]. In fact, many FA proteins show multiple functions. FANCM has DNA-repair
roles outside the FANCM pathway: it prevents the stalling of the replication fork
through its ATPase activity and it can activate the ATR-mediated cell checkpoint
[26]. The FA core-complex includes FANCA and FANCC whose roles have not been
fully defined and are difficult to drug because of their multiple interactions with
other proteins of the complex [41]. FANCD2 is the final effector of the pathway
and its role in mRNA export and R-loop accumulation has been recently discovered
[217]. These factors collectively highlight the complexities in designing selective and
effective inhibitors for the FA proteins. As an alternative, the genomic approach
of CRISPR/Cas9 has been used to discover genes involved in PARPi sensitivity in
different cell lines, finding FANCA, FANCC, FANCD2 and FANCM among them
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[157]. This result highlights the necessity to further investigate those genes. De-
spite the clear advantages of using CRISPR/Cas9 for extensive gene screening and
identification of new drug targets in cancer research [218][219], its high on- and
off-target score prevents its use as a tool for obtaining precise results [220][221]. In
this chapter, a newly implemented method of CRISPR/Cas9 will be proposed as
an alternative to overcome the current and intrinsic limits of this tool.

1.1 CRISPR-Select

1.1.1 Overview of the CRISPR-Select technique

In 2022, the labs of Claus Storgaard Sørensen and Morten Frödin co-developed
the CRISPR-Select technique [164]. This method is based on an easy and precise
tracking of a gene variant in a diploid cell to evaluate its cellular impact. This
approach is a valid and advanced alternative to the current genome-editing tools
and will be used to study the impact on cell proliferation/survival of FANCA,
FANCD2 and FANCM genes. Moreover, CIS and Talazoparib treatment will be
included to strengthen their role in DNA repair and PARPi sensitivity. Specific
gene variants will be therefore designed to ensure the synthesis of a truncated pro-
tein that will promote a FA pathway-deficient condition. Among the three knock-
in assays available (CRISPR-SelectTIME, CRISPR-SelectSPACE and CRISPR-
SelectSTATE) this chapter will focus specifically on CRISPR-SelectTIME, provid-
ing a detailed exploration of its application and significance for this research.

Cas9

1) CRISPR/Cas9 system 2) Donors

MUT

WT*

3) gRNA

Figure 1.1: CRISPR/Cas9 Cassette. All the main components of the CRISPR-
Select Cassette. 1) Cas9 enzyme. 2) Designed Donors containing the mutation to be
studied (MUT) and the synonymous mutation used as control (WT*). 3) Designed
gRNA to properly guide the Cas9 enzyme to the genomic region of interest.

Briefly, the tool consists of a CRISPR/Cas9 cassette which includes (1) a
CRISPR/ Cas9 system to cut the DNA at the site of interest, (2) a single-stranded
oligodeoxy nucleotide (ssODN) repair template that carries the variant of interest
and hereafter named MUT, (3) a second ssODN repair template with a synonymous
mutation called WT*, located at or near the same position as the variant of interest.
These two ssODNs will hereafter be collectively referred to as ”Donors”. The guide
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RNA (gRNA) is specifically chosen so that both the MUT and WT* mutations lie
within the seed region or protospacer-adjacent motif (PAM) of the CRISPR-Cas9
binding site, reducing the likelihood of post-knock-in recutting (Figure 1.1).

1 2

Editing on Allele 1 Editing on Allele 2 Expected Effect

a) MUT Out of frame/InDel Built-in Loss of Heterozigosity

b) WT* Out of frame/InDel Built-in Loss of Heterozigosity

c) WT* WT* Normal protein expression

d) MUT MUT Mutant protein expression

e) Partial MUT effect

f) Protein lossOut of frame/InDelOut of frame/InDel

MUT WT*

g) WT WT No editing

Figure 1.2: Most frequent CRISPR-SelectTIME editing outcomes. The
CRISPR-SelectTIME technique generates various editing outcomes following the de-
livery of the CRISPR/Cas9 cassette. Once the Cas9 enzyme, guided by the gRNA,
introduces a targeted double-strand break at the specific gene locus, the cell’s natu-
ral repair processes incorporate a new DNA sequence at the cut site. This sequence
can be replaced by the MUT ssODN, the WT* ssODN, or a sequence containing an
out-of-frame or InDel mutation resulting from the Cas9-induced break. The pre-
ferred outcomes for accurately assessing the gene’s specific impact are those that
lead to a built-in Loss of Heterozygosity, as illustrated in scenarios a and b. These
outcomes provide a clear context for studying the isolated effects of the gene, free
from the influence of a second functional allele. Additionally, there is the possibility
of no editing occurring in one or both alleles.

This cassette is delivered to the cell population of interest. This efficient system
guarantees that the Cas9 is guided by the gRNA to the genomic region of interest,
which will then be cut. The MUT and WT* ssODNs (delivered in a 1:1 ratio) will
serve as the template for the DNA repair and therefore will be integrated into the
DNA. As a consequence, different editing outcomes will be obtained in different
percentages and frequencies, depending on the template used by the cells for the
repair (Figure 1.2). In the best-case scenario, one allele of the diploid cell will be
affected by a disruptive genetic outcome (e.g. a frameshift mutation) (see section
1.1.2 for details) while the other will be replaced either by the MUT or the WT*
template. This will cause a built-in Loss of Heterozygosity (LOH) of the gene that
can be easily analyzed through Next Generation Sequencing (NGS). By comparing
two selected time points of the MUT:WT* ratios over time, the tracked ssODN’s
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impact on cell proliferation/survival will be determined. In the following sections,
each step of the technique will be explained in detail.

1.1.2 CRISPR-Select cassette design

The FANCA R880* variant will be used as an example to explain and illustrate the
method. Briefly, the website Benchling (https://www.benchling.com/) is used to
import the reference sequence of the gene of interest from the Human Genome
GRCh38 (Homo sapiens) as shown in Figure 1.3. Once imported, it is possible to
see all the introns and exons of the gene. It is necessary now to select the region
of interest where is located the variant to be studied. In our example, the R880
amino acid is located at the exon no. 28 of the FANCA gene (Figure 1.4).

Figure 1.3: Benchling website. Example of how to use the Benchling Website.
In this case, the requested gene sequence is the FANCA one from the GRCh38
(homo sapiens) genome. The ”Genome sequence” and the ”DNA” nucleotide type
must be selected to obtain the complete sequence of the selected gene.

The resulting mutation originates a non-functional truncated protein. To obtain
this, it is necessary to convert the sequence of the amino acid (CGA) into a stop
codon (TGA). The Cytosine of the codon will be therefore taken as the starting
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point for the gRNA design. From the Cytosine, it is necessary to select 45bp
upstream and downstream of it and to copy it. This sequence will be pasted in
the CRISPOR website (http://crispor.gi.ucsc.edu/) in the Step-1 box (Figure
1.5). In step 2, the genome of reference (GRCh38) is selected. Then, in step 3,
NGG is selected as the PAM sequence and submitted. The submission output
will be a list of gRNAs with respective PAM spread onto the submitted sequence
(Figure 1.6).

Figure 1.4: Gene sequence in Benchling. Once the request on Benchling has
been submitted, the selected gene sequence will be provided as shown in this figure.
Exons will be indicated with a bar (e.g. pink bar indicating FANCA Exon 28) where
all the amino acids are mapped. Introns are shown as nucleotide sequences. The
amino acid under investigation (e.g. R880) can be selected and saved in the website.
It is also possible to map and save all the other necessary sequences (e.g. gRNA in
green and relative PAM sequence in yellow)

As explained in section 1.1.5 of the Materials and Methods and in Figure 1.4,
the selection of the gRNA is based on several critical parameters, including op-
timal specificity score, efficiency score, and minimal off-target effects. Another
crucial metric is the Out-of-Frame (frameshift)/Insertion-Deletion (InDel) score.
This score assesses the likelihood of inducing a frameshift or InDel modification
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in at least one allele of the target gene. These modifications are essential for the
CRISPR-Select assay in diploid cells for three reasons: 1) if one allele contains the
WT* sequence and the other allele undergoes a frameshift or InDel modification,
the result is the production of a functional protein from the WT* allele and a
non-functional protein from the modified allele. This built-in LOH is necessary for
assessing the impact of the WT* protein over time. This allows to evaluate of the
true neutrality of the WT* sequence without interference from a fully functional
WT allele, which cannot be distinguished by NGS. 2) A similar reason applies to
the MUT sequence.

Figure 1.5: CRISPOR website. The CRISPOR website provides a list of mapped
gRNA. To submit the request, 45bp upstream and downstream the mutation of
interest must be copied and pasted in the ”Step-1” box. Steps 2 and 3 consist
of the selection of the reference genome (GRCh38 Homo Sapiens) and the PAM
sequence (NGG).

A frameshift or InDel modification in the second allele is necessary to precisely
determine the long-term effects of the mutation. These effects will then be compared
to those of the WT* sequence using NGS analysis. 3) During data analysis, the
ratio of frameshift/InDel to WT* will be carefully monitored. This ratio provides
clear evidence of the negative selection against cells harboring frameshift/InDel
modifications within the same cell culture dish, thereby resulting in an internal
control to verify the effectiveness of the CRISPR-Select technique.
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Figure 1.6: gRNA selection in CRISPOR. The CRISPOR website furnishes
mapped gRNA sequence (with relative PAM sequence) around the submitted
genome sequence. In the grey box, it is possible to see different suggested PAM
sequences (green) below the submitted genome sequence. This green code indicates
that all suggested PAM sequences have high specificity in the genome. Below the
grey box, is possible to see the ”Predicted guide sequences for PAMs” section. Here,
all the gRNA sequences are listed with their relative scores. For simplicity, only
one gRNA sequence is shown in this figure. The final selection of the gRNA will
be guided by the comparisons of the predicted scores (e.g. MIT SPecificity Score,
Predicted Efficiency score, Off-target for 0-1-2-3-4 mismatches score) and by the
proximity of the PAM sequence to the mutation under investigation.

Overall, the introduction of frameshift/InDel modifications acts as an internal
positive control, ensuring the accuracy and reliability of the experimental results.
For further detail on the NGS analysis for CRISPR-SelectTIME see section 1.1.5 of
this chapter. It is possible then to copy and paste the gRNA sequence to Benchling
and annotate it (Figure 1.4). To design the MUT and WT* sequences, it is sufficient
to change the base of the codon of interest. In this case, CGA will become TGA
for the MUT sequence. The WT* sequence will be designed according to the codon
usage table “Kazusa” (https://www.kazusa.or.jp/codon/cgi-bin/showcodon.
cgi?species=9606) in order to choose a synonymous mutation that will not affect
the translation process of the cells. In this case, CGA will become CGG (Arginine
codon usage score of 10.4)(Figure 1.7). Finally, gRNA, MUT and WT* sequences
can be ordered and, therefore used for the next steps.
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Figure 1.7: Codon usage table. This codon usage table reports the frequency
of the used codons in Homo sapiens. This table is necessary when designing syn-
onymous mutations to guarantee the selection, and therefore expression, of proper
codons.

1.1.3 CRISPR-Select cassette delivery

The designed cassette will then be delivered into the target cells, iCas9-MCF10A,
which are immortalized normal human breast epithelial cells. This cell line was
chosen for developing the CRISPR-Select tool because it offers an ideal system to
uniquely assess the impact of a specific variant without interference from other cel-
lular factors, such as additional mutations or dysfunctional pathways. Furthermore,
as a diploid system, MCF10A cells provide an optimal genomic state for evaluating
the built-in LOH within the gene of interest, offering a clean and controlled plat-
form for gene function analysis. This cell line has already been engineered with and
inducible form of Cas9. The first step for delivering the cassette will require the
induction of the Cas9 expression through Doxycycline treatment of the cells 24h
before the delivery (Figure 1.8). On Day 0, cells are being transfected by means
of Lipofectamine RNAiMAX. The transfection solution consists of two carefully
prepared mixtures. The first mix includes a 1:1 ratio of the Donors sequences.
Maintaining this 1:1 ratio is critical to ensure that both sequences are integrated
into the genome in approximately equal amounts, thereby establishing a reliable
reference point for the experiment. The second mixture comprises the gRNA incu-
bated and complexed with the trans-activating CRISPR RNA (tracrRNA).
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Day -1

Doxycycline 
treatment 

(Cas9 
expression)

   Day 0

CRISPR/Cas9 Cassette 
Delivery:
● gRNA

● MUT:WT*

    Day 2

● First Time point 
collection

● Drug treatment

Day 12

Final Time 
point 

collection

● DNA extraction
● 1st and 2nd PCR
● NGS
● Data analysis

Figure 1.8: CRISPR-SelectTIME experiment. Timeline illustration of the
CRISPR-SelectTIME experiment: On Day -1, iCas9-MCF10A cells are treated with
doxycycline (1µg/ml to induce Cas9 expression. On Day 0, the CRISPR/Cas9
cassette is delivered into the cells using RNAiMax-Lipofectamine for transfection.
The first key time point is Day 2, when half of the cells are trypsinized and col-
lected. The remaining cells are reseeded and, when necessary, treated with drugs.
On Day 12, all cells are collected for the final time point of the experiment. DNA
is then extracted, and the region of interest is amplified through a two-step PCR
process. The samples are subsequently prepared to create the final library for Next
Generation Sequencing (NGS), followed by data analysis.

This complex formation is essential for accurately directing the Cas9 endonucle-
ase to the specific genomic target, ensuring precise editing during the transfection
process. The two mixes are then combined and delivered to the cells. As men-
tioned in section 1.1.1 and illustrated in Figure 1.2, different editing outcomes will
be obtained and subsequently analyzed through NGS.

1.1.4 Time-point collection and processing

To determine the variation of MUT:WT* ratio over time, it is essential to collect
samples at two specific time points following transfection. The first time point
should be collected two days post-transfection, providing a baseline picture of the
heterogeneous genomic status of the cells at Day 2, which serves as the reference
point. The second time point should be collected 12 days post-transfection. The
10-day interval between these time points allows for a sufficient number of cell di-
visions, enabling the observation of how each mutation impacts cell proliferation
and survival. To analyze the genomic changes, DNA will be extracted from the col-
lected cells using the GenElute Mammalian Genomic DNA Miniprep Kit (Sigma).
The gene of interest will then be amplified through the 1 stPCR using primers that
include specific adaptor sequences. These adaptors, unique to the forward and
reverse primers, serve as a platform for the 2nd PCR step. In the 2nd PCR step,
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unique barcodes are attached to the adaptor sequences of each sample’s primers,
ensuring that each sample can be accurately identified and tracked throughout the
subsequent analysis.

1.1.5 NGS data collection and analysis

Barcoded samples are sequenced through the MiSeq Illumina instrument according
to the machine’s instructions. The results will be downloaded in FASTQ format.
These data will be processed using the CRISPResso2 online tool using the default
settings. The submitted data will produce a folder containing all the information
for each sequence, and a web page summarizing all the information contained in
the folder. The first histogram produced reports the alignment statistics of the run
(Figure 1.9). In this case, an alignment percentage as close to 100% as possible is
preferred.

READS
IN INPUTS

(35018)

READS AFTER
PREPROCESSING

(34639)

READS
ALIGNED
(32271)

0.0% (0)

22.8% (8000)

45.7% (16000)

68.5% (24000)

91.4% (32000)
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en
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s 
%

 (n
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100.0% 98.9%
92.2%

Figure 1.9: Alignment statistics to the amplicons. The number of reads in
input FASTQ, after preprocessing, and after alignment to amplicons.

The second information from the analysis is an “Allele assignment” pie chart
reporting the alignment and editing frequency of reads as determined by the per-
centage and number of sequence reads showing unmodified and modified alleles
(Figure 1.10). A high percentage of modified reads is preferred as it reflects a
good knock-in score. Another important pie chart is the one reflecting the Global
frameshift analysis (Figure 1.11).
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UNMODIFIED
(13062 reads)

40.48%

MODIFIED
(19209 reads)

59.52%

Figure 1.10: Allele assignment. Alignment and editing frequency of reads as
determined by the percentage and number of sequence reads showing unmodified
and modified alleles.

Frameshift mutation
(14723 reads)

76.65%

In-frame mutation
(4486 reads)

23.35%

Noncoding mutation
(0 reads)0.00%

Reference sequence
Coding sequence/s
Predicted cleavage position
sgRNA

Figure 1.11: Global frameshift analysis. Frameshift analysis of coding sequence
reads affected by modifications for all reads.
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Figure 1.12: Allele plot. Visualization of the distribution of identified alleles
around the cleavage site for the selected sgRNA. Nucleotides are indicated by unique
colors (A = green; C = red; G = yellow; T = purple). Substitutions are shown
in bold font. Red rectangles highlight inserted sequences. Horizontal dashed lines
indicate deleted sequences. The vertical dashed line indicates the predicted cleavage
site.

As discussed in section 1.1.2, the percentage of frameshift is expected to shift
from high (day 2) to low (day 12) to ensure a good quality of the run and, therefore
of the experiment. The final data of the analysis, is the Allele plot (Figure 1.12).
An allele plot represents the sequences of detected alleles with a frequency greater
than 0.20% using the gRNA as the reference sequence. The type of editing outcome
of each allele is listed in the column preceding the sequences, with insertions and
deletions indicated by (+) and (-), respectively. Within the sequences, mutations
carried by the MUT and WT* ssODN are highlighted in bold. Insertions are
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marked by red boxes, while deletions are shown with dashed lines. The frequency
percentage and the number of sequence reads for each allele are reported next to
each sequence.

1.2 FANCA, FANCD2 and FANCM genes back-

ground

The FA pathway involves a series of complex steps involving approximately 27
different proteins, each playing a distinct role at various stages of the pathway [29].
To investigate the sensitivity of the FA pathway to the PARPi Talazoparib, this
chapter focuses on the FANCA, FANCD2, and FANCM genes. These genes have
been shown to enhance cell sensitivity to PARPi [157], and their involvement in
different stages of the FA pathway allows for a comprehensive analysis of its key
steps. The CRISPR-SelectTIME method will be employed to assess the roles of these
FA genes in cell proliferation, survival, and response to Talazoparib. This section
will provide an overview of the three selected proteins, explaining the rationale
behind their selection and the specific genomic variants to be studied.

1.2.1 FANCA

NLS

Putative peroxidase site
263-284

FANCG-binding domain
18-34

Phosphoserines
849, 850, 858

Partial leucine zipper 
motif

1069-1090

Phosphorylation 
by Akt kinase

1149

Serine with ATR-
dependent 

phosphorylation
1449

NES
860-880

NH2

NES
54-80

BRCA1-binding site
1-589

FAAP20-binding domain
1095-1200

Figure 1.13: FANCA gene, domains and sites. A schematic representation of
the FANCA protein highlights its known structural and functional domains. The
amino-terminal region contains a nuclear localization signal (NLS) which overlaps
with the FANCG binding site and the BRCA1 binding site. The carboxyl-terminal
region features several critical sites, including a putative oxidase site, and a partial
leucine zipper motif, followed by a FAAP binding site. This region includes a
serine phosphorylation site at position 1149, targeted by Akt, and another serine
phosphorylation site at position 1449, which is ATR-dependent. Nuclear export
signals (NES) are distributed along the entire polypeptide chain.

The FANCA gene is involved in the core-complex formation of the pathway [31].
Deficiency of this gene has been correlated with genomic instability at stalled repli-
cation fork in human cells [29]. As reported in the introduction of this thesis,
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FANCA forms also a sub-complex with FANCG to promote core complex localiza-
tion and translocation within the nucleus1. FANCA silencing has been associated
with cisplatin and PARPi sensitivity supporting the concept of SL involving FA
proteins [11]. Altogether, these evidences supported the choice of this gene for
the CRISPR-SelectTIME analysis. When designing the specific mutation for this
study, the domain structure of the FANCA gene was carefully considered (Figure
1.13). The chosen mutation needed to be positioned in a region that could poten-
tially impair the protein’s function without directly interfering with its interactions
with other proteins. This approach ensures a controlled environment for study-
ing the cellular effects of FANCA deficiency alone. For this reason, the ArgR880*
mutation was selected, classified as pathogenic according to the ClinVar database
(https://www.ncbi.nlm.nih.gov/clinvar/).

1.2.2 FANCD2

Coupling of ubiquitin conjugation to 
endoplasmic reticulum degradation

191-238

EDGE domain
1246-1451

Histone Binding Domain
604-1194

NH2

NLS
1-58

CUE

PCNA interaction motif
527-534

NLS PIP HBD EDGE

Figure 1.14: FANCD2 gene domains. FANCD2 has 5 domains that have been
characterized: the C-terminal EDGE motif (necessary for complementation of the
ICL sensitivity of FANCD2 patients cells); a histone binding domain important for
chromatin binding and nuclear foci formation (H4K2me2); a highly conserved PIP
motif (PCNA-interacting protein motif) for association of FANCD2 with PCNA
and for FANCD2 monoubiquitination; an amino-terminal CUE (coupling of ubiq-
uitin conjugation to endoplasmic reticulum degradation) domains (interaction with
FANCI) and an N-terminal harbouring a NLS (Nuclear Localization Signal).

FANCD2 is the final effector of the FA pathway. Its monoubiquitination by the
FA core-complex, together with the monoubiquitination of FANCI, forms the ID2
complex responsible for the endonucleases recruiting, which creates incisions in one
DNA strand around the ICL site, unhooking the strands and generating a DSB
that will then be repaired [11][42]. FANCD2 monoubiquitination is also involved
in the maintenance of the genetically unstable common fragile sites (CFSs) and in
replication fork stabilization [29]. Knockdown of FANCD2 in fibroblasts has been
related to a PARPi sensitivity enhancement [148]. The gene structure of FANCD2
is reported in Figure 1.14. A K9* mutation will be therefore introduced into the
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FANCD2 gene. This early truncation mutation will result in a non-functional pro-
tein. The truncation is expected to disrupt both the transport and monoubiquitina-
tion of FANCD2, thereby obtaining a cell line with a defective FA pathway, which
is crucial for studying the pathway’s role in cell survival and PARPi resistance.

1.2.3 FANCM

ERCC4 nuclease 
domain

1799-2048

Interaction with 
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helicase domain

83-591

MID

Interaction with FANCF
826-967

MM1 MM2

MHF1/2 
complex
635-774

MM3

Unknown function
1482-1562

MPH1/DEAH ERCC4

PIP
5-12

DNA binding site
1971-2030

Figure 1.15: FANCM gene domains. FANCM consists of several distinct do-
mains with specialized functions. The N-terminal PIP-box is responsible for inter-
action with proliferating cell nuclear antigen (PCNA). The DEAD/DEAH-motif
provides ATPase activity essential for the protein’s function. The MID-motif binds
to the Major Use Histone Fold 1 and 2 (MHF1/2) heterotetramer. The MM1-motif
facilitates interaction with FANCF within the FA core complex, while the MM2-
motif connects with RecQ-Mediated Genome Instability protein 1 (RMI1), a part
of the BTR complex alongside Bloom (BLM) and Topoisomerase IIIA (TOP3A).
The ERCC4-motif is crucial for FANCM’s heterodimerization with its obligatory
partner, FAAP24 (Fanconi Anemia core complex-Associated Protein 24). The C-
terminal HhH domain (amino acids 1971-2030) endows FANCM with DNA-binding
capability. Additionally, FANCM includes the MM3 domain, whose function re-
mains to be elucidated.

To summarize the FANCM roles, this protein shows ATPase and translocase ac-
tivity. Specifically, the FANCM-FAAP24-MHF complex plays a critical role in
recognizing various DNA structures, like an anchor that facilitates the recruitment
and binding of the core-complex FA proteins to sites of ICLs [26][29]. The gene
structure of FANCM is reported in Fig 1.15. The R658* mutation located in the
MHF motif of the gene has been selected. This region has been selected since mu-
tations that affect either the combined DNA-binding surface or the protein-protein
interactions within the MID-MHF complex result in compromised activation of the
FA network and reduced genome stability [222].
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1.3 Results

1.3.1 BRCA2 is a control gene for the CRISPR-SelectTIME

assay

To ensure the validity of the experiment, the well-characterized tumour suppressor
gene BRCA2 was selected as a control. Two specific BRCA2 variants, D2723G and
L2510P, were chosen based on their prior use by the developers of this technique
[164]. The D2723G variant is a well-known loss-of-function (LOF) mutation that
significantly impairs homologous recombination (HR)-mediated DNA repair, a crit-
ical process for cell proliferation. All the CRISPR-SelectTIME data will be displayed
in histograms which report the viability ratios of cells containing the MUT ssODN
over the WT* ssODN. As illustrated in Figure 1.16a, this variant leads to a marked
decrease in cell survival by Day 12 of the assay, due to extensive cell death in those
expressing the MUT ssODN. An essential metric for evaluating the efficacy of the
gene-editing process is the knock-in (KI) efficiency, which represents the percent-
age of cells successfully edited to incorporate the variant of interest. Given the
technique’s high reproducibility and sensitivity, a threshold of 0.6% KI efficiency
has been established. The D2723G variant exhibited a KI efficiency of 1.61%. In
contrast, the L2510P variant induces a milder LOF effect on the BRCA2 gene (Fig-
ure 1.16a). This variant was selected for its moderate impact on cell survival by
Day 12, which is crucial for evaluating the response of cells to drug treatment. Re-
taining a population of MUT-expressing cells throughout the experiment allows for
an accurate assessment of the variant’s drug response. Consequently, treatments
with Cisplatin and Talazoparib were conducted. As reported in the introduction,
Cisplatin was selected for its extensive use as an anticancer drug [223] while Ta-
lazoparib was chosen for its promising pharmacological profile with respect to the
commonly used PARPi [78]. The results indicated that Cisplatin treatment led to
a substantial reduction in cell survival, consistent with its known mechanism of ac-
tion. Cisplatin forms interstrand and intrastrand DNA adducts that stall the DNA
replication process and activate the DNA damage response [224]. This increases the
mild BRCA2 deficiencies effect in the cells, impairing their ability to repair DNA
and proliferate. On the other hand, Talazoparib treatment had a less pronounced
but still significant effect on cell survival. This outcome aligns with the expected
mechanism of Talazoparib as a PARPi, which traps PARP1 at single-stranded DNA
lesions. Due to Talazoparib’s high selectivity, it is less cytotoxic than Cisplatin, re-
sulting in a more specific and less aggressive impact on cell survival. The observed
effects are therefore more likely to reflect the variant’s true response to the drug,
regardless off-target toxicity. The KI efficiency for the L2510P variant is 6%.

34



1.3. RESULTS

0

50

100

BRCA2_D2723G

M
U

T
/W

T
*

D2

D12

✱

0

50

100

BRCA2_L2510P

M
U

T
/W

T
*

D2

D12

D12+CIS

D12+TALA

✱

ns

✱

0

25

50

BRCA2_D2723G

%
 F

ra
m

e
s

h
if

t

D2

D12

✱✱

0

25

50

BRCA2_L2510P
%

 F
ra

m
e
s

h
if

t

D2

D12

D12+CIS

D12+TALA

ns

ns

ns

a)

b)

MUT KI efficiency: 1.61% MUT KI efficiency: 6%

Figure 1.16: BRCA2 control mutations. CRISPR-SelectTIME functional assay
on BRCA2 variants D2723G and L2510P. The MUT:WT* ratios were determined
at the indicated day 2 and 12-time points with Cisplatin (CIS) (500nM) and Tala-
zoparib (TALA) (2.5nM) treatment for BRCA2 L2510P variant only. The Day 12
time points are normalized to the respective Day 2 time points. Data are means ±
s.d. of n=3 independent biological replicates and have been analized by two-tailed
paired t-test *(P≤0.05), **(P≤0.005), ns= not significant (P≥0.05)

(a) MUT:WT* ratios of BRCA2-D2723G (left) and L2510P (right) variants measured at
D2 and D12 time points. Cisplatin and Talazoparib treatment are collected on Day 12.
MUT Knock-in efficacies percentages are indicated below each histogram.

(b) Internal control of the experiment through measurement of the Frameshift percentage
of BRCA2-D2723G (left) and L2510P (right) variants

The internal control for the experiment is represented by the Frameshift% (see
Section 1.1.2) (Figure 1.16b). The Frameshift% data refers to the percentage of
frameshift InDel mutations formed in one allele when the MUT or WT* sequence
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is present in the other allele. Ideally, a frameshift percentage of approximately 50%
is anticipated, indicating that there is an equal likelihood of the MUT or WT*
sequence being present in the second allele. This balance is crucial for accurately
assessing the internal control of the experiment. A decrease in the frameshift per-
centage over time, particularly from the D2 to D12 data points, is expected and
would suggest that the non-functional protein resulting from the frameshift mu-
tations is leading to cell death, especially if the targeted protein is essential for
cell survival. Conversely, if the gene is not critical to cell viability, a reduction in
frameshift percentage might be mild unless drug treatment is introduced, which
could induce stress conditions. In this case, cells may activate compensatory sur-
vival pathways, highlighting the gene’s role in response to drug-induced stress.

1.3.2 FANCA, FANCD2 and FANCM are synthetic lethal
partners of the PARPi Talazoparib

Given the validated efficacy of the CRISPR-SelectTIME technique using BRCA2
control mutations, the Talazoparib response was assessed for the FA genes FANCA,
FANCD2, and FANCM.

The CRISPR-Cassette was delivered to MCF10A-iCas9 cells for each pair of
donor variants under investigation. The MUT:WT* ratio at Day 2 was compared
to the ratio at Day 12, with and without Cisplatin and Talazoparib treatments (Fig-
ure 1.17a). Notably, all tested mutations exhibited a mild decrease in MUT survival
by Day 12, allowing for concurrent drug treatment analysis at this time point. As
expected, Cisplatin treatment led to a more pronounced reduction in MUT survival
over time compared to Talazoparib. Specifically, a 20% decrease in survival was ob-
served after 12 days of Talazoparib treatment for the FANCA R880* and FANCD2
K9* mutations, while a 40% reduction was noted for the FANCM R658* mutation.
These results indicate that the mutations are not inherently toxic, as evidenced
by the relatively modest decrease in MUT cell survival at Day 12. However, the
findings also underscore that all tested mutations led to decreased cell fitness when
exposed to Talazoparib. This data supports a synthetic lethal relationship between
the tested mutations and Talazoparib, reinforcing previous studies that suggested
this outcome. The reliability of these results is further proved by the frameshift
percentages observed in the internal control analysis (Figure 1.17b).
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Figure 1.17 (previous page): CRISPR-SelectTIME and Fanconi Anemia
genes. CRISPR-SelectTIME functional assay on FANCA R880*, FANCD2 K9*
and FANCM R658* variants. The MUT:WT* ratios were determined at the indi-
cated day 2 and 12 time points including Cisplatin (CIS) (500nM) and Talazoparib
(TALA) (2.5nM) treatment. The Day 12 time points are normalized to the respec-
tive Day 2 time points. Data are means ± s.d. of n=4 independent biological repli-
cates and have been analized by two-tailed paired t-test *(P≤0.05), **(P≤0.005),
*** (P≤0.0005) **** (P≤0.00001), ns= not significant (P≥0.05)

(a) MUT:WT* ratios of FANCA-R880* (top), FANCD2-K9* L2510P (mid) and FANCM-
R658* (bottom) variants measured at D2 and D12 time points. Cisplatin and Talazoparib
treatment are collected on Day 12. MUT Knock-in efficacies percentages are indicated
below each histogram.

(b) Internal control of the experiment through measurement of the Frameshift percent-
age of FANCA-R880* (top), FANCD2-K9* L2510P (mid) and FANCM-R658* (bottom)
variants
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1.4 Conclusions of Chapter 1

The CRISPR-SelectTIME technique offers a highly sensitive and precise method for
evaluating cell population survival over time. This is achieved through the delivery
of a carefully designed CRISPR cassette to the target cells and the accurate detec-
tion of alleles via NGS. This powerful tool was used to assess the correlation between
FANCA, FANCD2, and FANCM genes and their response to Cisplatin and Tala-
zoparib. Cisplatin, a standard treatment for many DNA-repair-deficient tumors,
was selected to evaluate survival responses to this treatment in the context of the
tested mutations, taking into account the drug’s inherent toxicity and side effects.
Furthermore, Talazoparib, a PARPi with a promising pharmacological profile, char-
acterized by effective PARP1 trapping and minimal off-target interactions, was used
to explore the potential synthetic lethal partnerships with FANCA, FANCD2, and
FANCM. The high editing efficiency of the selected mutations, combined with the
robust quality of the frameshift percentage as an internal control, ensures that the
results obtained are both reliable and reproducible. Previous valid studies have
suggested a synthetic lethal relationship between these FA genes and Talazoparib,
although they relied on less precise methods such as siRNA and RNAi [11] [148]
[225]. The current approach, utilizing CRISPR-SelectTIME, provides a more accu-
rate validation, strengthening the idea that these FA genes could be viable synthetic
lethal partners for PARPi treatments. This finding holds significant potential for
stratifying patients for PARPi-based therapies and may have implications for ad-
justing treatment dosages. While these results are promising, further validation
in models that better simulate in vivo conditions, such as organoids, is necessary.
Nonetheless, these findings offer an optimistic perspective on the potential for new
treatment strategies for patients with deficiencies in the FA pathway.
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Chapter 2

Evaluation of the SL correlation
between FANCC and Talazoparib
in Pancreatic Cancer cell lines

2.1 Introduction

In the previous chapter, it was demonstrated that the FA genes FANCA, FANCD2,
and FANCM contribute to sensitivity to the PARPi Talazoparib. This conclusion
was reached using the advanced and precise CRISPR-SelectTIME method in iCas9
MCF10A cells. These cells, being an immortalized normal diploid cell line, were
selected to validate the concept. The normality of the cell line is advantageous as it
minimizes potential side effects due to impaired cellular functions and genome alter-
ations. Furthermore, the CRISPR-Select technique performs optimally in diploid
cell lines due to its mechanism of action: introducing DNA cuts to create diverse
editing outcomes across the two alleles, ideally resulting in an Out-of-Frame/InDel
mutation in one allele and the mutation of interest in the other allele, thereby gen-
erating a built-in loss of heterozygosity. Achieving this specific scenario becomes
challenging in cell lines with more than two alleles, where the increased number
of potential editing outcomes reduces the overall efficiency of the technique. Con-
sequently, while CRISPR-Select remains a robust and precise method, its optimal
performance is better observed in normal diploid cell lines. These considerations
present a challenge for validating results in a PC model, which is the aim of this
part of the study. PC cell lines are often aneuploid and, therefore, unsuitable for the
CRISPR-SelectTIME assay. To address this issue, the commercially available PANC
03.27 cell line, a PDAC cell line already defective in the FANCC gene, was iden-
tified and used. This cell line provided a suitable platform for testing Talazoparib
sensitivity in a model with an inherently deficient FA pathway.
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2.1.1 FANCC protein Background

To investigate the correlation between FA pathway deficiency and Talazoparib sen-
sitivity in a PC model, a suitable cell line was required. The commercially available
PDAC cell line PANC 03.27 was identified as the most appropriate for this study.
This cell line harbors a truncated form of the FANCC protein, expressing only six
out of the 14 exons of the gene, making it an ideal model for examining the impact
of FANCC deficiency on Talazoparib sensitivity in a PC context (Figure 2.1).

The FANCC protein is an integral component of the core complex of the FA
pathway [31]. Specifically, FANCC forms a sub-complex with FANCE and FANCF,
which serves as a critical bridge between FANCD2 and FANCM, facilitating the
recognition and resolution of interstrand crosslinks (ICLs) in DNA [148]. Defi-
ciency in FANCC has been shown to increase sensitivity to PARPi treatments and
crosslinking agents such as mitomycin C (MMC) [149]. LOH in FANCC or FANCG
is also associated with early-onset PC [29][31].

Figure 2.1: FANCC exons in PANC 03.27 cells. Evaluation of the exons
expression of FANCC through PCR in PANC 03.27 cells (here indicated as PL11).
This picture was taken from [142]

Examination of the UCSC Genome Browser (https://genome.ucsc.edu/) con-
firmed that no isoforms of the FANCC protein exist that are functional and include
only the first six exons that only include the first six exons are functional (Figure
2.2). This observation further supports the selection of PANC 03.27 as a FANCC-
deficient model, indicative of a defective FA pathway.
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Figure 2.2: UCSC data for FANCC isoforms expression. Visual represen-
tation of the FANCC gene and its isoforms. The complete gene is depicted as a
blue line, with arrows indicating the introns and lines representing the exons. The
violet lines highlight the various gene isoforms (3).
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2.2 Results

2.2.1 FANCC deficiency sensitizes cells to the PARPi Ta-
lazoparib in a PDAC cell model
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Figure 2.3: Dose response curve for MMC and Talazoparib in PANC-1
and PANC 03.27 cells. PANC-1 (top) and PANC 03.27 (bottom) cells treatment
for 72h with Mytomicin C (MMC) and Talazoparib (TALA).

To establish an appropriate reference model for this study, the PC cell line PANC-
1 was selected. This cell line has a functional FA pathway, making it suitable for
comparing the role of FANCC in PARPi response between PANC 03.27 and PANC-
1 cells. A cell viability assay was conducted to test this hypothesis (see Materials
and Methods for details). The aim of this assay was to compare the survival rates of
PANC 03.27 cells with those of PANC-1 cells under different treatment conditions.
The first condition involved treatment with Mitomycin C (MMC), a crosslinking
agent that induces interstrand crosslink (ICL) formation, thereby activating the FA
repair pathway [192][17].
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In a FANCC-deficient cell line, such treatment is expected to result in a signif-
icant reduction in cell viability compared to a cell line with an intact FA pathway.
This outcome would serve to validate the experimental design and confirm the se-
lection of the PANC-1 cell line as a control. In addition to MMC, Talazoparib
treatment was also included in this evaluation. The primary goal of this treat-
ment was to assess whether a Talazoparib-treated cell line, deficient in FANCC
and consequently in the FA pathway, exhibits increased sensitivity to Talazoparib
compared to PANC-1 cells with a functional FA pathway. A first dose-response
curve was obtained to select the proper drug concentration for the cell treatment
(Figure 2.3).

The cell viability assay was therefore performed, comparing non-treated cells
survival with the treated ones with either MMC or Talazoparib. The results are
displayed in Figure 2.4.
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Figure 2.4: Cell Viability Assay for FANCC. PANC-1 (left) and PANC 03.27
(right) cells were both treated with 0.8µM Mytomicin C (MMC) for 1 hour where
indicated. This treatment was necessary to induce an ICL formation and, there-
fore, the activation of the FA pathway. Talazoparib (TALA) treatment was per-
formed using 0.8 µM TALA for 72h. At the end of the assay, cell viability was
measured using the Cell-TiterGlo kit. Data are means ±s.d. of n=3 independent
biological replicates and have been analyzed by two-tailed paired t-test *(P≤0.05),
**(P≤0.005), **** (P≤0.00001), ns= not significant (P≥0.05)

As expected, no significant reduction in cell viability was observed in PANC-1
cells under any treatment condition. In contrast, a marked decrease in viability was
detected in PANC 03.27 cells across all treatment conditions. These findings are
particularly reliable, given the low drug concentrations used to separate the drug-
specific effects from aspecific toxicity. Notably, a 25% reduction in viability was
observed with Talazoparib treatment, a 22% reduction with Mitomycin C (MMC),
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and a 50% reduction with the combined treatment of both drugs. The 25% via-
bility reduction with Talazoparib treatment indicates that FANCC-deficient cells
are indeed sensitive to PARP inhibition. The 22% reduction with MMC treatment
suggests that interstrand crosslink (ICL)-induced DNA damage is more challeng-
ing to repair in FANCC-deficient cells. Finally, the significant 50% reduction in
viability with combined Talazoparib and MMC treatment highlight the combined
effects of ICL DNA damage and inhibited single-strand break (SSB) repair, en-
hanced by FANCC deficiency. These cumulative factors lead to a pronounced defi-
ciency in DNA repair mechanisms, resulting in an increased cell death percentage.
These crucial findings are consistent with those from the previous chapter, which
demonstrated the sensitivity of FANCA, FANCD2, and FANCM deficiencies to Ta-
lazoparib. Together, these results strengthen the evidence for a correlation between
FA pathway deficiencies and Talazoparib sensitivity, extending this relationship to
FANCC gene in PC too.

2.2.2 FANCC-Mediated Talazoparib Sensitivity is associ-
ated with DNA Damage cell accumulation

The obtained results suggest that the combined impairment of SSB repair by Tala-
zoparib treatment and the FA pathway-mediated DNA repair leads to increased cell
death. This finding prompted further investigation to define whether this outcome
is due to the accumulation of DNA damage in cells that are unable to properly re-
pair their DNA. To test this hypothesis, a Western blot analysis was conducted to
assess the levels of γH2AX phosphorylation in cells. The phosphorylation of H2AX
at Ser-139 is an early marker of cellular response DSBs and is widely used as an
indicator of DSB initiation, accumulation, and resolution [226]. The Western blot
was performed on cells treated with MMC and Talazoparib, using the same incu-
bation times and drug concentrations as described in the previous section (Section
2.3.1). Both PANC-1 and PANC 03.27 cells were analyzed under these conditions.
The results shown in Figure 2.5 highlight a clear difference in γH2AX expression
between PANC-1 and PANC 03.27 cells under the various treatment conditions.
In PANC-1 cells, no significant increase in γH2AX levels was observed, regardless
of the treatment applied. However, a different outcome was seen in PANC 03.27
cells, where treatment with MMC and Talazoparib led to an increase in γH2AX
levels, indicating a compromised DNA repair process and subsequent accumulation
of DSBs. The combined treatment, as expected, exhibited a stronger effect, likely
due to the simultaneous inhibition of both the SSB repair and FA pathways in these
cells. Collectively, these findings support the hypothesis that Talazoparib treatment
is more effective in FANCC-deficient PC cells, primarily due to the accumulation
of DNA damage and the resultant impairment in DNA repair mechanisms.
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Figure 2.5: Western Blot for γH2AX expression levels. PANC-1 (left) and
PANC 03.27 (right) cells were both treated with 0.8µM Mytomicin C (MMC) for
1 hour where indicated. This treatment was necessary to induce an ICL formation
and, therefore, the activation of the FA pathway. Talazoparib (TALA) treatment
was performed using 0.8 µM TALA for 72h. At the end of the treatment, γH2AX
levels were measured by means of Western Blot test. Data are means ±s.d. of
n=3 independent biological replicates and have been analyzed by two-tailed paired
t-test *(P≤0.05), ns= not significant (P≥0.05)
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2.3 Conlusions of Chapter 2

These findings underscore the complexity and significance of the FA pathway in
cancer biology, particularly in the context of PC. The demonstrated sensitivity
of PC cells to FA pathway deficiencies and Talazoparib treatment highlights the
potential therapeutic implications of targeting this pathway. Currently, PARPi
drugs like Olaparib are employed in the maintenance treatment of metastatic PC
patients harboring BRCA1/2 mutations. Talazoparib has shown similar promise
in this context [78][227][93]. However, a significant challenge remains, as patients
often develop resistance to PARPi treatment through various mechanisms, such
as the restoration of HR, stabilization of replication forks, and the emergence of
peripheral neurotoxicity. Given these challenges, there is an urgent need to refine
and improve therapeutic strategies for these patients. The results presented in this
chapter suggest that subtyping PC patients based on FA pathway deficiencies could
offer a new avenue for targeted treatment. Specifically, patients with defects in the
FA pathway might benefit from PARPi therapy, expanding the potential patient
population for this treatment approach. However, it is important to recognize that
these findings are preliminary and focused solely on FANCC, one gene within the
broader FA pathway. To develop a more comprehensive and clinically applicable
hypothesis, it will be necessary to investigate the role of all FA genes in PARPi
sensitivity and to establish more robust and representative cell models. The PANC
03.27 cell line, while useful for proving the concept in this study, is limited by its
existing defect in FANCC, making it unsuitable for exploring other genes of the
pathway. As a result, the following chapter will explore alternative methods and
models to further elucidate the importance of the FA pathway in and its potential
as a therapeutic target.
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Chapter 3

Development of a cancer cell
model to investigate the
relationship between FA gene
deficiency and Talazoparib effects

3.1 Introduction

In the previous chapters, the FANCA, FANCC, FANCD2, and FANCM genes were
found to enhance sensitivity to Talazoparib, a critical discovery in understanding
the relationship between the FA pathway and cancer treatment. This result was
achieved using the advanced CRISPR-SelectTIME technique for FANCA, FANCD2,
and FANCM, and through studies on FANCC in PANC 03.27 cell lines. These
results provide a strong foundation for an exploration of the connection between
the FA pathway and Talazoparib sensitivity, with the goal of developing methods
to study additional FA proteins.

Given the limitations of the CRISPR-SelectTIME technique, which were dis-
cussed in Chapter 1, an alternative method is needed for further investigation. The
focus of this chapter is, therefore, on establishing a precise, effective, and repro-
ducible method to study the FA pathway’s correlation with Talazoparib sensitivity
with a strong focus on PC. The CRISPR-interference (CRISPRi) tool was selected
as the most appropriate technique for this research and HeLa cells have been chosen
as the model system. HeLa cells are widely used in the study of DNA repair path-
ways and, despite being a cancer cell line, they have an efficient DNA repair system
[212][228][229][230]. The BxPC3 and Capan-1 PC cell lines have been selected to
compare the FA pathway perturbation effect in a BRCA2-proficient (BxPC3) and
BRCA2-deficient (Capan-1) cell model, therefore representing the two different sub-
sets of PC patients of which this work is focused on. This approach will support the
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continued exploration of the FA pathway and its potential as a therapeutic target
in cancer treatment. Given the promising results obtained in PANC 03.27 cells
(see Chapter 2) followed by studies on the FANCD2 gene, the FANCC gene will be
first investigated to compare the findings obtained through the CRISPR-SelectTIME

technique. This comparison aims to evaluate whether the CRISPRi method effec-
tively confirms the results previously obtained. By doing so, the chapter will assess
the reliability and consistency of CRISPRi as a platform for FA genes study in PC
cells.
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3.2 CRISPR-interference

3.2.1 Overview of the CRISPR-interference

CRISPR-interference (CRISPRi) is a powerful and precise gene silencing tool de-
rived from the CRISPR/Cas9 system [171]. Unlike the canonical CRISPR/Cas9
technique, which relies on creating double-strand breaks (DSBs) into a specific DNA
site, CRISPRi employs a catalytically inactive form of Cas9 (dCas9). This modified
enzyme retains its ability to bind DNA at a target site guided by a single guide
RNA (sgRNA) but lacks the nuclease activity required for DNA cleavage. The
dCas9 is fused to transcriptional repressors, such as KRAB (Krüppel-associated
box), leading to the suppression of a gene expression by blocking the transcrip-
tional machinery, at the promoter or within the coding region thereby inhibiting
gene transcription without altering the DNA sequence [170] (Figure 3.1). This
tool avoids the off-target effects that can arise from the DNA-cutting step in the
canonical CRISPR/Cas9 system.

dCas9

OFF

KRAB
sgRNA

Target gene 

TSS

CRISPRi Inducible tool for Selective gene silencing

dCas9

1 Catalitically Unactive Cas9

KRAB

2 Krüppel associated 
box (KRAB) domain

sgRNA

3 Single Guide RNA 
(sgRNA)

4 Doxycicline 
Inducible System

Figure 3.1: CRISPRi components. The CRISPRi tool is made of a catalytically
unactive Cas9 (1) which is fused with a transcription repressive domain as the
KRAB domain (2). The system is guided into the specific gene locus through the
gRNA (3). The expression of the Cas9 is induced by treatment with Doxycycline
(4). Altogether, this system lead to the transcription repression of the gene of
interest.

One of the key advantages of CRISPRi is its ability to modulate gene expression
reversibly and with high specificity. This makes it particularly valuable in the study
of FA genes, where a complete knockout may lead to severe cellular phenotypes or
even cell death. By fine-tuning the level of gene expression, CRISPRi enables the
study of partial gene function and dosage effects, which are often critical in un-
derstanding the complex biology of FA proteins. Moreover, CRISPRi is a versatile
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and scalable approach, well-suited for high-throughput screening of multiple genes
within the FA pathway. This capability is particularly useful for identifying poten-
tial therapeutic targets and for exploring the broader network of gene interactions
that influence sensitivity to PARPi. In this context, CRISPRi provides a power-
ful tool for elucidating the functional roles of FA genes in cancer biology and for
advancing the development of targeted therapies.

3.2.2 sgRNA design

To effectively design sgRNAs for targeting FANCD2 and FANCC in CRISPRi ex-
periments, two key resources were utilized. The first resource was an already pub-
lished table of designed sgRNAs for the CRISPRi tool [231]. This table provides
a list of 10 sgRNAs for each gene, categorized into ”Top 5” and ”Bottom 5” se-
lections to distinguish the highest-performing sgRNAs from those with moderate
efficacy. The critical metrics considered from this table were the Predicted Score
and the Empirical Score. The Predicted Score is generated by an algorithm that
predicts the efficacy of sgRNAs for targeting nuclease-dead Cas9 in CRISPRi. The
Empirical Score, on the other hand, derives from experimental data, reflecting
the actual performance of the sgRNAs. Higher scores in both categories indi-
cate better sgRNA performance. The second resource used was the CRISPick tool,
available at the Broad Institute’s portal (https://portals.broadinstitute.org/
gppx/crispick/public). CRISPick ranks and selects candidate CRISPRi sgRNA
sequences based on their predicted on-target activity while minimizing off-target
effects. To use this tool, the Reference Genome (Human GRCh38), the mechanism
(CRISPRi), and the enzyme (typically SpyoCas9, which recognizes the NGG PAM
sequence) were selected (Figure 3.2).

Figure 3.2: CRISPick website, general settings. On CRISPR-ick website is
possible to select the reference genome (e.g. Human GRCh38) and the Mechanism
under analysys, whether CRISPRko, CRISPRi or CRISPRa. Finally, it is possible
to select the enzyme to work with (e.g. SpyoCas9).
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Figure 3.3: CRISPick website, sgRNA selection. The CRICPRick website
allows to select the gene of interest (e.g. FANCD2) and to select the number of
sgRNA to be designed (e.g. 10) in the CRISPRick quota box.

The target gene (e.g., FANCD2) and the desired output (e.g., 10 sgRNAs) were
specified, followed by the data submission (Figure 3.3). The output includes two
text files, being the Picking Summary file the most important one, as it contains
scores and values for each sgRNA.

The key metrics considered for the final sgRNA selection were 1) CFD Score:
This score represents the Cutting Frequency Determination, which calculates the
potential off-target effects; 2) DHS Score: it refers to DNA hypersensitivity, indi-
cating regions with high accessibility. A score closer to 1 is preferable; 3) On-Target
Score: it measures the sgRNA’s effectiveness relative to others targeting the same
gene. A higher score, close to 1, indicates better performance.

The sgRNAs suggested by CRISPick were then compared with those from the
published table. Preference was given to sgRNAs from the published table, espe-
cially if they had empirical scores. sgRNAs from CRISPick were selected when
they targeted different regions of the gene to avoid redundancy and to explore a
broader range of gene regions. Matching sgRNAs between the two sources were
also prioritized. Ultimately, the sgRNAs with the best overall scores from both
sources were selected. At least five sgRNAs, distributed across the gene sequence,
were chosen for each gene to ensure adequate gene coverage. To map the sgRNA
sequences onto the gene, the Benchling platform (https://www.benchling.com/)
was used.
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3.3 Results

3.3.1 KRAB cell line generation
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Figure 3.4: dCas9/KRAB cell line generation.

(a) Schematic representation of the PiggyBac Transposone system. It is possible to ob-
serve how the sequence of interest (dCas9/KRAB) and the ITR sequences are integrated
into the genome

(b) Time Line for a complete dCas9/KRAB integration into cell DNA and validation
through qPCR

HeLa cells and Capan-1 cells were transposed using a doxycycline-inducible dCas9/
KRAB sequence by means of a PiggyBac (PB) transposon system. The PB trans-
poson system utilizes a modified transposase enzyme to integrate a gene into a
cell’s genome. This system is composed of a PiggyBac Vector and the Super Pig-
gyBac Transposase. The transposase recognizes specific Inverted Terminal Repeats
(ITRs) within the transposon and efficiently inserts the ITRs along with the inter-
vening DNA into the genome at TTAA sites. The Super PiggyBac Transposase is
introduced into the cell through the Super PiggyBac Transposase Expression Vec-
tor, which is co-transfected with one or more PiggyBac Vectors (Figure 3.4a). In
this experiment, a single PiggyBac vector was used to integrate the dCas9/KRAB
sequence into the cells genome. The vector was designed with a Hygromycin resis-
tance gene and a Doxycycline-inducible dCas9/KRAB sequence. Cells were trans-
fected with the complete transposon system and allowed to proliferate for 1-2 weeks.
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After this period, transposed cells were selected using 100 µg/ml of Hygromycin-B,
and the surviving cells were expanded. The expression of dCas9/KRAB was then
induced by treating the cells with 1 µg/ml of Doxycycline, and the gene expres-
sion level was quantified using qPCR. Figure 3.4.b illustrates the timeline and key
steps involved in this transfection process. As anticipated, Doxycyxline treated
cells were then collected, and the dCas9/ KRAB levels were evaluated by qPCR
(Figure 3.5a) and by WB (Figure 3.5b). These experiments proved that the cells
have been correctly transposed and that they were suitable for the next steps.
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dCas9/KRRAB expression. HeLa/KRAB cells and Capan-1/KRAB have
been treated with 1µg/ml Doxycycline for 72h. After this incubation time, the
dCas9/KRAB expression was measured at mRNA and protein level. Data are
means ±s.d. of n=3 independent biological replicates and have been analyzed by
two-tailed unpaired t-test *(P≤0.05), ***(P≤0.0005).
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(a) qPCR for dCas9/KRAB mRNA. The relative expression of the gene is measured
against the RPLPO gene expression

(b) Western Blot analysis for dCas9/KRAB protein expression. Proteins were extracted
using RIPA buffer and 20 µg of proteins were loaded

3.3.2 Stable sgRNA-expressing cells
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Figure 3.6: Stable sgRNA-expressing cells generation. All the main steps for
a stable-expressing sgRNA cell line generation are reported here.

(a) The FANCC sgRNA are cloned and packed in lentiviral particles. Cells are then
infected and selected by means of Puromycin (2µg/ml) for 72h. Stable sgRNA-expressing
cell lines are obtained. Upon Doxycycline treatment, the Cas9/KRAB is expressed and
gene silencing is obtained. The efficacy of the gene silencing is then evaluated through
qPCR.

(b) Time Line for complete cloning and transfection of sgRNA into dCas9/KRAB cells

After generating the cell line expressing dCas9/KRAB upon Doxycycline induc-
tion, the next step was to clone the selected sgRNAs into these cells to create
a stable sgRNA-expressing cell line. This allowed for the functional testing of
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the selected sgRNAs within the cell line. To achieve this, each sgRNA was first
cloned into a LentiGuide Puro plasmid (refer to Materials and Methods, section
4.5.3). The cloned sgRNA was then co-transfected into HEK293T cells along with
viral packaging components to produce viral particles containing the sgRNA se-
quence. These viral particles were subsequently used to infect the KRAB cells in
a fourth-generation lentiviral system, followed by selection using Puromycin. This
process resulted in a stable cell line expressing the sgRNA of interest. At this point,
Doxycycline was used to induce the expression of the dCas9/KRAB protein. The
dCas9/KRAB complex was then guided to the specific genomic site by the specific
sgRNA expressed in the cells, enabling targeted gene silencing. To verify the ef-
fectiveness of the gene silencing, mRNA was extracted from the cells, and qPCR
analysis was performed. In Figure 3.6 is possible to appreciate the critical steps
involved in generating a stable sgRNA-expressing cell line.

It is important to notice that KRAB cells stably expressing a non-targeting
(NT) sgRNA were also produced as a control. This NT sgRNA does not match
any sequence in the human genome (e.g., LacZ) and serves as a crucial control to
ensure that any observed gene silencing effects are specific to the sgRNA targeting
the gene of interest. For the purposes of the present thesis, five sgRNAs targeting
FANCD2 were tested. An initial qPCR was conducted to assess FANCD2 mRNA
levels in cells expressing sgRNA1 and in cells expressing the NT sgRNA. As shown
in Figure 3.7a, sgRNA1 and sgRNA2 achieved the most effective gene silencing,
with reductions of 97% and 94% in FANCD2 expression, respectively.

The lower silencing efficiency observed with the other sgRNAs may be attributed
to various factors: 1) the target site may be located far from the transcription start
site of the gene; 2) the target site may be located in a heterochromatin region,
which is less accessible to the dCas9/KRAB complex; 3) the sgRNA targets a
region that is influenced by a strong endogenous promoter or enhancer; 4) there is
imperfect complementarity between the sgRNA sequence and the target DNA; 5)
the sgRNA may have off-target effects; 6) The sgRNA itself may form secondary
structures that reduce its efficiency in guiding the dCas9/KRAB complex to the
target site. Based on the results, sgRNA1 was selected for further analysis. A
WB was performed to assess FANCD2 protein levels in cells expressing sgRNA1
compared to those expressing the NT sgRNA (Figure 3.7b). The WB analysis
revealed a 99% reduction in FANCD2 protein levels with sgRNA1, demonstrating
a strong silencing effect, which was considered optimal for subsequent experiments.

As outlined in the introduction to this chapter, this part of the present study
was undertaken to assess the silencing of the FANCC gene and compare these
results with those previously obtained in PANC 03.27 cells. To this aim, five
sgRNAs targeting the FANCC gene were cloned, and corresponding HeLa/KRAB
and Capan-1 cell lines expressing these sgRNAs were generated following the same
procedures used for the FANCD2 gene.
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Figure 3.7: FANCD2 expression in HeLa/KRAB cells. HeLa/KRAB cells
have been treated with 1µg/ml Doxycycline for 72h. After this incubation time,
the mRNA and protein expression level of FANCD2 were measured. Data are
means ±s.d. of n=3 independent biological replicates and have been analyzed by
two-tailed unpaired t-test, ***(P≤0.0005), ****(P≤0.00001)

(a) qPCR of FANCD2 mRNA. The relative expression of the gene is measured against
the RPLPO gene expression

(b) Western Blot analysis of FANCD2 protein expression. Proteins were extracted using
RIPA buffer and 20 µg of proteins were loaded

Unfortunately, when evaluating the gene silencing efficiency, none of the five
sgRNAs achieved satisfactory levels of silencing in the HeLa/KRAB control cell
line: 40% mRNA level decrease was the best result obtained using the sgRNA 4
(Figure 3.8a). As previously discussed in this section, several factors could have
contributed to this outcome, such as issues of chromatin accessibility. FANCC
was instead efficiently silenced in Capan-1 cells, reaching a 17% gene silencing
when using the sgRNA 5. Despite the discrepancy between the model cell line and
Capan-1 results, we proceeded to assess the protein expression levels to determine
whether even a modest reduction in mRNA could lead to a decrease in FANCC
protein levels.

Consistent with the mRNA results, there was no significant reduction in FANCC
protein expression in HeLa/KRAB cells (Figure 3.8b). Unexpectedly, no protein
silencing was achieved in Capan-1/KRAB cells too.
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FANCC expression in HeLa/KRAB cells. HeLa/KRAB cells have been
treated with 1µg/ml Doxycycline for 72h. After this incubation time, the mRNA
and protein expression level of FANCC were measured. Data are means ±s.d.
of n=3 independent biological replicates and have been analyzed by two-tailed
unpaired t-test, ns= not significant (P≥0.05), ***(P≤0.0005), ****(P≤0.00001).
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(a) qPCR of FANCC mRNA. The relative expression of the gene is measured against the
RPLPO gene expression

(b) Western Blot analysis of FANCC protein expression. Proteins were extracted using
RIPA buffer and 20 µg of proteins were loaded

This outcome could be attributed to the elevated expression levels of the FANCC
gene in Capan-1 cells, making effective silencing more challenging. This hypothesis
aligns with the known BRCA2 deficiency in Capan-1 cells, which may result in
compensatory upregulation of alternative DNA repair pathways. These compen-
satory mechanisms could promote cell survival despite the loss of BRCA2 function,
allowing the cells to bypass the defect and maintain genomic integrity.

Due to time constraints, these hypotheses could not be fully tested. Verifying
the effectiveness of a sgRNA involves a long process, taking more than six months to
properly assess the silencing effect and evaluate its efficacy. Given these results, the
FANCC gene was not further used in the present thesis and the BxPC3 cells were
not transposed with the dCas9/KRAB system. The BxPC3 cell line was intended
to provide a PC model with a functional BRCA2 gene, allowing for the evaluation of
FANCC silencing within a cancer-specific context. Therefore, further investigations
are needed to elucidate the reasons behind the unsuccessful FANCC silencing and
to optimize the conditions for effective gene repression in future studies.

The next sections will be focused on the FANCD2 silencing in HeLa/KRAB
cells since this gene was nicely silenced in this model.

3.3.3 FANCD2 silencing is not enhancing Talazoparib sen-
sitivity in HeLa/ KRAB cells

Given the results and the decision to focus exclusively on the FANCD2 gene, the
next step involved evaluating the potential correlation between FANCD2 silencing
and Talazoparib sensitivity. To achieve this, a cell viability assay was conducted
using HeLa/KRAB-NT (non-targeting) and HeLa/KRAB-FANCD2-sg1 cells, both
with and without Doxycycline treatment. Doxycycline was essential for inducing
dCas9/KRAB expression, thereby enabling FANCD2 silencing in the HeLa/KRAB-
FANCD2-sg1 cells. This setup allowed for a direct comparison between the silenced
cells and the NT control. Both the NT control and HeLa/KRAB-FANCD2-sg1
cell lines were treated with either MMC, to induce DNA ICLs, or Talazoparib,
to assess whether FANCD2 silencing might enhance Talazoparib sensitivity. Drug
concentration was selected after a dose-response curve experiment (Figure 3.9).
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Figure 3.9: Dose-response curve of MMC and Talazoparib in HeLa cells.
HeLa cells 72h treatment with Mytomicin C (MMC) and Talazoparib (TALA).

The combination of these treatments aimed to evaluate whether FANCD2 gene
silencing resulted a reduction in cell survival (Figure 3.10).

Given the role of FANCD2 in the FA pathway, it was expected that silencing
FANCD2 through CRISPRi would lead to increased sensitivity to Talazoparib in
HeLa/KRAB cells, as similar results have been observed using the precise CRISPR-
SelectTIME technique. However, contrary to expectations, no significant differences
in cell viability were observed between the FANCD2-silenced cells and the NT
control cells. The cell viability trends across different treatments and cell lines were
remarkably similar, which was unexpected. To verify that FANCD2 silencing had
indeed occurred in the HeLa/KRAB-FANCD2-sg1 cells treated with Doxycycline,
a WB analysis was performed. The successful silencing of FANCD2 was confirmed,
ruling out the possibility of incomplete silencing as an explanation for the lack of
response. One potential explanation for these unexpected results could be that the
degree of gene repression achieved by CRISPRi was insufficient to fully disrupt the
FA pathway. This incomplete disruption may have allowed some level of DNA repair
to continue, thereby mitigating the expected sensitivity to PARPi. Additionally,
it is possible that the cell viability assay used in this context was not the most
suitable method for detecting subtle differences in cell survival, particularly when
longer exposure times might be necessary to observe the true effects of FANCD2
silencing. To address this problem, the next section will focus on the γH2AX
damage signal in FANCD2-silenced cells.
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Figure 3.10: Cell viability assay for FANCD2 silencing. HeLa/KRAB-NT
cells (left) and HeLa/KRAB-FANCD2 sg1 cells (right) were treated with 1µg/mL
of Doxycycline for 72h (bottom). Where indicated, cells were treated with 125 nM
MMC for 1 hour. This treatment was necessary to induce an ICL formation and,
therefore, the activation of the FA pathway. Talazoparib (TALA) treatment was
performed using 500 nM TALA for 72h. At the end of the assay, cell viability was
measured using the Cell-TiterGlo kit. Data are means ±s.d. of n=3 independent
biological replicates and have been analyzed by two-tailed paired t-test *(P≤0.05),
**(P≤0.005), ***(P≤0.0005), **** (P≤0.00001), ns= not significant (P≥0.05).

3.3.4 3.3.3 FANCD2 gene silencing did not increase γH2AX
levels in HeLa/KRAB cells

To further understand whether the FANCD2 gene silencing was actually affecting
the DNA damage repair, an evaluation of γH2AX levels on silenced and treated
cells was carried out. This analysis was also aimed at elucidating why silencing the
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FANCD2 gene does not lead to increased sensitivity to Talazoparib. Therefore, a
WB analysis was performed on HeLa/KRAB-NT and HeLa/KRAB-FANCD2 sg1
cells. As done before, both cells were treated or not with Doxycycline. All cells were
treated with MMC and Talazoparib either individually or in combination (Figure
3.11).

The results indicated a potential increase in γH2AX levels in silenced cells;
however, this increase was not significant when comparing silenced cells to controls.
This finding suggests that although FANCD2 gene silencing does occur, it may not
be sufficient to induce a DNA repair deficiency or increase Talazoparib sensitivity.
These results also imply that the CRISPRi method, despite its advantages, may
not be the optimal approach for this particular study.
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Figure 3.11: Western Blot for γH2AX expression levels on HeLa/KRAB
cells. HeLa/KRAB-NT cells and HeLa/KRAB-FANCD2 sg1 cells were treated
with 1µg/mL Doxycycline for 72h (Bottom). Where indicated, cells were treated
with 125 nM MMC for 1 hour. This treatment was necessary to induce an ICL
formation and, therefore, the activation of the FA pathway. Talazoparib (TALA)
treatment was performed using 500 nM TALA for 72h. At the end of the assay,
γH2AX expression levels were measured through WB. Data are means ±s.d. of
n=3 independent biological replicates and have been analyzed by two-tailed paired
t-test *(P≤0.05), ns= not significant (P≥0.05).
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3.4 Conclusions of Chapter 3

In this chapter, the focus was on establishing a CRISPRi platform using HeLa cells
to investigate the correlation between FA genes silencing, specifically FANCD2
and FANCC, and sensitivity to Talazoparib. HeLa cells were chosen for their pro-
ficiency in DNA repair, making them a suitable model system. The CRISPRi
method was selected due to its ability to silence genes without inducing double-
strand breaks, thus avoiding the off-target effects often associated with the canoni-
cal CRISPR/Cas9 system. Furthermore, the CRISPR-SelectTIME tool could not be
used, being unworkable in a triploid cell line. The initial experiments successfully
generated HeLa cell lines expressing dCas9/KRAB upon Doxycycline induction.
These cell lines were then transfected with sgRNAs targeting the FANCD2 gene.
The effectiveness of FANCD2 silencing was confirmed through qPCR and WB anal-
ysis, which demonstrated a significant reduction in both mRNA and protein levels.
This confirmed the successful establishment of the CRISPRi platform for FANCD2
in HeLa cells. Despite this success, when assessing the impact of FANCD2 silencing
on Talazoparib sensitivity through a cell viability assay, no significant differences
were observed between FANCD2-silenced cells and NT control cells. Furthermore,
no significant increase in γH2AX levels were obtained in FANCD2 silenced cells
with or without PARPi treatment. This was unexpected, particularly given the
role of FANCD2 in DNA repair and previous findings using CRISPR-SelectTIME.
The chapter also explored the silencing of the FANCC gene in HeLa and Capan-1
cells. Unfortunately, the CRISPRi method proved less effective for FANCC, with
only modest reductions in mRNA and protein levels achieved. These results suggest
the need for further optimization of the CRISPRi approach for FANCC, possibly by
selecting alternative sgRNAs or modifying experimental conditions. The outcomes
of this chapter underline the complexity of using CRISPRi for gene silencing and
the necessity of validating results across different techniques. The unexpected lack
of enhanced PARPi sensitivity in FANCD2-silenced HeLa cells suggests that fur-
ther investigation is needed, possibly by employing alternative assays such as flow
cytometry for cell cycle analysis or exploring synergy with other DNA damage-
inducing agents. Overall, these findings establish a foundation for future research
using the CRISPRi platform in HeLa cells and they also identify areas concerning
FA pathway and PARPi sensitivity that require further exploration and optimiza-
tion.
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The primary objective of this thesis was to identify and evaluate an appropriate
methodology to verify the relationship between the FA pathway gene alterations
and sensitivity to PARPi. Previous studies have explored the connection between
the FA pathway and PARPi sensitivity using various approaches. For instance,
DNA fiber assays in FANCJ-deficient cells demonstrated a correlation between
FANCJ and PARP1 activity. Specifically, depletion of FANCJ leads to reduced
PARP1 activity in S-phase by sequestration it in chromatin and resulting in re-
sistance to PARPi. This indicates that PARPi resistance in FANCJ-deficient cells
is due to the disruption of PARP1’s replication function rather than its trapping.
Given FANCJ’s role in regulating PARP1 activity during replication, targeting
FANCJ could enhance PARPi effectiveness, offering potential therapeutic benefits.
[151]. In siRNA-mediated FANCM gene silencing the DNA fiber assays revealed
that FANCM promotes PARPi resistance [225]. The same study highlights the
dual role of FANCM in counteracting the effects of PARPi. First, FANCM pre-
vents the formation of ssDNA on the lagging strand, thereby inhibiting PARP1
trapping. Second, it promotes the repair of collapsed forks on the leading strand,
which are generated by PARPi-induced ssDNA gaps [225]. FAAP20 loss has been
shown to induce PARPi sensitivity through cell proliferation assays [209]. The re-
lationship between REV7 (FANCV) and PARPi resistance was established using
loss-of-function shRNA assays [232]. Another study linked BRCA1/2 knockout to
FANCD2 overexpression, leading to PARPi resistance as shown by cell survival
assays [66]. This correlation is due to the ability of FANCD2 to recruit Polθ to the
DNA damage sites and, therefore, to stabilize the replication fork. Furthermore,
non-functional FANCA was associated with PARPi sensitivity both in vitro and
in vivo by disrupting the FA core-complex, as determined by dose-response curve
analyses [233]. FANCC deficiency was similarly shown to cause PARPi sensitivity
in FANCC-deficient fibroblasts using clonogenic survival assays [148]. This outcome
might be linked to the involvement of FANCC in maintaining the G2 checkpoint
for a proper DNA repair [234]. These studies, among others, highlight the signifi-
cance of individual FA proteins in DNA repair deficiencies and their connection to
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PARPi sensitivity. These findings are particularly relevant for cancer research, as
they underscore the potential of targeting the FA pathway in cancer therapy. The
concept of synthetic lethality, especially involving PARPi and BRCA1/2 defects, is
already well-established among patients with breast, ovarian, and PCs [78]. How-
ever, despite the progress made, a gap in the development of an extensive, precise,
and high-throughput screening method to comprehensively assess the relationship
between FA proteins and PARPi sensitivity remains. Most of the existing studies
have relied on siRNA and shRNA, which, while easy to use, are prone to off-target
effects and may not be suitable for precise screening.

Some clinical studies have also pointed out the relevance of the FA pathway to
cancer treatment and patient stratification. A germline mutation in FANCA has
been found to sensitize ovarian cancer patients to PARPi treatment [150]. Inhibition
of FANCI has a therapeutic relevance for Breast Cancer patients as it enhances the
PARPi sensitivity in combination with BRCA1/2 deficiency [235]. Another study
revealed how often (12.4%) Breast Cancer patients suitable for PARPi treatment
carry germline variants in Fanconi Anemia genes, with a particular recurrence of
FANCG alteration in Triple Negative Breast Cancer (TNBC) [236].

Given this context, our first goal was to employ an advanced and precise method
to further validate the findings from previous studies, with a particular focus on
FANCA, FANCD2, and FANCM. These genes were selected to cover different stages
of the FA pathway: FANCM serves as the anchor protein for recruiting the com-
plex to DNA interstrand crosslinks (ICLs); FANCA is part of the core complex,
which is essential for guiding the E3 ubiquitin ligase to FANCD2; FANCD2 it is
the final effector protein, working with FANCI to promote ICL resolution. To
study these proteins, we used the CRISPR-SelectTIME technique, which allows for
the analysis of specific gene mutations and their effects on cell viability over time,
complemented by Next-Generation Sequencing (NGS). This technique offers a high
level of precision, as it includes internal and external controls, ensuring the repro-
ducibility of results. We focused on one specific mutation for each gene: FANCA-
R880*, FANCD2-K9*, and FANCM-R658*. These mutations were designed to
produce defective proteins with a mild impact on cell viability, allowing for fur-
ther analysis of drug sensitivity in the edited cells. It is noteworthy that early
truncation mutations were not feasible for FANCA and FANCM, as these did not
result in observable changes in viability, likely due to exon-skipping events post-
CRISPR/Cas9 editing [237]. Exon-skipping is a known cellular mechanism for
essential genes, where cells avoid extreme genomic disruptions by skipping specific
exons, thereby restoring the reading frame and producing a shorter, but poten-
tially functional, protein. Indeed, FANCA (https://depmap.org/portal/gene/
FANCA?tab=overview) and FANCM (https://depmap.org/portal/gene/FANCM?
tab=overview) are classified as strongly essential for cell survival, as indicated in
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the DepMap portal (https://depmap.org/portal/). This finding justified the
design of mutations in other regions of these genes to induce the formation of trun-
cated proteins that might retain some functionality. Although FANCD2 (https:
//depmap.org/portal/gene/FANCD2?tab=overview) is also categorized as essen-
tial, the K9* mutation caused only a mild impact on cell viability, possibly due to
a less effective exon-skipping mechanism. However, this is only one possible expla-
nation, and further research is needed to fully understand the precise mechanisms.
The CRISPR-SelectTIME technique successfully demonstrated that mutations in
FANCA, FANCD2, and FANCM contribute to Talazoparib sensitivity, thereby sup-
porting previous findings. However, one limitation of this tool is that it performs
optimally in diploid cells, and it has been applied in a normal-immortalized cell
line to avoid background mutations/cellular altered processes. Overall, this part of
the thesis supports the role of the FA pathway in PARPi sensitivity and highlights
the potential of using advanced genome-editing techniques for precise and compre-
hensive studies in this field.

The findings presented in the Chapter 1 underscore the significance of study-
ing the FA pathway. As the next step, we aimed to explore this pathway in PC
cells. There is growing evidence linking FA pathway deficiencies to PC. For in-
stance, one study reported that patients with germline PC often harbor mutations
in the FANCM and FANCC genes [143]. Another study found that mutations in
FANCC and FANCG may contribute to the early onset of PC [238]. Additionally,
mutations in FANCA, FANCC, FANCG, and FANCM have been implicated in the
development of PC [239][139].

Given these findings, in Chaper 2 the relation between a defective FA path-
way and Talazoparib sensitivity has beeen investigated. We initially chose a cell
line already defective in the FA pathway to ensure a clear understanding of the
effects. For this purpose, we used PANC 03.27 cell lines, a PC cell line known
to be deficient in FANCC. The results of this chapter highlighted that FANCC
deficiency does indeed lead to Talazoparib sensitivity in PC cells. This finding is
crucial as it connects FA pathway deficiencies with PARPi sensitivity in the context
of PC, potentially offering new strategy for stratifying PC patients and tailoring
their treatment with PARPi. Aware that these results were only preliminary, we
investigated this correlation in Chapter 3.

Chapter 3 goal was to develop a tool to study all FA genes and their relationship
with Talazoparib in a PC cell, starting from FANCC and FANCD2. The method
chosen for this study was CRISPR interference (CRISPRi), a technique that stops
gene transcription without altering the genome. CRISPRi was selected due to its
precision and low risk of off-target effects, making it an ideal tool for this part of the
research. Initially, we aimed to use a pancreatic cancer cell line to remain consistent
with the main hypothesis. We, therefore, selected the two PC cells BxPC3 and
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Capan-1 as models to test how the FANCC silencing mediated by CRISPRi affects
a FA proficient cell line (BxPC3) and a BRCA2-deficient cell line (Capan-1).

These two cell lines more accurately represent the primary objectives of this
work. The BxPC3 cell line reflects pancreatic cancer patients who are unlikely
to receive PARPi treatment. By investigating FA gene silencing in this line, it
is possible to assess whether a SL relationship exists between Talazoparib and
FANCC, potentially enabling more precise gene screening for these patients. This
could help identify those with a deficient FA pathway who may benefit from PARPi
therapy. In contrast, the Capan-1 cell line represents patients who are already
undergoing PARPi treatment. Studying FANCC gene silencing in this context can
provide further insights into how cells with an additional FA pathway deficiency
respond to PARPi, potentially providing more effective therapeutic strategies.

The HeLa cell line was instead selected as a DNA-repair proficient model system
since the CRISPRi method has been fully tested in this cell line. CRISPRi was
successfully implemented in HeLa and Capan-1 cells following a detailed and well-
optimized protocol. While FANCD2 silencing was achieved in HeLa/KRAB cells,
FANCC silencing was insufficient in both cell lines, as confirmed by Western blot
analysis. The lack of effective silencing for FANCC could be attributed to various
factors, such as poor chromatin accessibility, suboptimal sgRNA design, or the
presence of a strong gene promoter.

This result necessitated to stop the experiments on BxPC3 cells, as it became
clear that optimizing FANCC silencing in the HeLa/KRAB and Capan-1 cell lines
was required before proceeding.

Given the silencing of FANCD2, we proceeded with further investigations on
this gene in HeLa/KRAB cells. Surprisingly, FANCD2 silencing did not result in
decreased cell viability or increased sensitivity to Talazoparib, which was unex-
pected, especially when comparing the results with the one obtained by CRISPR-
SelectTIME. This suggests that the HeLa cell line might not be the most suitable
model for our study, as these results diverge from those observed in the previous
chapters.

The outcome in HeLa cells could be due to the unique characteristics of this
cell line. HeLa cells are derived from cervical cancer and are known for their ro-
bust growth and adaptability, which may affect how they respond to gene silencing,
particularly with respect to the FA pathway. HeLa cells have complex genomic al-
terations and a highly efficient DNA repair system, which may compensate for the
loss of FANCD2, thereby preventing the expected increase in Talazoparib sensitiv-
ity or decrease in cell viability. This compensation might be less effective or absent
in other cancer cell types, such as PC cells, which could explain the differences
observed and reported in Chapters 1 and 2.

This thesis has systematically explored the relationship between a few gene be-
longing to the FA pathway and sensitivity to Talazoparib, using different advanced
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methodologies to enhance the precision and reliability of the findings. By utiliz-
ing CRISPR-SelectTIME, the study demonstrated that mutations in key FA genes,
specifically FANCA, FANCD2, and FANCM, contribute to increased Talazoparib
sensitivity, confirming the relevance of the FA pathway in DNA repair deficiencies.
The subsequent chapters extended this investigation to PC, revealing that FANCC
deficiencies can also lead to enhanced sensitivity to PARPi, thereby proposing a po-
tential strategy for patient stratification. Despite encountering challenges with the
CRISPR interference (CRISPRi) approach in HeLa and Capan-1 cells, the research
highlighted the complexity and cell-type specificity of FA pathway interactions,
emphasizing the need for careful selection of model systems in future studies.

Future research should focus on identifying more suitable cancer cell models
that better mimic the conditions observed in clinical settings, particularly for PC.
Additionally, refining CRISPRi techniques to overcome current limitations, such
as incomplete gene silencing, will be essential for enhancing the accuracy of gene
function studies. Expanding the investigation to other FA genes and exploring their
interactions with different DNA repair pathways could provide deeper insights into
the mechanisms underlying PARPi sensitivity and resistance.
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Chapter 4

Material and Methods

4.1 Cell Culture

4.1.1 iCas9-MCF10A

iCas9-MCF10A clonal cell line with Cas9 expressed from stably integrated TRE3G
Edit-R Inducible lentiviral Cas9 construct (Horizon, CAS11229) was a gift from
Claus Storgaard Sørensen (Biotech Research & Innovation Centre, University of
Copenhagen). iCas9-MCF10A was cultured in Dulbecco’s Modified Eagle Medium
/F12, HEPES (Thermo Fisher Scientific, 31330038) supplemented with 5% Horse
Serum (Thermo Fisher Scientific, 26050088), 10 µg/ml insulin (Sigma, I1882), 20
ng/ml EGF (Peprotech, AF-100-15), 0.5 µg/ml hydrocortisone (Sigma, H0888) and
100 ng/ml cholera toxin (Sigma, C8052).

4.1.2 PANC-1

PANC-1 (ATCC CRL-1469 ™) is a cell line isolated from the pancreatic duct of a
metastatic epithelioid carcinoma. This was cultured in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% Fetal Bovine Serum, 100 U/mL peni-
cillin and 100 mg/mL streptomycin.

4.1.3 PANC-03.27

PANC-03.27 (ATCC CRL-2549 ™) is an epithelial pancreatic adenocarcinoma cell
line that was cultured in Dulbecco’s Modified Eagle Medium (DMEM) supple-
mented with 15% Fetal Bovine Serum, 100 U/mL penicillin and 100 mg/mL strep-
tomycin.
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4.1.4 HEK-293T

HEK-293T (ATCC CRL-3216 ™) is a highly transfectable epithelial-like cell. This
cell line was cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supple-
mented with 10% Fetal Bovine Serum, 100 U/mL penicillin and 100 mg/mL strep-
tomycin.

4.1.5 HeLa-KRAB

HeLa-KRAB cells (Human cervical carcinoma) carrying the PB-TRE-dCas9-KRAB
construct (see PiggyBac transposition below) were a gift from Carmela Rubolino
(Francesco Nicassio’s Genomic Science lab, IIT-CGS@SEMM). The cell line was
cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10%
Tetracycline-FREE- Fetal Bovine Serum, 100 U/mL penicillin,100 mg/mL strepto-
mycin and 100 µg/mL Hygromycyn B.

4.1.6 Capan-1

Capan-1 (ATCC HTB-79 ™) is an epithelial pancreatic adenocarcinoma cell line
that was cultured in Iscove’s Modified Dulbecco’s Medium (IMDM) supplemented
with 20% Fetal Bovine Serum, 2mM Glutamine, 100 U/mL penicillin and 100
mg/mL streptomycin. Capan-1-KRAB were cultured in the same medium as the
parental cell line but using Tetracycline-FREE- Fetal Bovine Serum and 100 µg/mL
Hygromycyn B.

4.2 CRISPR-Select Assay

4.2.1 gRNA, donors and primers design

To create a unique gRNA targeting a sequence of interest, a single-stranded oligodeo-
xynucleotide (ssODN), the Benchling (https://www.benchling.com/) and CRISPOR
(http://crispor.gi.ucsc.edu/) tools were utilized. The design process begins on
Benchling by entering the gene of interest and selecting the human genome (GRCh38
/ hg38) as the reference. The full gene sequence is displayed, and a 90-base region
centered on the mutation of interest is selected. This sequence is then copied and
pasted into CRISPOR as Step 1. Step 2 involves selecting the reference genome
(GRCh38 /hg38), and Step 3 requires choosing the Protospacer Adjacent Motif
(PAM) sequence (NGG). CRISPOR generates a list of 20-base long gRNAs with
an NGG PAM sequence. For optimal selection, gRNAs with high MIT speci-
ficity scores (the higher the specificity score, the lower are off-target effects in
the genome. The specificity score ranges from 0-100 and measures the unique-
ness of a guide in the genome), high predicted efficiency scores (the higher the
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efficiency score, the more likely is cleavage at the selected position), and low Off-
Targets for 0-1-2-3-4 mismatches score (for each number of mismatches, the number
of off-targets is indicated. Example: 1-3-20-50-60 means 1 off-target with 0 mis-
matches, 3 off-targets with 1 mismatch, 20 off-targets with 2 mismatches, etc.)
have been considered. Additionally, a good Out-of-Frame/Indel score is crucial
for successful CRISPR/Select outcomes. The final consideration is the proxim-
ity of the PAM sequence to the mutation. A closer PAM to the mutation site is
preferred to a sequence with lower off targets score. Once the gRNA is selected,
its sequence is copied back to Benchling to localize it within the gene sequence.
To design donor sequences, 45 base pairs upstream and downstream of the tar-
get are selected. A MUT/WT* design in the GG of the NGG or in the gRNA
seed region is preferred to increase precision and avoid re-cutting. To design the
MUT sequence, is sufficient to change the reference base to the mutated one (inser-
tion/deletion/base exchange). To design the WT* sequence, the Kazusa codon us-
age table (https://www.kazusa.or.jp/codon/cgi-bin/showcodon.cgi?species=9606)
has been used, in order to select a high frequency change of the base that is not
affecting the protein translation process. The primers for the specific MUT/WT*
sequences have been designed through Benchling selecting a region which includes
at least the MUT/WT*sequence and using the Wizard tool. The parameters used
were the following: GC% (Min:50, Opt:51, Max:50), Tm (Min:55, Opt:62, Max:65),
Size (Min:18, Opt:22, Max: 26), Amplicon size (Min:180, Opt:250, Max:300). The
primers couple with the optimal scores have been selected for subsequent steps.
The list of the used gRNAs (Table X.1), Donors (Table X.2) and primers (Table
X.3) is below reported:

Gene Target site gRNA
BRCA2 D2723 TTATTGAACTTACAGATGGG
BRCA2 L2510 GGCAGTCTGTATCTTGCAAA
FANCA R880 ACAGCCTCTTTCTGAGGAGG
FANCD2 K9 AAGAAGACTGTCAAAATCTG
FANCM R658 TTTCGCTGCAAGTTCCGAGA

Table 4.1: gRNA sequences. Designed gRNAs for the genes and target sites
reported in the table.
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ssODN ssODN sequence
BRCA2 D2723G Reference CTAGTAGTGCAGATACCCAAAAAGTGGCCATTATTGAACTTACAGATGGGTGGTATGCTGTTAA GGCCCAGTTAGATCCTCCCCTCTTAGCT
BRCA2 D2723G WT* CTAGTAGTGCAGATACCCAAAAAGTGGCCATTATTGAACTTACAGGTGGGTGGTATGCTGTTAA GGCCCAGTTAGATCCTCCCCTCTTAGCT
BRCA2 D2723G MUT CTAGTAGTGCAGATACCCAAAAAGTGGCCATTATTGAACTTACAGACGGGTGGTATGCTGTTAA GGCCCAGTTAGATCCTCCCCTCTTAGCT
BRCA2 L2510P Reference ATTAAGAAGAAACAAAGGCAACGCGTCTTTCCACAGCCAGGCAGTCTGTATCTTGCAAAAACATCCACTCTGCCTCGAATCTCTCTGAAAGCA
BRCA2 L2510P WT* ATTAAGAAGAAACAAAGGCAACGCGTCTTTCCACAGCCAGGCAGTTTGTATCTTGCAAAAACATCCACTCTGCCTCGAATCTCTCTGAAAGCA
BRCA2 L2510P MUT ATTAAGAAGAAACAAAGGCAACGCGTCTTTCCACAGCCAGGCAGTCCGCCGTATCTTGCAAAAACATCCACTCTGCCTCGAATCTCTCTGAAAGCA
FANCA R880* Reference TGTTCTCAGAGGCCCGACAGCCTCTTTCTGAGGAGGACGTAGCCAGCCTTTCCTGGAGACCC
FANCA R880* WT* TGTTCTCAGAGGCCCGGCAGCCTCTTTCTGAGGAGGACGTAGCCAGCCTTTCCTGGAGACCC
FANCA R880* MUT TGTTCTCAGAGGCCTGACAGCCTCTTTCTGAGGAGGACGTAGCCAGCCTTTCCTGGAGACCC
FANCD2 K9* Reference GTGCACAAGACATTGGTCAAAATGGTTTCCAAAAGAAGACTGTCAAAATCTGAGGATAAAGAGAGCCTGACAGAAGATGCCTCCAGTAAGT
FANCD2 K9* WT* GTGCACAAGACATTGGTCAAAATGGTTTCCAAAAGAAGACTGTCAAGATCTGAGGATAAAGAGAGCCTGACAGAAGATGCCTCCAGTAAGT
FANCD2 K9* MUT GTGCACAAGACATTGGTCAAAATGGTTTCCAAAAGAAGACTGTCTAAATCTGAGGATAAAGAGAGCCTGACAGAAGATGCCTCCAGTAAGT
FANCM R658* Reference GAAAAGAAACGTGATGAGACCCGAGTTATGATCTTCTCTTCATTTCGAGATAGTGTTCAAGAAATTGCAGAAATGCTTTCACAGCATCAGC
FANCM R658* WT* GAAAAGAAACGTGATGAGACCCGAGTCATGATCTTCTCTTCATTTCGGGATAGTGTTCAAGAAATTGCAGAAATGCTTTCACAGCATCAGC
FANCM R658* MUT GAAAAGAAACGTGATGAGACCCGAGTCATGATCTTCTCTTCATTTTGAGATAGTGTTCAAGAAATTGCAGAAATGCTTTCACAGCATCAGC

Table 4.2: Donors sequences. Designed Donors for the genes and target sites
reported in the table. Reference sequences are also reported

Gene Target Primer Forward Primer Reverse
BRCA2 T2723 CTGACATAATTTCATTGAGCGCA CCACCAGTTCTGCTCCATGA
BRCA2 L2510 CAAGTCTTCAGAATGCCAGAGA CACTCTGTCATAAAAGCCATCA
FANCA R880 CATTTGCTCAGCCACTCACA CCCTCTCTCTCTGGACACAC
FANCD2 K9 TCTGTTTCCCGATTTTGCTCT CCTGTAGCAATGTGTGAGGC
FANCM R658 TTCAAGTAACAGGCAGGTCC ACGACCTGCTAAGTAAGAACAG

Table 4.3: Primers sequences. Designed Primers for the genes and target sites
reported in the table.

To prepare the samples for next-generation sequencing (NGS), adaptor se-
quences were integrated into each primer. The specific adaptor sequences attached
to the forward and reverse primers are reported in Table X.4.

Adaptor FWD Adaptor REV
ACACTCTTTCCCTACACGACGCTCTTCCGATCT TGACTGGAGTTCAGACGTGTGCTCTTCCGATCT

Table 4.4: Adaptors sequences. Designed Adaptors for the 1stPCR Primers

4.2.2 Cell transfection

On Day -1, 200,000 iCas9-MCF10A cells were seeded in a 6-well plate containing 2
mL medium supplemented with 1 µg/mL Doxycycline to induce Cas9 expression.
On day 0, cells with 50%-70% confluency were transfected. Briefly, 7.5 µl Lipofec-
tamine RNAiMAX (Thermo Fisher Scientific, 13778) were added in a RNAse-free
tube together with 125 µl OptiMEM (Thermo Fisher Scientific, 31985062) and 10
pmol each of the variant (MUT) and WT* ssODN in 2 µl. In another RNAse-
free tube, 75 pmol each of crRNA and tracrRNA in 7.5 µl were mixed followed by
a 10-minute incubation at room temperature to allow complex formation. After
incubation, 125 µl OptiMEM was added and then mixed with the Lipofectamine
solution to let all incubate for other 10 min at room temperature. The prepared
transfection solution was then gently added dropwise to the iCas9 MCF10A cells in
fresh medium containing doxycycline. Cells were then left for 48h in the incubator
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at 37◦C with 5% CO2. On Day 2, cells were detached from the 6-well plate using
Trypsin. Half of the cells were harvested to capture the Day 2 time point, while
the remaining cells were re-seeded into a 6-cm dish. If required, cells were treated
the following day with 2.5 nM the PARP inhibitor Talazoparib (Axon Medchem,
2502) or 500 nM Cisplatin until Day 12, at which point the cells were harvested.
Harvested cells were then centrifuged at 300g for 3 minutes, and the pellet was used
for DNA extraction.

4.2.3 DNA extraction

The GenElute Mammalian Genomic DNA Miniprep Kit (Sigma) was used for the
extraction of DNA. Initially, each cell pellet was resuspended in 200 µL Resus-
pension Solution, followed by the addition of 20 µL RNase A, with the mixture
incubated for 2 min at room temperature. Subsequently, 20 µL Proteinase K solu-
tion was added to the sample, along with 200 µL Lysis Solution C (B8803). The
mixture was vortexed for 15 seconds and then incubated at 55◦C for 10 minutes to
ensure thorough lysis. During this incubation, 500 µL Column Preparation Solu-
tion was added to each pre-assembled GenElute™ Miniprep Binding Column and
centrifuged at 12,000 × g for 1 minute to prepare the column. Following the in-
cubation, 200 µL 95%/100% ethanol was added to the lysate, mixed thoroughly
for 5-10 seconds, and then transferred to the prepared columns, followed by cen-
trifugation at >6,500 × g for 1 minute to bind the DNA. The binding columns
were washed twice. 500 µL Wash Solution were used for the first wash followed
by >6,500 centrifuge × g for 1 minute. The second wash was performed by adding
500 µL Wash Solution and centrifuging it at 12,000 × g for 5 minutes to ensure
complete removal of contaminants. The elution step was performed as follows: 20
µL nuclease-free water was added to the column, incubated at room temperature
for 5 minutes, and then centrifuged for 1 minute at >6,500 × g. The eluted DNA
was subsequently quantified using a Nanodrop spectrophotometer and used for 1st

and 2nd PCR.

4.2.4 1st and 2nd PCR

One hundred ng DNA, corresponding to approximately 17,000 diploid cells, was
used to perform the first round of PCR. The following reagents were used: 25 µL
Phusion U Green Multiplex PCR Master Mix (Thermo Fisher Scientific, F564L),
1.5 µL Primer Mix (5 µM FWD/REV), 100 ng DNA, and ddH2O to reach a final
volume of 25 µL. The reaction conditions were set as follows: initial denaturation at
98◦C for 1 min (1 cycle), followed by 35 cycles of 98◦C for 10 sec, a gradual annealing
from 60◦C (decreasing by 0.1◦C per cycle) for 30 sec, and elongation at 72◦C for 15
sec, with a final extension at 72◦C for 15 sec (1 cycle), and then hold at 4◦C. The
products from the first PCR were assessed using 1% agarose gel electrophoresis.
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For the second PCR, unique barcodes were appended to each sample to facilitate
library preparation and subsequent NGS sequencing. The reagents used for the
2nd PCR were the following: 6.5 µl Phusion U Green Multiplex PCR Master
Mix (Thermo Fisher Scientific, F564L), 1.5 µl barcodes, 1.5 µl PCR product from
the first run, ddH2O up to 12.5 µl. The reaction conditions were the following:
initial denaturation at 98◦C for 30 sec (1 cycle), followed by 8 cycles of 98◦C for
10 sec, annealing at 65◦C for 30 sec, and elongation at 72◦C for 15 sec, with a
final extension at 72◦C for 5 min (1 cycle), then hold at 4◦C. The results of the
2nd PCR were evaluated through 1% gel Agarose sample run using the 1st PCR
samples as reference. Samples with matching primers or similar lengths were pooled
and run on a 1% agarose gel. After gel run, DNA fragments were extracted using
the QIAquick® Gel Extraction Kit (Qiagen, cat. nos. 28704, 28706). DNA bands
were excised from the gel using the x-tracta gel extraction tool (Merck, Z722390)
and collected in 1.5 mL tubes. Three volumes of Buffer QG were added to the
gel slices, and the mixture was incubated at 50◦C for 10 minutes to dissolve the
gel. Then, 1 gel volume of isopropanol was added, and the mixture was loaded
to QIAquick columns and centrifuged at 13,000 x g for 1 min. 500 µl Buffer QG
were added and the samples centrifuged at 13,000 x g for 1 min. For the washing
step, 750 µL Buffer PE were added to the columns and incubated for 5 min at
room temperature and then centrifuged at 13,000 x g for 1 min. Finally, 20 µL
nuclease-free water was added to the center of each column, incubated for 5 min,
and centrifuged to elute the purified DNA. The purified DNA was then ready for
the next step in the NGS workflow.

4.2.5 NGS

The DNA samples extracted from the 2nd PCR were quantified using the Qubit
dsDNA HS Assay Kit (Q32854). From each sample, 10 ng was pooled together to
create a sequencing library. The pooled library was then diluted to a final concen-
tration of 4 nM in 100 µL nuclease-free water. To prepare the library for sequencing,
5 µL the 4 nM library was mixed with 5 µL of freshly prepared 0.2N NaOH for
denaturation. This 10 µL mixture was then combined with 990 µL HT1 buffer
from the MiSeq Reagent Kit v2 (Illumina, MS-102-2002), yielding a final library
concentration of 20 pM. To achieve the optimal concentration for sequencing, the
20 pM library was further diluted to 12 pM in a 600 µL solution. Additionally,
20% of this final solution was replaced with 20% of a 12.5 pM PhiX control li-
brary. The PhiX is a control library from the PhiX virus serves as a sequencing
control to ensure accuracy during the run. Finally, the entire 600 µL of the pre-
pared library mixture was loaded into the NGS sequencing chamber, initiating the
sequencing process. NGS data were processed trough the CRISPResso2 online tool
using default settings (https://crispresso.pinellolab.partners.org/submission).

75



4.3. CELL VIABILITY ASSAY

4.3 Cell Viability Assay

The cell viability assay was performed in 96-well plates (Corning 96-well Solid White
Flat Bottom). On Day 0, PANC 03.27 and PANC 01 cells were seeded at a density
of 5,000 cells per well in 100 µl DMEM, while HeLa-KRAB cells were seeded at
a density of 2,000 cells per well in 100 µl DMEM. The following day, the medium
was replaced with 100 µl fresh medium containing the relevant drug where needed.
The drugs used in this study were Mitomycin C and Talazoparib. Mitomycin C
was obtained from Abcam (Cat. Ab120797), and Talazoparib was purchased from
TargetMol (Cat. T6253). PANC 03.27 cells were treated with 0.8 µM Mitomycin
C and 0.8 µM Talazoparib for 72 h, while HeLa-KRAB cells were treated with
125 nM Mitomycin C and 500 nM Talazoparib for the same duration. Following
the 72-hour treatment period, cell viability was assessed using the CellTiter-Glo
Luminescent Cell Viability Assay (Promega). In brief, 100 µl of the CellTiter-
Glo Reagent provided by the kit was added to each well, followed by a 10-minute
incubation in the dark. Post-incubation, the 96-well plate was analyzed using a
GloMax® Spectrophotometer to measure the luminescent signal from each well.
The luminescence is directly proportional to the ATP content, which correlates
with the number of viable cells in each well.

4.4 Western Blot

For whole cell lysis, harvested cell culture pellets were rinsed twice with PBS. Cell
pellet was lysed in RIPA buffer (10mM Tris-HCl pH 8, 0, 1% Triton, 150mM NaCl,
0.1% SDS, 0.1%NaDeoxycholate, 1mM EDTA, 1mM DTT, 50x cocktail protease
inhibitor Roche (cat. ROCHE 11836170001)). Cell lysis was incubated on ice for 15
min. The lysates were centrifuged for 15 min at 13000 x g at 4◦C. Supernatant (total
protein lysate extraction) was quantified using Bradford Assay (Bio-Rad Protein
Assay Dye Reagent Concentrate, cat. 5000006) which uses Coomassie G-250 dye in
a colorimetric reagent for the detection and quantitation of total protein. Western
blot analysis was performed using CriterionTM TGX Stain-FreeTM Precast Gels,
gradient 4-15% (Bio-Rad). Proteins were transferred to a nitrocellulose membrane
using the Trans-Blot Turbo TM Transfer System (Bio-Rad) in Transfer buffer. The
membrane was then incubated with the primary antibody (diluted 1:1000-1:2000
in 5% BSA in 1X TBS with 1% Tween-20) followed by the secondary antibody
(diluted 1:10000 in 5% BSA in 1X TBS with 1% Tween-20). After three washes
in 1X TBS with 1% Tween-20 5 min each, the membrane was acquired using the
ChemiDoc XRS+ Imaging System (Bio-Rad) via a chemiluminescence reaction with
a 1:1 solution of Clarity™ Western ECL Substrate (Peroxide solution) and Clarity™
Western ECL Substrate (Luminol/Enhanced solution). The Cas9 antibody was
obtained from Cell Signaling (Ref. 7A9-3A3) (1:1000); γH2AX (ab11174), FANCD2
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(ab108928) (1:1000), and FANCC (ab97575) (1:1000) antibodies were acquired from
Abcam; Vinculin (V9131) (1:2000) and Actin (A4700) (1:1000) antibodies were
purchased.

4.5 Stable dCas9-KRAB cell line production

4.5.1 PB-TRE-dCas9-KRAB plasmid generation

The PB-TRE-dCas9-KRAB plasmid was a gift from Bianca Giuliani (Francesco
Nicassio’s lab). The KRAB domain sequence was amplified by PCR from the
pHAGE TRE dCas9-KRAB (Addgene plasmid #50917) and cloned in frame into
the PBTRE-dCas9-VPR backbone (Addgene plasmid #63800) within the AscI/Age
I sites. Sanger Sequencing was used to verify the cloning efficacy.

4.5.2 PiggyBac Transposition

The day before transposition cells were seeded at 60-70% confluency in six well
plates. Cells were transfected according to Lipo3000 protocol (Thermo Fisher Sci-
entific) with 500 ng transposon DNA (PB-TREdCas9-KRAB) and 200 ng Super-
PiggyBac transposase helper plasmid (Systems Bioscience). The DNA was first
diluted in 125 µL Opti-MEM (Thermo Fisher Scientific) along with 5 µL P3000
transfection reagent. Separately, 7.5 µL Lipofectamine 3000 were mixed in 125 µL
Opti-MEM and thoroughly vortexed. The DNA solution and Lipofectamine mix
were combined in a 1:1 ratio and incubated at room temperature for 20 minutes.
This mixture was then added dropwise to the cells in fresh media. After 72 h
post-transfection, the cells were selected with 200 µg/mL Hygromycin B for two
weeks.

4.5.3 LentiGuide cloning

The LentiGuide Puro (Addgene #52963) cloning was made within the BsmBI
(Esp3I) sites. Restriction digestion was performed using 5µg plasmid, 5µl Tango
Buffer 10X (Thermo Fisher Scientific), 3µl Esp3I 10U/ µl (Thermo Fisher Scien-
tific), 20mM DTT and H2O up to 50 µl. The reaction was incubated for 2h at
37◦C. Digested plasmid was purified from a 1.5% agarose gel. The dephosphoryla-
tion step was made using the purified plasmid (up to 1µg), 2µl Phosphatase buffer
10X (Roche), 1U Alkaline Phosphatase 1U/µl (Roche) and H2O up to 20 µl. The
reaction was incubated at 35◦C for 10 min, then 75◦C for 2 min and finally at
4◦C. sgRNAs oligos were purchased as Oligos with compatible ends for BsmBI cut
sites by Sigma-Aldrich. Forward and Reverse oligos were annealed using the fol-
lowing reagents: 1µl T4 ligation buffer 10X (NEB), 0.5µl T4 Polynucleotide Kinase
10U/µl (PNK)(NEB), 1µl Oligo FWD 100µg, 1µl Oligo REV 100µg and H2O up
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to 6.5 µl. The reaction was divided into three steps: a Phosphorylation step at
37◦C for 30 min, a Denaturation step at 95◦C for 5 min, an Oligo annealing step
from 95◦C to 25◦C 0.1◦C/s, and a final hold at 4◦C. Annealed Oligos were diluted
in H2O for subsequent ligation. The reagents used for the ligation reaction between
annealed Oligos and the dephosphorylated plasmid were: up to 1µg dephosphory-
lated plasmid, 1µl diluted annealed Oligos (1:200), 2µl DNA dilution buffer (Roche)
5X and H2O up to 10µl. After mixing well the reagents, 10µl T4 ligation buffer
10X (Roche) and 5U T4 ligase 5U/µl (Roche) were added. This solution (ligation
mix) was incubated 5min RT. Two µl ligation mix were then used for subsequent
transformation in Stbl3 cells. STBl3 cells are Chemically Competent E. coli cells
designed for cloning direct repeats found in lentiviral expression vectors. Briefly,
Stbl3 cells with 2µl ligation mix were incubated on ice for 30 minutes. Heat shock
at 42◦C for 1 minute and incubation on ice for 2 minutes followed. 90 µl L Broth
(LB) were added and the suspension was shaken at 225 rpm for 60 minutes at 37◦C.
Bacteria were seeded in LB AGAR + 50µg/mL Ampicillin plates and incubated
the plates Over Night (ON) at 37◦C. Once the colonies were grown, 1 colony per
plate was incubated during the day at 37 ºC in LB + Ampi medium, 1:500 Ampi-
cillin. A mini prep kit (QIAprep Spin Miniprep Kit, QIAGEN) was used to extract
DNA and the samples were sent to Sanger Sequencing to verify the insertion of the
sgRNA of interest. Subsequently, a maxi prep was performed using NucleoBond
Xtra Maxi kit to extract the sgRNA plasmids

4.5.4 sgRNAs design

The sgRNAs included in the library are derived from two sources: 1) sgRNAs
targeting the ”essential genes set” were selected from previously published sgRNA
libraries (Horlbeck et al., 2016); 2) sgRNAs were designed using the CRISPick tool
by inputting the genomic coordinates of the predicted TSS, using default settings,
and choosing sgRNAs from the top 10 recommended by the tool. The sgRNA
sequences (Table X.5) and Primers (Table X.6) used are below reported:
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sgRNA Forward Reverse
LacZ CACCGTGCTGCAAGGCGATTAAGT AAACACTTAATCGCCTTGCAGCAC
GAL4 CACCGATGTGGTCATTCGTCATGA AAACTCATGACGAATGACCACATC
FANCC sg1 CACCGGTCCCGCGGTCGCCCGGCAG AAACCTGCCGGGCGACCGCGGGACC
FANCC sg2 CACCGGGGTCTGGCCGACACGTCAG AAACCTGACGTGTCGGCCAGACCCC
FANCC sg3 CACCGGGAGGGCGACCGGCTCAAAG AAACCTTTGAGCCGGTCGCCCTCCC
FANCC sg4 CACCGGAGGCCGCAGAACGCAGCGA AAACTCGCTGCGTTCTGCGGCCTCC
FANCC sg5 CACCGGAGCCACCGCCCGGGATCTG AAACCAGATCCCGGGCGGTGGCTCC
FANCD2 sg1 CACCGGGAAAGTCGAAAACTACGGG AAACCCCGTAGTTTTCGACTTTCCC
FANCD2 sg2 CACCGGCGGTGAGTAAGTGGAGCAA AAACTTGCTCCACTTACTCACCGCC
FANCD2 sg3 CACCGGCTTAGAGATTAGGCCGCAG AAACCTGCGGCCTAATCTCTAAGCC
FANCD2 sg4 CACCGGCGGCCCGGACTTAGAGATT AAACAATCTCTAAGTCCGGGCCGCC
FANCD2 sg5 CACCGGTAAAATGCGGAAACGAGAA AAACTTCTCGTTTCCGCATTTTACC

Table 4.5: sgRNA sequences.

Primers Forward Reverse
FANCC TCAAGGTCTTGGGTATGCACC GCCATTCGCCTTTGAGTGTTAAA
FANCD2 AAAACGGGAGAGAGTCAGAATCA ACGCTCACAAGACAAAAGGCA

Table 4.6: Primers sequences.

4.5.5 Lentiviral production and sgRNA delivery

HEK293T cells were seeded 24 h before transfection at 70-80% confluency in 6-
well plates containing DMEM media with Glutamax, supplemented with 10%
Tetracycline-FREE FBS and 100 µg/mL Penicillin/Streptomycin. The sgRNAs
were packaged using the psPAX2 (gag&pol) and VSV-G (envelope) plasmids, fol-
lowing the Lipofectamine 3000 transfection protocol. The transfection was per-
formed preparing two mixes. The first one (Lipo mix) was prepared using 125µl
Opti-MEM and 4µl Lipofectamine 3000. The second one (DNA mix) was prepared
using 125µl Opti-MEM, 1.8µg Plasmid sgRNA, 1.35 µg psPAX2, 0.45µg vsv-g, 5
µl p3000. The two mixes were united 1:1 and incubated at room temperature (RT)
for 20 min. The final mix was then added dropwise to cells with 1.5 mL of fresh
media that was replaced after 12-16 h. Supernatant was collected 24 h after media
replacement and centrifuged to remove cell debris, filtered through 0.22 µm syringe
filters. Filtered supernatant was used for subsequent cells infection. For cell trans-
duction, 350.000 Capan-1 cells were seeded per well of 6W plates 12-16 h prior
to transduction. 8 µg/mL polybrene was added to the undiluted lentiviral super-
natant to a final concentration of 1 µg/mL. Transduction was usually carried out
over-day and then media was changed. 2 µg/mL Puromycin selection was started
72 h after the end of infection. Stable cell lines expressing dCas9-KRAB sgRNA
were treated with 1 µg/mL Doxycycline to induce gene silencing.
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4.6 Evaluation of gene expression levels

4.6.1 Total RNA extraction

Total RNA extraction was carried out using the miRNeasy Micro Kit (Qiagen). The
samples were prepared according to the guidelines in the miRNeasy Micro Hand-
book. The cells were collected by centrifugation, resuspended in 700 µL QIAzol Ly-
sis Reagent, and left to incubate at room temperature for 5 minutes. Subsequently,
140 µL chloroform were added, and the mixture was vortexed for 15 seconds before
a 2-3 minute incubation at room temperature. The samples were then centrifuged
at 12,000 x g for 15 minutes at 4◦C. The upper aqueous phase was carefully trans-
ferred to a fresh tube, followed by the addition of 1.5 volumes of 100% ethanol. The
mixture was then loaded onto an RNeasy MinElute spin column and centrifuged
at >8000 x g for 15 seconds. The flow-through was discarded, and the column was
washed with 350 µL RWT buffer. DNA was removed with DNase treatment on the
columns, prepared by diluting 10 µL DNase I (Qiagen) in 70 µL RDD buffer and
incubating at room temperature for 15 minutes. The columns were then washed
with 350 µL RWT buffer, followed by two washes with 500 µL RPE buffer, each
with centrifugation at >8000 x g for 15 seconds and 2 minutes, respectively. The
columns were further centrifuged to remove any residual ethanol. RNA was eluted
in RNase-free water and quantified using a NanoDrop UV-Vis Spectrophotometer
(Thermo Scientific). The RNA samples were then stored at -80◦C.

4.6.2 mRNA retrotranscription

Total RNA was retro-transcribed in cDNA according to SuperScript VILO cDNA
synthesis kit. The reagent used for the retrotranscription were: 100-1µg RNA, 4µl
5X VILO Reaction Mix, 2µg 10X SuperScript Enzyme Mix and H2O up to 20µl.
The reaction was performed in a thermal cycler. The conditions used for each steps
were: 10 min at 25◦C for the Annealing step; 60 min at 42◦C for the Extension step;
5 min at 85◦C for the Enzyme inactivation step; hold at 4◦C for the Incubation
step. cDNA was stored at -20◦c for subsequent amplification.

4.6.3 RT-qPCR

Expression levels of target protein coding genes were detected by Real-Time quan-
titative PCR (RT-qPCR) with Fast SYBR Green reagents (Life Technologies). For
each cDNA sample, a reaction was set-up as follows: 10µl 2X Fast SYBR Master
Mix, 2µl Forward and reverse primers 3.3 µM, 1-5 ng/µl Template cDNA, Nuclease-
free H2O up to 20 µl. Reactions were carried out in BIORAD CFX Real-Time
PCR detection system under the following cycling conditions: Initial denaturation
at 95◦C for 15 min; Denaturation at 94◦C for 15 seconds (39 cycles); Annealing
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at 55◦C for 30 seconds (39 cycles); Extension at 70◦C for 30 seconds (39 cycles).
Experiments were conducted in triplicate. Raw Ct data were processed using Mi-
crosoft Excel (Microsoft). To normalize the data, ∆ Ct values were calculated by
comparing them to the Ct values of the housekeeping gene RPLPO. The results are
presented in terms of relative RNA expression, using the 2-∆ Ct formula. Primer
pairs were designed with the help of the Primer3 software for computer-assisted
primer design. The sequences of the used primers are below reported:

Gene Forward Reverse
RPLPO CAGCAGTTTCTCCAGAGC TTCATTGTGGGAGCAGAC
FANCC TCAAGGTCTTGGGTATGCACC GCCATTCGCCTTTGAGTGTTAAA
FANCD2 AAAACGGGAGAGAGTCAGAATCA ACGCTCACAAGACAAAAGGCA
dCas9 GATCGCAAAGTCTGAGCAGG CTACCCTTGTCCCACACGAT

Table 4.7: Primers sequence for RT qPCR.

81



Bibliography

[1] Giuseppina Giglia-Mari, Angelika Zotter, and Wim Vermeulen. Dna damage
response. Cold Spring Harbor perspectives in biology, 3(1):a000745, 2011.

[2] Razqallah Hakem. Dna-damage repair; the good, the bad, and the ugly. The
EMBO journal, 27(4):589–605, 2008.

[3] Nimrat Chatterjee and Graham C Walker. Mechanisms of dna damage, re-
pair, and mutagenesis. Environmental and molecular mutagenesis, 58(5):235–
263, 2017.

[4] Ruixue Huang and Ping-Kun Zhou. Dna damage repair: historical perspec-
tives, mechanistic pathways and clinical translation for targeted cancer ther-
apy. Signal transduction and targeted therapy, 6(1):254, 2021.

[5] Yan Xu, Hui Li, Fan Yang, Dingpeng Yang, and Bin-Bing S Zhou. Cell
plasticity and genomic instability in cancer evolution. Genome Instability &
Disease, 1:301–309, 2020.

[6] Gustavo S França, Maayan Baron, Benjamin R King, Jozef P Bossowski, Ali-
cia Bjornberg, Maayan Pour, Anjali Rao, Ayushi S Patel, Selim Misirlioglu,
Dalia Barkley, et al. Cellular adaptation to cancer therapy along a resistance
continuum. Nature, pages 1–8, 2024.

[7] Yucui Zhao, Tingting Lu, Yanwei Song, Yanqin Wen, Zheng Deng, Jiahui
Fan, Minghui Zhao, Ruyi Zhao, Yuntao Luo, Jianzhu Xie, et al. Cancer cells
enter an adaptive persistence to survive radiotherapy and repopulate tumor.
Advanced Science, 10(8):2204177, 2023.

[8] Nigel J O’Neil, Melanie L Bailey, and Philip Hieter. Synthetic lethality and
cancer. Nature Reviews Genetics, 18(10):613–623, 2017.

[9] Jeremy Setton, Michael Zinda, Nadeem Riaz, Daniel Durocher, Michal Zim-
mermann, Maria Koehler, Jorge S Reis-Filho, and Simon N Powell. Syn-
thetic lethality in cancer therapeutics: the next generation. Cancer discovery,
11(7):1626–1635, 2021.

[10] Grzegorz Nalepa and D Wade Clapp. Fanconi anaemia and cancer: an intri-
cate relationship. Nature Reviews Cancer, 18(3):168–185, 2018.

[11] Sarah J Taylor, Mark J Arends, and Simon P Langdon. Inhibitors of the
fanconi anaemia pathway as potential antitumour agents for ovarian cancer.
Exploration of targeted anti-tumor therapy, 1(1):26, 2020.

82



Bibliography

[12] Wenjun Liu, Anna Palovcak, Fang Li, Alyan Zafar, Fenghua Yuan, and Yan-
bin Zhang. Fanconi anemia pathway as a prospective target for cancer inter-
vention. Cell & bioscience, 10:1–14, 2020.

[13] Qian-Wen Liu, Zhi-Wen Yang, Qing-Hai Tang, Wen-Er Wang, Da-Sheng Chu,
Jin-Feng Ji, Qi-Yu Fan, Hong Jiang, Qin-Xin Yang, Hui Zhang, et al. The
power and the promise of synthetic lethality for clinical application in cancer
treatment. Biomedicine & Pharmacotherapy, 172:116288, 2024.

[14] Xinlin Xu, Yixi Xu, Ruiyuan Guo, Ran Xu, Congcong Fu, Mengtan Xing,
Hiroyuki Sasanuma, Qing Li, Minoru Takata, Shunichi Takeda, et al. Fanconi
anemia proteins participate in a break-induced-replication-like pathway to
counter replication stress. Nature Structural & Molecular Biology, 28(6):487–
500, 2021.
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[37] France Léveillé, Miriam Ferrer, Annette L Medhurst, El Houari Laghmani,
Martin A Rooimans, Patrick Bier, Jurgen Steltenpool, Tom A Titus, John H

84



Bibliography

Postlethwait, Maureen E Hoatlin, et al. The nuclear accumulation of the
fanconi anemia protein fance depends on fancc. DNA repair, 5(5):556–565,
2006.

[38] Francesca E Morreale, Alessio Bortoluzzi, Viduth K Chaugule, Connor Arkin-
son, Helen Walden, and Alessio Ciulli. Allosteric targeting of the fanconi
anemia ubiquitin-conjugating enzyme ube2t by fragment screening. Journal
of medicinal chemistry, 60(9):4093–4098, 2017.

[39] Yingying Zhang, Xiaowei Zhou, Lixia Zhao, Chao Li, Hengqi Zhu, Long Xu,
Liran Shan, Xiang Liao, Zekun Guo, and Peitang Huang. Ube2w interacts
with fancl and regulates the monoubiquitination of fanconi anemia protein
fancd2. Molecules and cells, 31(2):113–122, 2011.

[40] Yuichi J Machida, Yuka Machida, Yuefeng Chen, Allan M Gurtan, Gary M
Kupfer, Alan D D’Andrea, and Anindya Dutta. Ube2t is the e2 in the fan-
coni anemia pathway and undergoes negative autoregulation. Molecular cell,
23(4):589–596, 2006.

[41] Michael F Sharp, Rohan Bythell-Douglas, Andrew J Deans, and Wayne
Crismani. The fanconi anemia ubiquitin e3 ligase complex as an anti-cancer
target. Molecular Cell, 81(11):2278–2289, 2021.

[42] Kimon Lemonidis, Connor Arkinson, Martin L Rennie, and Helen Walden.
Mechanism, specificity, and function of fancd2-fanci ubiquitination and deu-
biquitination. The FEBS Journal, 289(16):4811–4829, 2022.

[43] Martin L Rennie, Connor Arkinson, Viduth K Chaugule, Rachel Toth, and
Helen Walden. Structural basis of fancd2 deubiquitination by usp1- uaf1.
Nature Structural & Molecular Biology, 28(4):356–364, 2021.

[44] Fengshan Liang, Adam S Miller, Simonne Longerich, Caroline Tang, David
Maranon, Elizabeth A Williamson, Robert Hromas, Claudia Wiese, Gary M
Kupfer, and Patrick Sung. Dna requirement in fancd2 deubiquitination by
usp1-uaf1-rad51ap1 in the fanconi anemia dna damage response. Nature com-
munications, 10(1):2849, 2019.

[45] Vibe H Oestergaard, Frederic Langevin, Hendrik J Kuiken, Paul Pace, Woj-
ciech Niedzwiedz, Laura J Simpson, Mioko Ohzeki, Minoru Takata, Julian E
Sale, and Ketan J Patel. Deubiquitination of fancd2 is required for dna
crosslink repair. Molecular cell, 28(5):798–809, 2007.

[46] Jung Min Kim, Kalindi Parmar, Min Huang, David M Weinstock, Carrie Ann
Ruit, Jeffrey L Kutok, and Alan D D’Andrea. Inactivation of murine usp1
results in genomic instability and a fanconi anemia phenotype. Developmental
cell, 16(2):314–320, 2009.

[47] Masamichi Ishiai. Regulation of the fanconi anemia dna repair pathway by
phosphorylation and monoubiquitination. Genes, 12(11):1763, 2021.

[48] David Lopez-Martinez, Marian Kupculak, Di Yang, Yasunaga Yoshikawa,

85



Bibliography

Chih-Chao Liang, Ronghu Wu, Steven P Gygi, and Martin A Cohn. Phospho-
rylation of fancd2 inhibits the fancd2/fanci complex and suppresses the fan-
coni anemia pathway in the absence of dna damage. Cell reports, 27(10):2990–
3005, 2019.

[49] Pablo Alcón, Shabih Shakeel, Zhuo A Chen, Juri Rappsilber, Ketan J Patel,
and Lori A Passmore. Fancd2–fanci is a clamp stabilized on dna by monoubiq-
uitination of fancd2 during dna repair. Nature structural & molecular biology,
27(3):240–248, 2020.

[50] Martin L Rennie, Kimon Lemonidis, Connor Arkinson, Viduth K Chaugule,
Mairi Clarke, James Streetley, Laura Spagnolo, and Helen Walden. Differ-
ential functions of fanci and fancd2 ubiquitination stabilize id2 complex on
dna. EMBO reports, 21(7):e50133, 2020.

[51] Winnie Tan, Sylvie van Twest, Andrew Leis, Rohan Bythell-Douglas, Vin-
cent J Murphy, Michael Sharp, Michael W Parker, Wayne Crismani, and
Andrew J Deans. Monoubiquitination by the human fanconi anemia core
complex clamps fanci: Fancd2 on dna in filamentous arrays. elife, 9:e54128,
2020.

[52] Renjing Wang, Shengliu Wang, Ankita Dhar, Christopher Peralta, and
Nikola P Pavletich. Dna clamp function of the monoubiquitinated fanconi
anaemia id complex. Nature, 580(7802):278–282, 2020.

[53] Irene Garcia-Higuera, Toshiyasu Taniguchi, Shridar Ganesan, M Stephen
Meyn, Cynthia Timmers, James Hejna, Markus Grompe, and Alan
D D’Andrea. Interaction of the fanconi anemia proteins and brca1 in a com-
mon pathway. Molecular cell, 7(2):249–262, 2001.

[54] Kimiyo N Yamamoto, Shunsuke Kobayashi, Masataka Tsuda, Hitoshi Ku-
rumizaka, Minoru Takata, Koichi Kono, Josef Jiricny, Shunichi Takeda, and
Kouji Hirota. Involvement of slx4 in interstrand cross-link repair is regu-
lated by the fanconi anemia pathway. Proceedings of the National Academy
of Sciences, 108(16):6492–6496, 2011.

[55] Yonghwan Kim, Gabriella S Spitz, Uma Veturi, Francis P Lach, Arleen D
Auerbach, and Agata Smogorzewska. Regulation of multiple dna repair path-
ways by the fanconi anemia protein slx4. Blood, The Journal of the American
Society of Hematology, 121(1):54–63, 2013.

[56] Daisy Klein Douwel, Rick ACM Boonen, David T Long, Anna A Szypowska,
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Ricorderò anche con molto affetto gli ultimi mesi del dottorato, dove da buona
compagna di banco rendevo “imprevedibili” le tue giornate.

Lucy e Gio, pazze come il pollo di Moana. La nostra giornata tipo iniziava con
domande scientifiche a Lucy che si accollava tutti i miei dubbi sugli esperimenti. A
seguire, dei discorsi prolissi che con la scienza c’entravano ben poco. A voi ringrazio
per essere delle amiche spontanee e sincere e per avermi regalato delle giornate che
hanno reso questo dottorato più leggero e felice.
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La strada verso il dottorato è iniziata a Torino. Qui ho sempre avuto il supporto
delle mie amiche storiche, Renata (Pif), Roberta (Nana) e Simona. Non esagero
se dico che ci conosciamo da una vita. Aver condiviso con voi questi anni è stato
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