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cQué diria la gente, recortada y vacia,

si en un dia fortuito, por ultrafantasia,

me tifera el cabello de plateado y violeta,
usara peplo griego, cambiara la peineta

por cintillo de flores: miosotis o jazmines,
cantara por las calles al compas de violines,
o dijera mis versos recorriendo las plazas,

libertado mi gusto de vulgares mordazas?

clrian a mirarme cubriendo las aceras?
¢Me quemarian como quemaron hechiceras?

;Campanas tocarian para llamar a misa?

En verdad que pensarlo me da un poco de risa.

(Alfonsina Storni, El Dulce Dario, 1918)
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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is a disease with high mortality rates
where conventional chemotherapeutics have shown limited efficacy. Mutation of
key driver genes and the presence of a highly acidic tumour microenvironment
generate a permanent state of low antigenicity and sustained immunosuppression
that is at the core of PDAC therapeutic failure. Here is shown that PRMT5 inhibition
is a promising pharmacological approach to enhance PDAC immunogenicity and
improve its microenvironmental conditions. Results reveal that PDAC cells under
PRMT5 inhibition are capable to slightly activate T and NK cells in tumour sites and
induce the expression and translation of immunogenic IncRNA-derived peptides
that are capable to reduce tumour growth in vivo. PRMT5 inhibition also alters pH
dynamicsin a bicarbonate-dependent fashion by promoting the skipping of exon 25
of the sodium/bicarbonate co-transporter SLC4A7. These findings highlight the
potential of PRMT5 inhibition as a dual immunosensitizing strategy for PDAC
treatment, which can provide a platform for future studies involving combinatorial

treatments or deeper mechanistic understanding.
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Chapter 1 : Introduction

1.1. Pancreatic ductal adenocarcinoma: characteristics and

therapeutic challenges

1.1.1. Epidemiology and clinical aspects

Pancreatic cancer is a global concern in human health that despite having
the twelfth highest incidence among all cancers worldwide (510,992 new
cases/year) (Bray et al., 2024), it is associated with a concerning global death rate
of 467,409 deaths/year (Bray et al., 2024). This makes pancreatic cancer the eighth
cause of cancer-related deaths worldwide (Bray et al., 2024; Hayat et al., 2025) and

the third in Europe and the United States (llic and Ilic, 2022; Siegel et al., 2019).

Among all types of pancreatic cancer, pancreatic ductal adenocarcinoma
(PDAC), affecting the exocrine portion of this organ, is the most common case of
pancreatic malignancies (*90%) (Halbrook et al., 2023; Orth et al., 2019; Rozengurt
and Eibl, 2026; Sarantis et al., 2020). Other less frequent types of pancreatic cancer
are neuroendocrine tumours, like insulinomas, glucagonomas and gastrinomas,
which arise from islet cells and represent less than 2% of all pancreatic cancer
cases (Sonbol et al., 2022); acinar carcinoma, affecting the homonymous cells and
accounting 0.2-4.3% of all cases (lkezawa et al., 2024); and pancreatoblastoma, a
rare condition in adults but more frequent in children (<1% and 25% of pancreatic
cancer cases, respectively) that affects the pancreatic exocrine epithelia (Sheng et

al., 2022; Yuan et al., 2024).
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Modifiable risk factors of PDAC include alcohol consumption, smoking,
obesity and exposure to metalworking byproducts, pesticides, polychlorinated
biphenyls and particulate air pollutants (Bogumil et al., 2021; Michalak and
Matecka-Wojciesko, 2023; Rawla et al., 2019; Ushio et al., 2021). In the case of
genetic-based comorbidities, patients with hereditary breast and ovarian cancer
syndrome (associated with pathogenic variants in BRCA1 and BRCA2 genes), Lynch
syndrome (in the particular cases of loss-of-functions mutations in MLH1, MSH2,
MSH6 and EPCAM) and familial atypical multiple mole melanoma syndrome (linked
to a deregulated function of CDKN2A) are associated with increased PDAC risk
(Jacobs and Stoffel, 2024; Peduzzi et al., 2025; Rawla et al., 2019). Despite this
landscape, PDAC is characterized by a largely unspecific (e.g. weight loss, fatigue,
nausea and vomiting, jaundice, epigastric pain, anorexia and back pain) or totally
absent symptomatology that poses a challenge to differential diagnosis (Hayat et

al., 2025; Sarantis et al., 2020; Takikawa et al., 2022).

Regarding PDAC diagnostics, computed tomography scanning appears as
the preferred imaging technique, followed by magnetic resonance imaging and
endoscopic ultrasound, because of its wide availability, suitable sensitivity (89-
97%) and its relevance in PDAC staging and treatment response evaluation (Bilreiro
etal., 2024; Miller et al., 2023). Despite their performance, the use of these methods
normally occurs at advanced stages of PDAC development, when symptoms are
more apparent to the patient and clinicians. This situation stimulates the search for

novel biomarkers that could be used for PDAC screening.
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However, many of the efforts focused on finding specific biomarkers for
early-stage detection of PDAC, like the assessment of cancer antigen 19-9 (CA19-
9) and glypican-1, have failed in terms of achieving suitable sensitivity and
specificity to be used in routine analysis (Chen et al., 2025; Force, 2019). Despite
this situation, initiatives to improve PDAC diagnostics are still ongoing. Some
examples of this are the implementation of natural language processing algorithms
to analyse patient’s health records for early detection (Chen et al., 2025), the
identification and validation of a panel of circular RNAs associated with PDAC onset
(Xu et al., 2024), and the use of microRNA-196 and microRNA-423 as biomarkers to
be integrated with CA19-9 assessment to increase its sensitivity and specificity
detecting PDAC, and discriminate between this malignancy and chronic

pancreatitis (Skrha et al., 2025).

The unspecific nature of PDAC symptomatology, along with a lack of reliable
biomarkers, severely limits early-stage diagnosis. Because of this, the majority of
PDAC cases (» 80%) are identified when tumours have reached its metastatic
phase, when 5-year overall survival rates are lower than 14% and therapeutic
efficacy is limited (Blackford et al., 2024; Hayat et al., 2025; Takikawa et al., 2022).
Given this adverse landscape of late-stage diagnosis and poor prognosis, many
studies have focused to understand the cellular and molecular basis of PDAC as

away to draw new perspectives in diagnostics and therapeutics.
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1.1.2. Characteristics of PDAC at cellular level

In terms of its cellular origin, PDAC cells arise from the cells located in the
exocrine pancreas, namely ductal and acinar cells, which function involves the
secretion of bicarbonate ions and digestive enzymes and their transport into the
duodenum, a significant part of the postprandial response within the

gastrointestinal tract (Hu et al., 2025; Pian et al., 2025).

In PDAC progression, different stages of cellular or inflammatory damage,
known as pancreatic intraepithelial neoplasia (PanIN), can develop from an early
reversible pathophysiological event called acinar-to-ductal metaplasia, where
acinar cells lose their physiological functions and differentiate to ductal-like cells
(Hendietal., 2025; Marstrand-Daucé et al., 2023). Depending on the level of atrophy
and changes in the architecture, and the nuclear integrity of these cells, PanINs are
classified intro three categories ranging from papillary lesions with columnar
epithelia and basal nuclei (PanIN 1) to cellular swelling and nuclear dysplasia
(PanIN 2) and severe intraluminal outgrowth and loss of nuclear polarity (PanIN 3)

(Musiu et al., 2024; Park et al., 2021; Pian et al., 2025).

The acquisition and progression of these lesions is largely based on the
mutational background of the affected cells, which lead to PDAC development and
the establishment of a tumour microenvironment (TME) that sustains tumour
survival, immune evasion and resistance to treatment (Cao et al., 2021; Musiu et
al., 2024). Both factors, the mutational burden of PDAC cells and the characteristics

of its TME will be discussed in the following sections.
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1.1.2.1. Mutational landscape

The onset of PDAC tumorigenesis is associated with a complex network of
different genomic alterations affecting PanINs. From these somatic mutations,
Kirsten rat sarcoma viral oncogene homologue (KRAS), TP53, SMAD4 and cyclin
dependent kinase inhibitor 2A (CDKN2A) are considered to be the key targets of
oncogenic events that lead to PDAC development and progression (Cao et al., 2021;

Sivapalan et al., 2022).

KRAS gain-of-function mutations are the most presentin PDAC, occurring in
about 90% of cases (Scarlato et al., 2025). Some of the identified oncogenic
mutations and their respective frequencies in PDAC are: KRAS G12D (39.9%), G12V
(28.6%), G12R (14.6%), Q61H (4.2%) and G12C (1.7%) (Pant et al., 2025). These
mutations are associated with conformational changes in the GTP-binding site of
KRAS, which leads to a reduced interaction of this GTPase with RAS GTPase-
activating proteins and a subsequent reduction of GTP hydrolysis rate that resultsin
KRAS mutants being in a continuous GTP-bound conformation (Drizyte-Miller et al.,
2025b; Moghadamchargari et al., 2019; Zhang et al., 2023b). This state is capable
to activate downstream signalling pathways such as PI3K/AKT/mTOR,
RAF/MEK/ERK, RALGDS and PLC, or downregulate tumour-suppressor mediators
like SIRT3, which are largely associated with cell survival, metabolism, proliferation
and differentiation (Mai et al., 2026; Uniyal et al., 2025; Zhang et al., 2023b). In terms
of clinical outcomes, reports state that patients with KRAS G12D, Q61H and G12V
mutants have worse prognosis in terms of overall survival when compared to

patients carrying KRAS G12R mutations (Norton et al., 2025; Yousef et al., 2024).
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The tumour suppressor gene TP53, and some of its hyperactive variants, like
p53°%%%4, have been associated with dampening of KRAS signalling and restricting of
acinar-to-ductal metaplasia in PanINs (Mello et al., 2023). However, 50-90% of
PDAC cases have a type of TP53 mutation. These could be cases of loss-of-function
mutations, which compromise the DNA binding-domain (DBD) of p53, whether by
reducing its capacity to bind to its canonical motifs or inducing structural changes
(Mahat et al., 2025; Stefanoudakis et al., 2024). TP53 mutations are also associated
with oncogenic gain-of-function activities, which are mostly associated with
transcription modulation by interfering with different protein-protein interactions,
including transcription factors (Maddalena et al., 2021; Mahat et al., 2025). From all
of these cases, the gain-of-function mutation TP53 R175H (being R172H its
equivalent in mice) is one of the most studied mutations, and its presence
altogether with KRAS G12D on in vivo human pancreatic cancer models has been
associated with escape from cell cycle arrest and metastasis progression (Morton
et al., 2010). Another report using in vitro and in vivo models of PDAC indicates that
TP53 R172H promoted PDAC tumour growth and, at the same time, contributed to
generate an immunosuppressive TME by reducing the infiltration of CD4 and CD8
cells, promoting the recruitment of anti-inflammatory myeloid-derived suppressor
cells (MDSCs) while inducing the expression of immunosuppressive cytokine

CXCL1 (Mahat et al., 2025).

Occurring in 50-55% of patients, and frequently found in PanIN 2 and PanIN
3 lesions, SMAD4 missense mutations include non-functional variants (e.g. A406T,
K428T and R515T), which impair the activity of this protein as a transcription factor,

and structural alterations (e.g. P130S and A351H) that promote its phosphorylation

27



by GSK3 and subsequent proteasomal degradation (Yao et al., 2024). In a
physiological context, SMAD4 is a relevant tumour suppressor that regulates cell
cycle byinducing G1-phase arrest via activation of p21 and p15, and participates as
a transcription factor in transforming growth factor B (TGF-B) signalling, which can
have anti- or pro-tumour effects depending on context (Tsanov et al., 2025; Yao et

al., 2024).

In PDAC, SMAD4 inactivation is normally associated with tumour
progression, metastasis and the establishment of an immunosuppressive TME by
reducing T cell infiltration and interferon y (IFNy) release (Murimwa et al., 2025;
Principe et al., 2022). However, the aforementioned effects of SMAD4 inactivation
are mostly applicable to primary tumours, because recent studies using genetically
engineered mouse models have shown that SMAD4 mutations have different roles
in the viability of metastatic sites by showing that SMADA4 inactivation exacerbates
pro-tumoral signalling in liver metastases, but induced the opposite effect in lung

metastases (Tsanov et al., 2025).

CDKN2A is a tumour suppressor gene that encodes the proteins p16'™*4 and
p14*"F proteins, which are normally linked to CDK4/6 inhibition leading to G1 cell
cycle arrest and MDM2 inhibition that results in p53 induction (Kimura et al., 2021).
In cancer, high CDKN2A expression levels are associated with higher infiltration and
activation of CD4, CD8 and natural killer (NK) cells (Chen et al., 2021b). In the case
of pancreatic cancer, CDKN2A inactivationis presentin PanIN 1 and PanIN 2 lesions
and 75-95% of PDAC cases and its caused by homozygous deletions or promoter

region hypermethylation (Hayashi et al., 2021; Stefanoudakis et al., 2024), which,
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altogether with KRAS and TP53 mutations, stimulate cell cycle progression, tumour
growth, angiogenesis and metabolism (Wu et al., 2020a). Deletion of CDK2A occurs
with the loss of methylthioadenosine phosphorylase (MTAP) in 30.2% pancreatic
adenocarcinomas and it has been associated with poor prognosis (Kryukov et al.,

2016; Lyu et al., 2026).

Altogether, the mutations detailed in this section are a core element of PDAC
survival and progression. However, microenvironmental conditions also need to be
considered to understand the cellular conditions that lead to poor prognosis and

therapeutic failure in PDAC.

1.1.2.2. Tumour microenvironment

Aside from the mutational burden found in PDAC cells, another essential
component in PDAC pathogenesis is its TME. PDAC TME emerges from the complex
interaction between its cellular (e.g. cancer cells, pancreatic stellate cells -PSCs-,
cancer-associated fibroblasts -CAFs- and immune cells) and non-cellular (e.g.
growth factors, cytokines and extracellular matrix -ECM- components) elements
(Kane et al., 2020). This microenvironment is characterized by a dense
desmoplastic stroma with intense immunosuppression and elevated acidosis,
which create favourable conditions for PDAC progression and resistance to

treatment and immune recognition (Byeon et al., 2023; Kane et al., 2020).

PDAC dense ECM is generated by the activation of CAFs and PSCs induced
by tumour cells, which results in production of high levels of collagen, fibronectin,

laminin, hyaluronic acid and other proteoglycans and polysaccharides (Glapinski
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et al., 2025). This process, known as desmoplasia, not only increases ECM rigidity
and generates a barrier around tumour cells, protecting them from immune
recognition and therapeutic agents, but also collapses blood vessels, which has an
impact on oxygen distribution, thus promoting metabolic reprogramming in PDAC
cells (Henke et al., 2019; Ho et al., 2020). However, ECM density is a dynamic
process, with CAFs and PSCs being also capable to remodel the ECM by
synthetizing the proteolytic matrix metalloproteinases 2, 3, 9 and 13, which not only
are essential for tumour metastasis and invasion, but also induce shifts in the
metabolic profile of PDAC cells by providing alternative substrates derived from
ECM degradation, like hyaluronic acid (which is processed through the hexosamine
biosynthetic pathway) and proline derived from collagen (used as a tricarboxylic

acid cycle substrate) (Efthymiou et al., 2025; Glapinski et al., 2025; Ho et al., 2020).

Another feature of PDAC TME is its marked immunosuppression, which is
characterized by disrupted antigen presentation by PDAC cells, the presence of
immunosuppressive chemokines (e.g. CXCL12) and cytokines (e.g. IL-1,IL-10, IL-12,
TGF-B and TNF-a) (Karamitopoulou, 2019), and increased surface expression of
proteins associated with immune cell inactivation (e.g. programmed death-ligand 1
-PD-L1- and cytotoxic T-lymphocyte-associated protein 4 -CTLA4-) (Sherman and
Beatty, 2023). PDAC TME impairs the activity of cytotoxic T cells and NK cells, and
restrict the infiltration of dendritic cells (DCs) while promoting the activity of pro-
inflammatory neutrophils and macrophages, regulatory T cells and MDSCs

(Brautigam et al., 2025; Karamitopoulou, 2019; Sherman and Beatty, 2023).
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Both ECM remodelling and immunosuppression are favoured by an acidic
TME generated by an unrestricted PDAC cell proliferation, impaired perfusion and
increased metabolic acid production (Rolver et al.,, 2025). Regarding the latter,
metabolic reprogramming in PDAC cells is a dynamic process that is influenced by
key gene mutations (such as KRAS G12D and TP53 R273H) and substrate exposure,
that allow PDAC cells adaptive shifts between glycolysis, oxidative phosphorylation
(OXPHOS), fatty acid B-oxidation and amino acids metabolism (Boedtkjer and
Pedersen, 2020; Gong et al., 2023; Rolver et al., 2025; Stigliani et al., 2024). This
flexibility explains the metabolic heterogeneity observed within PDAC tumours,
where is possible to find near-neutral pH aeras (pH = 7.0), more reliant in OXPHOS,
adjacent to highly glycolytic areas (5.6 <pH < 7.0), where H*and lactate extrusion is
enhanced (Boedtkjer and Pedersen, 2020; Chianese et al., 2026; Swietach et al.,

2023; Xu et al., 2022).

Key to this metabolic adaptability is the capacity of PDAC cells to alter pH
dynamics, a process that is achieved by modifying the expression and activity of
different acid/base or metabolite transporters, such as HCO; importers (e.g.
SLC4A4 and SLC4A7), H* extruders (e.g. NHE1) and H*/lactate transporters (e.g.
MCT1 and MCT4) (Blaszczak et al., 2022; Czaplinska et al., 2023; Hosonuma and
Yoshimura, 2023; Kay and Zanivan, 2023; Sniegowski et al., 2023). The activity of

these transporters is summarised in Figure 1.1.
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Bicarbonate Proton Proton/Lactate
importers _ extruders - transporters
SLC4A4 - :

SLC4A7 : NHE1 : MCT1 MCT4
E H _ H* Lactate
Na* HCOs ' Na* : H* Lactate’

Figure 1.1. Relevant transporters in PDAC metabolic adaptation.
Examples of bicarbonate, proton and metabolite exchangers that PDAC cells use to alter
pH dynamics to promote their survival . Figure created in https://BioRender.com.

PDAC cells can induce these alterations to increase intracellular pH (pH),
enhance the activity of glycolytic enzymes like hexokinase, phosphofructokinase
and lactate dehydrogenase (Cappellesso et al., 2022), thus increasing their
glycolytic rate and H*/lactate extrusion, which leads to extracellular acidification
that impairs the activity of DCs, and hinders the activity of glycolytic effector T cells

(Kay and Zanivan, 2023; Wu et al., 2020b; Zhang et al., 2024).

As evidenced in this section, PDAC TME conditions (i.e. a highly acidic and
immunosuppressive microenvironment with a dense ECM) are fundamental to
understand PDAC tumours aggressiveness and the challenges that therapies must

overcome in order to be effective against this malignancy (Andersen et al., 2021).
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1.1.3. PDAC therapeutics

1.1.3.1. Conventional approaches

As first lines of treatment, surgery is the only treatment option that can
potentially cure PDAC, being applicable only to patients with localized PDAC (15-
20% of cases). Unfortunately, this approach is associated with morbidity rates
between 22-40%, tumour recurrence rates ranging between 60-90% (Lockie et al.,
2025; Rozengurt and Eibl, 2026; Taieb et al., 2020), and 10-year overall survival rates
after resection of 5.3%, according to a nationwide study performed in the

Netherlands (Verkolf et al., 2025).

On the other hand, the use of radiotherapy in PDAC has been a topic of
controversy, with clinical studies showing inconsistent efficacy. However, novel
initiatives based on the technical improvements of the field have proposed the use
of radiotherapy as neoadjuvant or adjuvant treatment in patients receiving/not

receiving chemotherapy (Dardare et al., 2026; Xiao et al., 2025).

In the case of patients with late-stage or metastatic PDAC (80-85%),
chemotherapy is the first-line treatment (Debiais et al., 2026). Gemcitabine, a
nucleoside analogue, was the first agent to demonstrate efficacy against metastatic
PDAC in 1997 (Debiais et al., 2026) and itis still used until this day. However, current
standards of care recommend three possible combinatorial treatments as first-line
therapy: gemcitabine combined with albumin-bound paclitaxel (nab-paclitaxel),
and the quadruplets folinic acid, 5-fluorouracil, irinotecan and oxaliplatin
(FOLFIRINOX) and folinic acid, liposomal irinotecan, 5-fluorouracil and oxaliplatin

(NALIRIFOX), each one with median overall survival of 8.5, 11.1 and 11.1 months,
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respectively (Jia et al., 2025; Taieb et al., 2020; Wainberg et al., 2023). In addition,
safety concerns around the severity of their adverse events (e.g. severe anaemia,
neutropenia, thrombocytopenia, and nausea) makes FOLFIRINOX and NALIRINOX
the preferred options only for patients who can tolerate these side effects (Kang et

al., 2024; Mastrantoni et al., 2024).

Additional pharmacological approaches, such as gemcitabine + nab-
paclitaxel, 5-fluorouracil/folinic acid + oxaliplatin, liposomal irinotecan + 5-
fluorouracil/folinic acid, and gemcitabine single treatments have been suggested,
but none of these approaches have supposed any further improvements in terms of
overall survival of patients when compared with regimes that only considered first-

line agents (Dayyani et al., 2023; Fukahori et al., 2023; Trovato et al., 2025).

This scenario of unsatisfactory safety and efficacy for conventional
chemotherapeutics is mostly based on PDAC cells heterogeneity and their TME
conditions. For this reason, targeted therapies and immune-based approaches
appear as a suitable strategy to improve clinical outcomes by considering these

features.

1.1.3.2. Targeted agents and immunotherapy

Unlike systemic chemotherapy, targeted therapies are characterized by a
high selectivity, focused on inhibiting specific proteins or signalling pathways that
contribute to PDAC progression. A widespread example of the former is the case of
KRAS inhibitors, being sotorasib, a KRAS G12C inhibitor, the first agent to receive

FDA approval to treat non-small cell lung carcinoma (Nakajima et al., 2022). In the
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particular case of PDAC, KRAS G12C inhibitors like ASR-853 and ASR-1620 have not
shown any benefits in vivo, and sotorasib showed limited applicability, because this
mutation is only present in 1% of patients with metastatic PDAC (Li et al., 2024; Xie
etal., 2025). Despite this, the results of ongoing clinical trials focused on describing
the safety and efficacy of other KRAS G12C inhibitors, like adagrasib, divarasib,
glecirasib and garsorasib, will determine if this particular mutation is a relevant
target in PDAC (Drizyte-Miller et al., 2025b; Malla et al., 2025). Regarding KRAS
G12D inhibitors, MRTX-1133 showed potent and highly selective anti-cancer effects
on preclinical models, but failed at phase | trials due to complications In its
pharmaceutical formulation (Hallin et al., 2022; Malla et al., 2025). However, early
clinical trials using zoldonrasib (also known as RMC-9805) in single and
combination treatments have shown promising results in terms of toxicity and
efficacy against PDAC (Drizyte-Miller et al., 2025b; Li et al., 2024). To date, pan-
KRAS inhibitors, such BGB-53038, and RMC-6236, are under clinical evaluation,
but, as non-selective agents, their use raises safety concerns (Li et al., 2024; Reiss

etal., 2025).

Recently, the results of the phase lll clinical trial RASolute 302 showed
remarkable results for the multiselective RASON inhibitor daraxonrasib (RMC6236),
capable to inhibit G12, G13 and Q61 mutated variants of KRAS, NRAS and HRAS, in
patients with previously-treated metastatic PDAC. Patients treated with orally-
administered daraxonrasib exhibited longer overall survival and progression-free
survival when compared with groups of patients that received gemcitabine + nab-
paclitaxel, liposomal irinotecan + 5-FU + folinic acid, FOLFOX and modified

FOLFIRINOX (O’Reilly et al., 2026).
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Some examples of agents targeting signalling pathways relevant for PDAC
progression are poly (ADP-ribose) polymerase (PARP) inhibitors, like olaparib,
veliparib and niraparib, which have shown increased progression-free survival, but
no majorimpact on overall survival in patients with BRCA1/2 mutations (Fang et al.,
2023; Malla et al., 2025; Xie et al., 2025); epidermal growth factor receptor (EGFR)
inhibitors, like erlotinib, which improved survival in patients with advanced PDAC
when combined with gemcitabine (Moore et al., 2023); vascular endothelial growth
factor receptor inhibitors, like bevacizumab, which showed no efficacy both in
single and combinatorial approaches (Dittrich et al., 2019; Kindler et al., 2010); or
multi-targeting initiatives using RMC-6236 plus the EGFR inhibitor afatinib and the
STAT3 inhibitor SD36, which recently showed promising efficacy and tolerance in

patient-derived xenografts and murine PDAC models (Liaki et al., 2025).

In addition to these agents, many immune-based approaches for PDAC
treatment have been evaluated. From these strategies, immune checkpoint
inhibitors, such as anti-PD1, anti-PD-L1 or anti-CTLA4 drugs, have shown limited or
no efficacy both as single or combined treatments with chemotherapy (e.g.
FOLFIRINOX and gemcitabine/nab-paclitaxel) (Farhangnia et al., 2024; Timmer et
al., 2021). Associated with this, a randomized phase Il study using FOLFIRINOX plus
the anti-PD1 monoclonal antibody pembrolizumab as neoadjuvant therapy showed
a modest improvement of response when compared with standard FOLFIRINOX
(Chen et al., 2022). This example highlights the contrast between PDAC and other
malignancies with higher immunogenicity, where neoadjuvant approaches using
immune checkpoint inhibitors could lead to pathological responses > 70% (Chick

and Pawlik, 2024). Conversely, when the macrophage activator sotigalimab, an anti-
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CD40 monoclonal antibody, was used on in vivo PDAC models, contradictory
results were reported, and phase Il clinical trials failed to improve the condition of
PDAC patients (Farhangnia et al., 2024; Ju et al., 2024). A similar situation was
observed for CSF-1R blockers, which achieved promising results in syngeneic
orthotopic PDAC tumours, but only yielded modest results when the anti-CSF-1R
monoclonal antibody cabiralizumab was used with anti-PD1 (Maldonado et al.,

2023; Zhu et al., 2014).

Other immune-based approaches, like oncolytic viruses, cancer vaccines
and adoptive cell therapies, have been evaluated in PDAC with mixed results.
Treatment with oncolytic viruses like ONYX-015, an adenovirus designed to be
replicated inside of cells with impaired p53 function because of its E1B deletion
(Bischoff et al., 1996), and VCN-01, another adenovirus which uses E2F1 promoters
in the E1B site to promote its replication inside of cells with deregulated pRb
function (Bazan-Peregrino et al., 2021), had shown promising results preclinical
studies and early-phase clinical trials (Garcia-Carbonero et al., 2022). However,
impairments in viral replicability, reduced efficiency and safety because of the
activation of systemic immune response in the host and reduced penetration to
tumour sites because of PDAC TME conditions are challenges that need to be

covered in order to improve their applicability (Taylor and Lopez, 2023).

Regarding cancer vaccines used in PDAC, GVAX, a genetically-engineered
vaccine designed to induce the secretion of granulocyte-macrophage colony
stimulating factor (GM-CSF), was capable to achieve complete pathologic

response in 35% of the patients when used as a neoadjuvant agent with nivolumab
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and stereotactic body radiation therapy in patients with borderline resectable PDAC
(Agarwal et al., 2023). Another report of the use of cancer vaccines in PDAC is the
one regarding autogene cevumeran, a personalized mRNA vaccine, which, in
combination with the anti-PD-L1 monoclonal antibody atezolizumab and modified
FOLFIRINOX, was capable to induce neoantigen-specific T cell response in half of
the patients who received the treatment and increased their recurrence-free
survival when the response of the patients was evaluated 18 months later (Rojas et

al., 2023).

When adoptive cell therapies in PDAC are considered, tumour-infiltrating
lymphocyte therapy, T cell receptor (TCR) engineering, chimeric antigen receptor T
cells (CAR-T) are approaches which are in different stages of preliminary clinical
evaluation (Chick and Pawlik, 2024; Sherpally and Manne, 2025). As a recent
example, ex vivo-expanded T helper cells targeting the tumour-associated antigens
MAGEA4, NY-ESO-1, PRAME, survivin and SSX2 were administered to PDAC patients
sensitive and resistant to first-line treatments, resulting in disease control rates of

84.6 and 25.0%, respectively (Musher et al., 2026).

Despite the wide variety of signalling pathways that has been described in
this section as pharmacological targets, the search for pathophysiologically-
relevant candidates is a matter of permanent interest for PDAC therapeutics. In the
next section, the role of protein arginine methyltransferase 5 (PRMT5) and its

applicability as a target for cancer treatment will be discussed.
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1.2. PRMT5 and its role in cancer

1.2.1. General features of PRMT5 and its relevance in tumour biology

Among the events comprised as post-translational modifications, arginine
methylation is an ubiquitous process that can take place at both nuclear and
cytoplasmic level by members of PRMT family (Motolani et al., 2021). These
enzymes use S-adenosylmethionine (SAM) to catalyse the transfer of a methyl
group to the w-guanidino nitrogen of arginine residues (Antonysamy et al., 2012;
Motolani et al., 2021). In humans, 9 members have been identified in the PRMT
family, which have been classified according to their catalytic activity as Type |
(PRMT1-4, PRMT6 and PRMT8, which are capable to induce arginine
monomethylation and asymmetric dimethylation), Type Il (PRMT5 and PRMT9, that
promote monomethylation and symmetric dimethylation) and Type Il (PRMT7,
which is the only member with exclusive monomethyl transferase activity) (Gu et

al., 2025; Kim and Ronai, 2020).

In terms of its structure, PRMT5 is a 637 amino acids long protein which
contains an N-terminal TIM barrel domain, a middle Rossman fold domain and a C-
terminal B-barrel domain (Motolani et al., 2021). In humans, PRMT5 assembles as
a hetero-octamer with MEP50 (forming a 435 kDa complex). This association is
structured by two inner PRMT5 dimers assembled by their B-barrel domain and four
PRMT5:MEP50 complexes bound by the TIM barrel domain of PRMT5 (Antonysamy

etal., 2012; Gu et al., 2025; Kim and Ronai, 2020).
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PRMT5 is capable to symmetrically dimethylate both histone (Histone H2A,
H3 and H4 specifically) and non-histone targets (e.g. p53, CASP4, SRSF1, RAF-1,
AKT1, E2F1, NF-kB/p65, etc), exerting a regulatory role in cellular processes such as
gene transcription, gene splicing, cell cycle progression, apoptosis and
differentiation (Chen et al., 2021a; Gillespie et al., 2025; Gu et al., 2025; Liang et al.,
2021; Radzisheuskaya et al., 2019). Because of its involvement in a wide array of
functions essential for cell survival (summarised in Figure 1.2), PRMT5 is frequently
upregulated in lung cancer, colorectal cancer (CRC), breast cancer, glioblastoma,
ovarian cancer and PDAC (Abe et al., 2024; Abe et al.,, 2023; Banasavadi-
Siddegowda et al., 2018; Barczak et al., 2020; Chen et al., 2021a; Ozturk et al., 2025;

Qinetal., 2019).
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Figure 1.2. Cellular processes regulated by PRMT5 activity.
Summary of the biological functions controlled by PRMT5 which are important for tumour
progression. Figure created in https://BioRender.com.
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In the particular context of PDAC, PRMT5 overexpression is associated with
higher aggressiveness (Schneider et al., 2025). These features are explained, in part,
by the capacity of PRMT5 to interact with different protein targets like MYC, which
has been associated with a higher reliance on PRMT5 activity to preserve splicing
fidelity and promote glycolysis and proliferation (Orben et al., 2022; Qin et al., 2019;
Schneider et al., 2025), and Hippo, where PRMT5 inhibition has been associated
with a reactivation of Hippo signalling and a reduction of tumour growth on

immunodeficient mice bearing Panc-1 xenografts (Sun et al., 2023).

Another target of PRMT5 that is relevant for cancer progression is the
transcription factor E2F1. The characteristics of this interaction and its relevance

for cancer survival are topics that will be discussed in the following section.

1.2.2. PRMT5-E2F1 interaction and its association with cancer

progression

The transcription factor family E2F is integrated by 8 members with relevant
regulation roles in DNA damage repair, cell cycle progression, apoptosis,
differentiation, angiogenesis and metabolism (Xie et al., 2021). According to their
transcriptional function and role in cell cycle, E2F members are classified as
activators (E2F1-3), canonical repressors (E2F4-6) and atypical repressors (E2F7

and E2F8) (Li et al., 2023; Xie et al., 2021).

From the activator isoforms, E2F1 overexpression in cancer is frequent and
it has been associated with reduced overall survival and disease-free survival (Li et
al., 2023). E2F1 activates gene transcription by binding to E2 recognition sites

(canonically 5’-TTTCGCGC-37) in the DNA and associating with dimerization
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partner (DP) proteins (Fang et al., 2020). Regarding its function in the cell cycle,
E2F1 is inactivated by forming complexes with the tumour suppressor protein pRb
(a frequently-deregulated target in cancer). During G1 phase, an enhanced cyclinD-
CDK4/6 activity phosphorylates pRb and releases E2F1, which drives the
transcription of relevant genes for G1 to S phase transition (Manickavinayaham et

al., 2020; Stevens and La Thangue, 2003).

E2F1 activity can be regulated via post-translational modifications such as
phosphorylation, acetylation, ubiquitination, SUMOylation and methylation
(Graves et al., 2020; Marzio et al., 2000; Sun et al., 2024; Tang et al.,, 2023).
Regarding the later, PRMT5 is capable to symmetrically dimethylate E2F1 at the
RGRGR motifs present atits R111 and R113 residues, and PRMT1 methylates E2F1
at R109 (Cho et al., 2012). The activity of these enzymes is mutually exclusive and
regulate opposing cellular responses (e.g. R109 methylation promotes apoptosis
and inhibits cell growth, while R111/R113 methylation exerts contrasting effects)
associated with cell fate (Cho et al.,, 2012; Zheng et al., 2013). In addition,
R111/R113 methylation induced by PRMT5 promotes the interaction between E2F1
and p100/TSN, an RNA binding protein which has activation roles in gene
transcription, alternative splicing (AS) and cell proliferation (Roworth et al., 2019;

Saarikettu et al., 2023; Zheng et al., 2013).

All the biological effects, plus the described interaction of PRMT5 with other
cancer-relevant targets like E2F1, portray PRMT5 inhibition as a promising

pharmacological strategy in cancer.
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1.2.3. PRMT5 inhibition as a pharmacological approach in cancer

From a pharmacological perspective, PRMT5 contains two orthosteric sites,
namely its SAM-binding site and substrate-binding site at its Rossman fold domain
(Hu and Chen, 2024; Sun et al., 2011). Additionally, other pharmacologically-
relevant sites for PRMT5 inhibition include an allosteric binding site between the
Rossman fold and B-barrel domains and a PRMT5/MEP50 dimerization site atis Tim
barrel domain (Hu and Chen, 2024). Based on these structural elements, PRMT5
inhibitors can be classified as: (i) SAM inhibitors, which exert its activity by
interacting with a SAM-binding site in a cooperative (e.g. GSK-3326595 and SCR-
6920) or competitive (e.g. INJ-64619178, PF-06939999 and PRT811) fashion; (ii)
cooperative inhibitors of the endogenous inhibitor 2-methylthioadenosine (MTA),
which binds to PRMT5 substrate site (e.g. AMG-193, AZD3470 and MRTX-1719); (iii)
allosteric inhibitors (e.g. compound 1a); and (iv) PRMT5-substrate adaptor
interactor inhibitors, which bind to the PRMT5/MEP50 dimerization site (e.g. BRD-
6988 and BRD-0639) (Lee et al., 2025; Palte et al., 2020; Shen et al., 2020; Shen and

Li, 2025).

Preclinical studies using PRMT5 inhibitors have shown promising effects in
lymphoma, NSCLC, breast cancer, melanoma, glioblastoma and leukaemia, by
regulating apoptosis, cell cycle, gene expression and splicing, cell proliferation,
epithelial-mesenchymal transition and metastasis (Lee et al., 2025; Song and Yang,
2026). As examples of this, previous work from our research group with the selective
PRMT5 substrate inhibitor T1-44 have shown that this drug is capable to inhibit CRC

migration and invasion by interfering with the expression of the E2F1 target cortactin
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(Barczak et al., 2020), trigger apoptosis in neuroblastoma by recovering the splicing
fidelity of DIABLO (Bate-Eya et al., 2025), and enhance the immunogenicity of CRC
by inducing the expression and presentation of IncRNA-derived peptides (Barczak
et al., 2023). In the context of CDK2A/MTAP co-deleted malignancies, the use of
PRMTS5 inhibitors, like MRTX1719 and IDE892, is showing signs of efficacy in early-
stage clinical trials of tumours including non-small cell lung cancer and PDAC

(IDEAYA-Biosciences, 2026; Mulvaney, 2023)

Considering the pressing need for therapeutic alternatives that can increase
PDAC responsiveness to treatment, the relevance of the PRMT5/E2F1 interaction in
several aspects of tumour survival, and the promising effects that PRMTS5 inhibition
had shown in several types of cancer, the aim of following thesis has been focused
on exploring the potential of PRMT5 inhibition as a pharmacological toolto enhance

PDAC immunosensitivity.

1.3. Research hypothesis

PRMT5 inhibition is capable to increase the immunogenicity of PDAC cell lines due

to its effects on gene expression and alternative splicing.

1.4. Research objectives

- To characterize the effects of PRMT5 inhibition on the proliferation of PDAC

cell lines.
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To assess the role of PRMT5 inhibition modifying IncRNA expression and
regulating alternative splicing, and its subsequent impact on pHi/pH.
dynamics in PDAC cellular and animal models.

To establish if the effects of PRMT5 inhibition on pH dynamics and IncRNA
expression and alternative splicing can be used as a potential

immunosensitizing strategy for PDAC in vivo.

45



Chapter 2 : Materials and Methods

2.1. Cell culture, stable transfections, and compound treatments

Human and murine PDAC cell lines Panc-1 and Panc02, respectively, were
kindly provided by IngenOx Therapeutics (Oxford, UK), authenticated via short
tandem repeats (STR) profiling (Panc-1: Nortgene, C-33674-6. Panc02: ATCC,
MUSA3601) and cultured in DMEM (Gibco) supplemented (sDMEM) with 10% foetal
bovine serum (FBS; Thermo Fisher Scientific), and 1% of a penicillin/streptomycin
antibiotic solution (P/S; Gibco). Cultures were grown and maintained up to passage
30 in a humidified incubator at 37°C + 5.0 % CO,, and MycoSensor gPCR Assay Kit
(Agilent) was used to verify that all cell models were Mycoplasma-free. The

mutational profile of these cell lines is detailed in Table 1.

Table 1. Mutational profile of PDAC cell lines

Cellline TP53 KRAS SMAD4 CDKN2A
Panc-1 R273H G12A WT WT
Panc02 WT WT E174stop WT

E2F1 CRISPR knockout (E2F1Cr) cell lines were generated via stable
transfection with Geneluice (Sigma-Aldrich) for 48 h following the protocol
described by Ran et al. (Ran et al., 2013). For this purpose, a pSpCas9(BB)-2A-Puro
(PX459) V2.0 vector (Addgene plasmid #62988) that includes a single guide RNA
(sgRNA) sequence that targets exon 2 of both human and murine E2F1 (5’-

AAACTGACCATCAGTACC-3’) was used to generate E2F1Cr cells. In addition, a

control condition transfected with the empty backbone (Cas9) was included for
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each cell line. After transfection, puromycin selection and expansion processes,

knockouts were validated by immunoblotting.

T1-44 (IngenOx Therapeutics) was used as selective PRMT5 inhibitor (Barczak
et al., 2020) in concentrations and incubation times depending on the experiment.
To account for the inherent measurement variability associated with the location of
wells, seeding and treatment conditions, a randomized blocks design (RBD;
examples illustrated in Figure 2.1) was used for performing assays that involved the
use of 96-well plates (Festing, 2020; Karp and Fry, 2021). Randomization was made

using Excel 365 (Microsoft Corporation) at the day of each experiment.
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Figure 2.1. Representative examples of the randomized blocks design strategy
used for 96-well plates-based experiments.

A. RBD strategy used for T1-44 MTT assays. The four blue rectangles represent each one of
the incubation time blocks to be randomized (2, 3, 4 or 5d). On each incubation time block,
triplicates of each treatment condition (no-cell control, DMSO, 1 nM - 100 uM T1-44) were
also allocated randomly as treatment blocks. B. RBD model used for RT-qPCR experiments
using T1-44 treatment. Here, each one of the 16 blue rectangles represents a block with a
different gene to be randomized. The position of each treatment triplicate (DMSO or 1.0 uM
T1-44) was also assigned randomly for every gene block. Figure created in
https://BioRender.com.
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2.2. Antisense oligonucleotides (ASO) design and transfections

Design and validation of 2’-O-methyl-modified ribose with phosphorothioate
backbone (2’-OMePS) ASOs was performed following specific guidelines (Aartsma-
Rus et al., 2022; Aung-Htut et al., 2019), using eSkip-Finder (Chiba et al., 2021) as
in silico platform to identify potential ASO candidates to induce both human and
murine SLC4A7 exon 25 skipping (A25 ASO). An additional scrambled non-targeting
ASO was designed as negative control with the same number of nucleotides and
GC% as the SLC4A7-targeting ASO. In silico specificity was checked for every ASO
using NCBI BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) using both human and
murine RefSeq Genome databases. With this information, the chosen ASO
sequences detailed in Table 2 were synthesized by Integrated DNA Technologies

(Coralville, IA, USA).

Table 2. List of 2°OMe-PS ASO for SLC4A7 exon 25 skipping

Target Species Sequence (5’-3’)

SLC4A7 H/M25A (+27+48) Human/ GCAGUUUUGGCCAUUUCAUCUG
Mouse

Scrambled SLC4A7 H/M25A (+27+48) Human/ AGUUGCCGUUAGUCUAUGCUCU
Mouse

ASO transfections were performed for 48 h using Lipofectamine 3000
(Invitrogen) according to the manufacturer’s guidelines, with 200 nM as final ASO
concentration. ASO products and performance were validated via RT-gPCR by
establishing SLC4A7 exon 25 inclusion/exclusion ratio, and PCR by comparing the
pixel density ratio between spliced-in and spliced-out PCR products and
subsequent sequencing those amplicons (performed by Source BioScience,

Cambridge, UK). Chosen A25 ASO validation primers are described in Table 3.
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Table 3. List of primers for ASO products validation

Target Species Forward sequence (5’-3’) Reverse sequence (5’-3’)

SLC4A7 Ex23-26 validation PCR primers
SLC4A7 Human TTGTGCGCAAACTCATGGAC CTATAATGAAGTTTCAGCATCCACG
Ex23-26
Slc4a7 Mouse GTCTTTGTGCGCAAGCTCAT GTCACACTCACAGGCTTTTCA
Ex23-26

SLC4A7 splicing RT-gPCR primers

SLC4A7 SE Human AAGGCCCTAAAATATAGTGTT AGCATCCACGTATTTCTTTCTTGGTT
Ex24-25 GATCCC
SLC4A7 SE Human CCCTAAAATATAGTCCTGATAA AGCATCCACGTATTTCTTTCTTGGTT
Ex24-26 ACCTGTGA
Slc4a7 SE Mouse TATCAGATGAAATGGCCAAAA  TACAATGAAGTTTCAGCATCCATGT
Ex24-25 CTGC ATTT
Slc4a7 SE Mouse AAAATATAGCCCTGAAAAGCC TACAATGAAGTTTCAGCATCCATGT
Ex24-26 TGTGA ATTT

2.3. Cell proliferation

To establish cell growth under different treatment conditions, parental, Cas9
and E2F1Cr Panc-1 and Panc02 cells were seeded in 6-well plates (Greiner Bio-One)
at a density of 50,000 cells/well. After an overnight incubation, treatment or
transfection conditions were added, using DMSO or non-ASO-containing
transfection wells as control treatments, respectively. Every 2 days, cells were
collected and cell number was determined using a Luna-Il Automated Cell Counter

(Logos Biosystems), performing last measurements on day 8.

2.4. MTT assay

Parental, Cas9 and E2F1Cr Panc-1 and Panc02 cells were seeded on 96-well
plates (Greiner Bio-One) in density of 2,000-5,000 cells/well to achieve 40-50%
confluence the next day. After adhesion, cells were treated with T1-44 dilutions in

sDMEM (concentration range: 1 nM - 100 uM) for 2to 5 days. On each plate, DMSO-
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treated cells and a background condition without cells were included. After
incubation, a 1 mM MTT (ApexBio) in sDMEM solution was added to cells according
to previous reports (Kumar et al.,, 2018). Absorbance measurements were
performed using a Sunrise® microplate reader (Tecan) at 570 nm corrected with 650
nm. For data analysis, cell survival percentages were obtained by deducting the
cell-free background signal and then comparing the DMSO-treated measurements
with those acquired for T1-44 treatment. Median inhibitory concentrations (ICso)
were calculated for each condition by adjusting curves to an exponential fit using

Prism 10.4.1 software (GraphPad).

2.5. Cellcycle analysis

First, cells were seeded on 100 mm dishes to achieve a 60-70% confluence
after an overnight incubation. Then, plates were treated for 48 h with 0, 0.1, 1.0 and
10.0 uM T1-44, and 100 nM doxorubicin (Dox, which was used as positive control
based on previous reports for Panc-1 and Panc02 cells (Barros et al., 2018; Yagublu
et al., 2013)) for 48 h. After treatment, cells were trypsinized, washed with PBS, and
centrifuged for 3 min at 300 g at 4°C. Supernatants were discarded and cell pellets
were fixed using cold 70% v/v ethanol added dropwise while vortexing and
incubated for 30 min on ice. Fixed samples were washed twice with PBS and then
treated with 100 pg/mL propidium iodide (Pl; Sigma-Aldrich) and 200 ug/mL RNAse
A (Sigma-Aldrich) and incubated for 25 min at RT. Cell cycle profiles were obtained

on an Accuri C6 flow cytometer (Beckton Dickinson), acquiring a minimum of
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30,000 events per sample. Data were depicted as graphs showing the mean + SD of

Sub-G, phase percentages.

2.6. Annexin V/PI staining

To establish the effects of T1-44 on apoptosis, PDAC cells were seeded on
100 mm dishes and treated as stated in section 2.5 (Cell cycle analysis). Staining
was conducted by using the FITC Annexin V Apoptosis Detection Kit | (BD
Pharmigen) according to the manufacturer’s guidelines. 10,000 events per sample
were collected using an Accuri C6 flow cytometer (Beckton Dickinson), and FL1 and
FL3 channels were chosen to obtain Annexin V and Pl fluorometric measurements,
respectively. To illustrate results, comparisons were made using the overall

percentage of apoptotic cells obtained after each treatment.

2.7. Western blot

Cells cultured on 100 mm dishes were trypsinized, pelleted, washed with PBS
and lysed using modified RIPA buffer (50 mM Tris-HCL pH 7.4, 1% v/v IGEPAL CA-
630, 150 mM NaCl, 1 mM EDTA, 1 mM NaF, 1 mM Nas;VO,, 1 mM AEBSF
supplemented with protease inhibitor cocktail) for 30 min on ice. Then, samples
were centrifuged for 10 min at 12,000 rpm at 4°C, supernatants were collected, and
total protein amount was quantified using the Bradford method (Sigma-Aldrich).
The samples were resolved by SDS-PAGE using extemporarily-prepared 8-15% poly-
acrylamide gels and transferred onto membranes in a semi-dry transfer system
(Trans-Blot Turbo System with 0.2 um nitrocellulose transfer packs (Bio-Rad) at 25
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V, 1.0 Afor 30 min). 5% w/v skimmed milk (Sigma-Aldrich) solutionin PBS + 0.1% v/v
Tween 20 (PBS-T) was used for blocking (30 min at room temperature), and blocked
membranes were incubated overnight at 4°C using 1:1,000 dilutions of primary
antibodies (detailed in Table 4). After incubation, membranes were washed with
PBS-T and treated for 1 h at RT with suitable HRP-conjugated secondary antibodies
(1:10,000 dilution). Membranes were washed with PBS-T and bands were visualised

using Clarity Western ECL Substrate solutions (Bio-Rad) and X-ray films (Fujifilm).

Table 4. List of primary antibodies used forimmunoblotting

Target Catalogue Manufacturer
number
E2F1 37428 Cell Signalling Technologies
PRMT5 79998S Cell Signalling Technologies
Symmetric Dimethyl Arginine motif (SDMe) 132228 Cell Signalling Technologies
NBCn1/SLC4A7 PA5-104154 Invitrogen
Histone H4 ab174628 Abcam
Symmetric Dimethyl R3 Histone H4 ab5823 Abcam
FLAG F1804 Merck Millipore
GAPDH MAB374 Merck Millipore
2.8. RT-gPCR

With the purpose of harmonizing both terminologies and reproducibility, these
experiments were performed following the Minimum Information for Publication of
Quantitative Real-Time PCR Experiments (MIQE) guidelines when suitable (Bustin
et al., 2025). Total RNA extraction was performed using TriZol (Thermo Fisher
Scientific) following the manufacturer’s protocol, and subsequent reverse
transcription of 1.0 pg total RNA was performed using an oligo(dT)20 primer
(Invitrogen) and SuperScript lll reverse transcriptase (Invitrogen) according to the
supplier’s instructions. RT-gPCR reactions were conducted in an AriaMx Real-Time

PCR System (Agilent), the Brilliant Il Ultra-Fast SYBR® Green qPCR Master Mix
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(Agilent) with 20 ng cDNA and the reaction formulations and thermal protocols
recommended by the manufacturer. Relative expression values were calculated
using the 222°9 method (Livak and Schmittgen, 2001) with GAPDH as reference gene
for both species, and DMSO-treated condition as basal expression control when
compared to other treatments. Specific primer pairs for these experiments
(detailed in Table 5) were designed using Primer-BLAST
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/), choosing pairs that generate a

50-200 bp PCR product size, an 60°C annealing/extension temperature, and a GC

content between 40-60%.

Table 5. List of RT-qPCR primers used in this study

Gene Species Forward sequence (5’-3’) Reverse sequence (5’-3’)
(ncRNA primers
PYDC2-AS1- Human GGAGTCCTTCATCCGAATGGTAAA TTAGCTCCCCCTTGTTAGTGTG
212
SNHG1-258 Human AACCAATAACCTGCTTGGCTCA GTTTTCCTCAAACTCCTCTTGGG
DIO30S-225 Human GTGTACGGAGAGAGCTCGGA AAGGGTCCTCTTGCAGGCAT
DANCR Human CTTCATGTTCACCTTTTCAACC CAGAGTATTCAGGGTAAGGGTC
MALAT1 Human GTCGGCAATATGTTGTTTITC CCTGAAAAAGAGAAACCTACAA
C
BX322557.10 Human CGTTTCTGGTCTTTGAAAGAC GCTGGCTACCATCTTTATGTC
CCDC183-AS1- Human GCTGTGCAGGTTCCTCCC GACAGACATGCTGGCTGACA
201
NEAT1-201 Human ACCAAGGGCTGTGAACCC CACTGCCACCACCCTGG
MAP3K2-DT- Human GCATACGCACCTGGGTTGT CCAAGAAGAAGCTTTTCACGGG
208 AT
Gm6093-201 Mouse GTTGCAAGTTCTCTTCATCACACA  GCCAGCCTGCTTCCATGAAC
Gm43085-201 Mouse TCTAGGTTAGTGGGCTCAGGAAA ATCCTCAAAGTCCACTCCTGTG
Snhg3-204 Mouse AAGGTATAAATATGGCTGCGTCG GACCGGGTCAAGAACAAGCA
Gm37494-201 Mouse TCAAATACCTGAAAGGGCTCG ACTGAATATTGCACCACATTGC
Gm15635-201 Mouse TGGAGGCCTATGAATCTGAGGG GATGTCTTCCGTGTGCCTGAG
Gm37855-201 Mouse GGAAAACTGAAAGGTCCTGAGC AGAACGGCCAGTGTCAGAGA
A830082K12Ri  Mouse TTGGCATAGAGAGAAGAGCAGTTA CATTCCATGGCCACAATATACAT
k-210 GTTC
C430049B03Ri  Mouse GCCATGGTAACCCTAAAGTATTGA TCGATGGTCACGAAAAGAGAGC
k-201 TTC
Gm35940-201 Mouse ACATGCAACTAGTGGAGACAACA TGGGATGTGTCCACCTCCATT
SLC gene family primers
SLC4A4 Human CAGGAGGATGGAGGATGAAGC ATGGTATGGTGGCCTTCTACT
SLC4A7 Human TTGCTTGAAAGGAATGGGGAAGG  CAAGGAAAGGTTTGAGGCAGA
SLC5A1 Human ATCTGTGGGGTGCACTACTT ACACAGACGGTAGAGATGCACA
SLC5A2 Human GTGCCTGAGGTGTGCAGG CCGCGCAGACCGTTGG
Slc4a4 Mouse TCAAACCCCTCATCTCCCCG AGAAGCTCATCGAGTTCCGTG
Slc4a7 Mouse AGGGCACAAACATCACCACC CGATGGCGTGTCATAAGAAGGA
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Slcba1 Mouse ACATTGGAAGTGGTCACTTTGTG AAAACCAAGGCGTTCCATTCAA

AG
Slc5a2 Mouse GGCACTGATGTACACAGACACT CATGGAAAGCATAACCAGTGAG
G
SLC4A7 skipped exon 25 event primers
SLC4A7 SE Human AAGGCCCTAAAATATAGTGTTGATC AGCATCCACGTATTTCTTTCTTGG
Ex24-25 CcC T
SLC4A7 SE Human CCCTAAAATATAGTCCTGATAAAC AGCATCCACGTATTTCTTTCTTGG
Ex24-26 CTGTGA T
Slc4a7 SE Mouse TATCAGATGAAATGGCCAAAACTG  TACAATGAAGTTTCAGCATCCAT
Ex24-25 C GTATTT
Slc4a7 SE Mouse AAAATATAGCCCTGAAAAGCCTGT  TACAATGAAGTTTCAGCATCCAT
Ex24-26 GA GTATTT
Reference gene for relative quantification
GAPDH Human/  TTCATTGACCTCAACTACAT GTGGCAGTGATGGCATGGAA

Mouse

2.9. RNA sequencing (RNAseq) and splicing analysis

Panc-1 and Panc02 cells were treated with DMSO and 1.0 uM T1-44 for 48 h.
RNA was extracted using the Direct-zol RNA Mini Prep Plus (Zymo Research) kit
following the supplier’s instructions. Samples with total RNA concentration =210
ng/uL and 260/280 and 260/230 absorbance ratios 2.0 were sent to Genewiz
(Azenta Life Sciences, Leipzig, Germany), who performed quality control, library
preparation, and sequencing. For RNAseq analysis, resulting FASTQ files were
uploaded to Galaxy platform global server (https://usegalaxy.org/) (Community,
2022), adapter removal was verified using Cutadapt v.4.4, and quality control of the
reads was checked by FastQC v.0.12.1. For differentially expressed gene (DEG)
analysis, initial sequence mapping was performed using STAR (v.2.7.10b), using a
100-bp read length, and h19/GRCh38.p14 and mm10/GRCm39 as reference
genomes and GENCODE gene annotation versions in Panc-1 and Panc02 samples,
respectively. The binary alignment map (BAM) files were used to obtain normalized
gene counts with featureCounts v.2.0.3, and these counts files were then used for

differential gene expression analysis with DESeq2 v.1.40.2, using a false discovery
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rate (FDR) < 0.01 as significance threshold. Heatmaps were generated using Z-
scores on normalized counts, and volcano plots were made considering adjusted p
value < 0.01 and absolute value of the base-2 logarithm of fold change (|log:FC|) >
0.58 as cutoffs. Additionally, log,FC results of significant DEGs were used for Gene
Ontology (GO) analysis with Goseq v.1.26.0 considering p < 0.05 as cutoff for

significant terms.

For IncRNA transcript analysis, Kallisto v.0.48.0 was run on FASTQ files, using
human GRCh38.p14 and mouse GRCm39 GENCODE reference transcriptomes.
Significanttranscripts were identified using the tximportv1.28.0 package to process
transcripts per million (TPM) values on DESeq2 v.1.40.2 with FDR < 0.01 as
significance threshold. LncRNA transcript heatmaps were generated using Z-scores
on TPM, and top 20 up- and downregulated IncRNA transcripts were identified for

both cell lines using FDR <0.01 and |log,FC| > 1.0 as cutoffs.

To analyse the effects of T1-44 on alternative splicing (AS), rMATS turbo v.4.1.2
algorithm was applied using human GRCh37.p14 and murine GRCm38 as
GENCODE referential annotations. Identified AS events included skipped exons
(SE), retained introns (RI), mutually exclusive exons (MXE), and alternative 5’ and 3’
splicing sites (A5SS and A3SS, respectively). Events were considered significant

when FDR <0.05 and AW > 0.05.
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2.10. IncRNA promoter analysis

Differentially expressed (DE) IncRNA gene promoters were checked for E2F1
binding using chromatin immunoprecipitation sequencing (ChlPseq) track sets
available on UCSC Genome Browser (https://genome.ucsc.edu/) (Kent et al., 2002).
GRCh37/h19 assembly was used for human genes, and in silico predicted E2F1
binding sites were identified using the E2F1 ChIPseq tracks (obtained for HeLa-S3,
MCF-7 and K562 cells) available on ENCODE and ConTraV3
(http://bioit2.irc.ugent.be/contra/v3/#/step/1) platforms (Kreft et al., 2017). For
murine genes, GRCmM39/mm39 assembly was chosen, and JASPAR Core 2022 and
ReMap Atlas of Regulatory Regions ChIPseq data tracks (obtained for CH12 and

MEL cells) were used for E2F1 binding predictions.

IncRNA genes were classified as direct E2F1 binders, associated to other E2F1
target, or non-binders whenever was possible to recognize E2F1 binding sites 500
bp at either side of the transcription start site, if this site was shared with another

E2F1 target, or no E2F1 binding sites were found around this area, respectively.

2.11. Polysome profiling, ribosome sequencing (Ribo-seq) and

polysome enrichment analysis

To evaluate whether T1-44-regulated IncRNAs are capable to be translated,
Panc02 cells were seeded on 100 mm dishes and treated with DMSO and 1.0 uM T1-
44 for 48 h. After this, cultures were treated with 100 pg/mL cycloheximide (CHX;

Santa Cruz Biotechnology) for 10 min at 37°C + 5.0 % CO,, trypsinized, washed with
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cold PBS + 100 pg/mL CHX and resuspended in polysome extraction buffer (PEB; 20
mM Tris-HCL pH 7.4, 50 mM KCl, 10 mM MgCL, 1 mM DTT, 100 pyg/mL CHX, 200
pg/mL heparin, 1x protease inhibitors (VWR), 1x RiboLock RNAse inhibitor (Thermo
Fisher Scientific) and 1% Triton X-100). Tubes with PEB were maintained on ice for
10 min with frequent mixing by carefulinversion and then centrifuged at 12,000 g for
10 min at 4°C. Total RNA amounts were quantified for each crude cytoplasmic lysate
using a Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific). Sucrose
gradients were prepared the day before the experiments by gently overlaying 2 mL
of 10-50% sucrose dilutions and allowed to linearize overnight at 4°C. Next,
cytoplasmic lysates containing 300 pg RNA were added on top of the linearized
gradients and fractionation was performed by ultracentrifugation using a SWA40Ti
rotor at 190,000 g for 1.5 h at 4°C (Optima XE-90 ultracentrifuge, Beckman Coulter).
After this, twelve fractions were collected manually, and 254 nm absorbance was
measured. RNA from each fraction was extracted using the Direct-zol RNA Mini Prep

Plus (Zymo Research) kit according to the protocol provided by the manufacturer.

Then, RNA extracts from the sucrose fractions corresponding to polysomes
(fractions 8 to 12) were combined together and sent to Genewiz for RNAseq. The
obtained FASTQ files were uploaded to the Galaxy Europe (https://usegalaxy.eu/)
server (Community, 2022), adapter removal was done using Cutadapt v.4.4 and
reads quality was checked by FastQC v.0.12.1. For DEG analysis, initial mapping
was performed by using STAR (v.2.7.10b), setting a 150-bp read length, and mm10
and GRCm39 as reference genome and GENCODE gene annotation versions,
respectively. Normalized gene counts were obtained using featureCountsv.2.0.30on

the BAM files, and DESeq2v.1.40.2 was used afterwards for DEG identification, with
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an FDR < 0.01 as significance threshold. Heatmaps were generated using Z-scores
on normalized counts, and volcano plots were made with adjusted p value < 0.01
and |log,FC| > 1.0 as thresholds. DEG data were used for Gene Ontology (GO)

analysis with Goseq v.1.26.0 considering p < 0.05 as significance cutoff.

DE IncRNA transcripts were identified using two approaches. First, Kallisto
v.0.48.0 was used on FASTQ files, using GRCm39 as reference transcriptome, and
transcripts were identified using the tximport v1.28.0 package on DESeq2 v.1.40.2
with FDR < 0.01 as significance threshold. In addition to the Kallisto/DESeq2
workflow, a second approach was performed using RNA STAR. Mapped data was
assembled into transcripts using StringTie v2.2.3 with GRCm39 as reference
transcriptome. Afterwards, assemblies were merged using GENCODE M32 as
reference IncRNA annotation, gene counts were obtained using featureCounts
v.2.0.3, and DESeq2v.1.40.2 was performed establishing FDR <0.01 as significance
threshold for DE IncRNA transcripts. Results with the
StringTie/FeatureCounts/DESeq2 workflow were used to generate LncRNA
transcript heatmaps using Z-scores on TPM values, and top 20 up- and
downregulated IncRNA transcripts were identified with FDR < 0.01 and [log.FC| >
1.0 as cutoffs. For subsequent analysis, only the overlapping DE IncRNA transcripts
between the Kallisto/DESeq2 and StringTie/FeatureCounts/DESeq2 approaches
were used. These findings were validated in vitro by performing polysome
enrichment analysis following the protocol described by Han et al., 2021 (Han et al.,
2022) and the RT-gPCR protocols described in section 2.8 (RT-gPCR). Briefly, a list
of overlapping DE IncRNA were chosen and their polysome enrichment profile (via

% RNA) was established by performing RT-gPCR (primer sequences detailed in
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Table 6) reactions on cDNA samples derived from the RNA extracts of each sucrose
fraction. GAPDH and non-coding Y RNA 1 (RNY1) were used as positive and negative

controls for polysomal enrichment, respectively.

Table 6. List of RT-qPCR primers used polysome enrichment analysis

Gene Forward sequence (5’-3’) Reverse sequence (5’-3’)
1700018L02Rik-201 CCAAAGAAACTGAAAACTGTGGGT GGCGGGTGTATAGCTAGTTTCT
Gm42549-201 GCGAGAAGCAACCCCACTAT AACAGGCAGTGTTAGCCTCC
ENSMUST00000203403.3 CGGTGGTACCGGGTGAAGA ATCTTGGGGTTCATCTTGCTCT
D5Ertd615e-201 AACCTCTCAAGAAATCCTGAAGCA AGAAGGCAGCACCAGGC
GAPDH TTCATTGACCTCAACTACAT GTGGCAGTGATGGCATGGAA
hY1 GGCTGGTCCGAAGGTAGTGA GCAGTAGTGAGAAGGGGGGA

2.12.In silico \IncRNA-derived peptides database creation and

MHC-I binding prediction

Using the overlapping DE IncRNA transcripts from Ribo-seq analysis as
starting point, complete cDNA sequences were obtained with Ensembl BioMart
using GRCm39 dataset, and open reading frames (ORF) annotation was made using
OREF Finder (https://www.ncbi.nlm.nih.gov/orffinder/) (Rombel et al., 2002), setting
a minimal ORF of 75 nucleotides, standard genetic code and detection of both
canonical (i.e. ATG) and alternative (i.e. CTG and TTG) ORF start codons. Once the
sequences of standard and nested ORFs were obtained, datasets for IncRNA-
derived peptides were created using EMBOSS Transeq for in silico translation
(Madeira et al., 2022). Afterwards, the binding affinity of these predicted IncRNA-
derived peptides to the major histocompatibility complex class | (MHC-I)
haplotypes of C57BL/6 mice (H-2Kb and H-2Db) was assessed using NetMHCpan
4.1a (Reynisson et al., 2020). The resulting list of strong H-2Db/Kb binders was used

for the design of a cancer vaccine prototype.
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2.13. IncRNA ORF cloning

To determine whether in silico-predicted IncRNA-derived ORFs can be
translated, the sequence of a representative IncRNA transcript, 1700018L02Rik-
201, was amplified using Phusion High Fidelity DNA Polymerase (New England
Biolabs) with suitable PCR primers (forward primer: 5’-
ACTGACGAATTCCAGAGGTCAAACATACTAGCTCC-3’; reverse primer: 5’-
ACTGACCTCGAGAAAAGCCTTACTTCCACCCCT-3’) that covered the ORF sequence
plus 30-bp of the upstream region (to include any potential ribosome binding sites),
and EcoRl/Xhol restriction sites. This insert was cloned into the C-terminus FLAG-
tagged vector pSF-CMVNEO-COOH-3xFLAG (OxGene) as previously described
(Barczak et al., 2023). After cloning was confirmed by sequencing, Panc02 cells
were transfected with the generated construct for 48 h, after which total protein was
extracted and FLAG was detected by immunoblotting (F1804, 1:1000 dilution,
Merck Millipore). A previously described E2F1-FLAG construct (Barczak et al., 2023)

was used as positive control.

2.14. ChAdOx1 vaccine manufacturing

Once the translation potential and the binding to H-2Db and H-2Kb was
confirmed, a list of IncRNA-derived candidate peptides was chosen for vaccine
design. The poly-antigenic cassette was created by combining the IncRNA-derived

peptide sequences with their 4 flanking amino acids into one string with Kozak,
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codon startand tPA sequences added atits 5’ end. This cassette, named PepLncP2,
consisted of 28 T1-44-induced IncRNA-derived peptides plus a double stop codon.
The complete cassette, each of the IncRNA-derived 9-mers, their bridging
sequences, and bridges plus following 9-mer sequences were crossed-referenced
against both human and murine UniProtKB/Swiss-Prot databases using NCBI
BLAST to validate that no homology with other protein-coding sequences was

found.

The complete cassette was optimised using GeneArt (Thermo Fisher
Scientific) by Viral Vector Core Facility (Pandemic Sciences Institute, University of
Oxford), to enhance translatability and prevent recombination before starting the
synthesis and cloning process into the replication-deficient chimpanzee
adenovirus vector ChAdOx1. Briefly, the transgene was cloned into pC1936
24ADUFVD_3931316 plasmid, and this construct and the entry vector p1990 were
digested with Kpnl/Notl to obtain the insert sequence and its corresponding
backbone, respectively. After agarose gel electrophoresis and gel DNA extraction,
the sequences were ligated and transformed into DH10b chemically competent E.
coli cells (Thermo Fisher Scientific). After colony selection using kanamycin and
subsequent DNA extraction, the obtained clone of the pC1937 pENTR4LPTOS-
PepLncP2 plasmid was cloned into the destination vector ChAdOx1 (p2563) using
LR clonase Il (Thermo Fisher Scientific). This product was used for DH10b
transformation, plating, kanamycin + chloramphenicol selection and colony PCR to
choose a single clone to be used to prepare the BAC vector pC1938 pChAdOx1-
PepLncP2. The resulting DNA was sequenced before proceeding with Pmel

digestion and linearisation. After confirmation, linearised pChAdOx1-PepLncP2
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was transfected into T-REx™-293 cells (Thermo Fisher Scientific) for virus
production. Integrity of the virus expansion and recovery was checked for sterility
and infectious units (IU) quantification via immunostaining. The presence of the
PepLncP2 antigen was confirmed by identity PCR, and Flank-Flank PCR was used
to check the integrity of the antigenic DNA sequence and the absence of any other
contaminating Adenovirus. A diagram of this vaccine and the details of its DNA and
peptide sequence are detailed in Appendix Il. ChAdOx1-GFP was used as control

condition for any subsequent experiment using the ChAdOx1-PepLncP2 vaccine.

2.15. Intracellular pH measurements

All experiments related to pH regulation and O, consumption were
performed at the Laboratory of Proton Dynamics in collaboration with Professor
Pawel Swietach (Department of Physiology, Anatomy and Genetics, University of
Oxford). These experiments were performed according to the guidelines for pH
controlin live cell cultures (Michlet al., 2019). Briefly, Panc-1 and Panc02 cells were
seeded in triplicate (Panc-1: 10,000 cells/well; Panc02: 5,000 cells/well) in clear
bottom black 96-well p-plates (Ibidi) and left to attach overnight. Then, cells were
treated with T1-44 (1.0 and 5.0 uM), A25 ASO (200 nM) and a combination of 1.0 uM
T1-44 and 200 nM A25 ASO for 48 h. DMSO, 2.5 uM CisP (as reported previously for
pHi measurements in the literature (Shirmanova et al., 2017)) and 200 nM
scrambled ASO were used as controls for treatment, mechanism of action and ASO
transfection, respectively. On the day of imaging, cells were labelled for 15 min with

a sDMEM solution containing 5 pg/mL cSNARF-1 AM (Invitrogen) and 1.0 pg/mL
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Hoechst 33342 (Invitrogen). Then, loading medium was discarded and wells were
washed twice with pre-equilibrated phenol-red free DMEM (Sigma-Aldrich) with
varying sodium bicarbonate (Sigma-Aldrich) concentrations corresponding to
different pH points at 37°C and 5.0% CO.. The formulation of these physiologically-
buffered (HCO3;/CO,) media is detailed in Table 7. After washing, media was added
to the wells for a third time and plates were imaged in a Cytation 5 (Biotek) plate

reader.

Forimaging, bicarbonate-buffered plates were set up at 37°C and 5.0% CO.,
delaying imagining by 30 min to allow for media to equilibrate. Fluorescence images
(10x) of each well were acquired using the appropriate excitation (A«) and emission
(Aem) wavelengths for each dye, specifically cSNARF-1, Aex = 531 nm and Aem = 590

and 640 nm, and Hoechst 33342, Aex = 377 nm and Aem = 447 nm.

To assess that the T1-44 regulation of pH; was bicarbonate-dependent, pH
imaging was performed using media containing a non-volatile buffering (NVB)
system composed of 10 mM HEPES (Sigma-Aldrich) and 10 mM MES (Sigma-
Aldrich) followed by pH adjustments at 37°C (pH points used are detailed in Table

7). For these experiments, imaging was done in a CO,-free atmosphere.

Image analysis, cSNARF-1 fluorescence ratios, conversion to pH; and pH;
distribution adjusted to cell number was performed using MATLAB scripts written

by Prof. Swietach (Blaszczak et al., 2022; Michl et al., 2023).
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Table 7. sDMEM formulations used to prepare pH-adjusted media

General components

Reagent Concentration Manufacturer
Glucose 25Mm Sigma-Aldrich
FBS 10% Thermo Fisher Scientific
Glutamine 2mM Gibco
Sodium pyruvate 1mM Gibco
Penicillin/Streptomycin solution 1% Gibco
Formulations for NaHCQO3/5.0% CO, buffering
NaHCO; concentration (mM) NaCl concentration (mM) pH (37°C +5.0% CO,)
44.00 0.00 7.71
22.00 22.00 7.41
11.00 33.00 7.11
5.50 38.50 6.81
2.75 41.25 6.51
0.00 44.00 6.20
Formulations for HEPES / MES buffering
HEPES concentration (mM) MES concentration (mM) Adjusted pH (37°C)
8.05
7.89
10.00 10.00 7.43
7.07
6.52
6.02

2.16. Extracellular pH (pHe) and O, consumption measurements

The effect of T1-44 and A25 ASO on H* production (associated with pH.) and
O, consumption was established using a surrogate protocol described previously
for glycolytic and oxidative metabolism measurements (Blaszczak et al., 2021). This
protocol uses the combination of the ratiometric fluorescent pH sensor 8-
hydroxypyrene-1,3,6-trisulfonic acid (HPTS, Sigma-Aldrich), and the O.-quenched
fluorophore tris(2,2'-bipyridyl)dichlororuthenium(ll) (RuBPY, Sigma-Aldrich) to
report extracellular pH and O levels. In addition, CellTracker Orange (CTO;
Invitrogen) was included for cell number normalization. Black 96-well plates
(Greiner) were seeded with Panc-1 and Panc02 cells following a RBD performed at

the same day of the experiment, and after an overnight incubation, cells were
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treated with T1-44 and A25 ASO as previously described (Section 2.15, Intracellular
pH (pH;)) measurements). To perform the assessments, cells were loaded with 25
pUM CTO for 15 min. Then, loading medium was discarded and the plates were
washed with low-buffering medium (sDMEM containing 2.9 mM NaHCO3/41 mM
NaCl or 2 mM HEPES/2 mM MES for physiological and NVB, respectively). Next, a
labelling solution consisting of 2 yM HPTS/50 uM RuBPY in low-buffering medium
was added onto the plate and sealed by adding mineral oil (Sigma-Aldrich) to
control O, diffusion. Then, plates were put in a Cytation 5 (Biotek) plate reader and
fluorescence readings were collected every 10 min for 17 h at five Aex/Aem Cchannels
(Ch1: 540/580 nm for CTO; Ch2: 400/510 nm and Ch3: 460/510 nm for HPTS; and
Ch4: 416/510 nm and Chb: 450/620 nm for RuBPY). The set-up conditions for the
plate reader were 37°C, 21% O,, and 0.0% or 0.5% CO, for NVB and HCO3;/CO,

buffering conditions, respectively.

pH., O, percentage, and cumulative H* production and O, consumption data
were calculated based on fluorometric measurements using MATLAB macros
described in previous reports (Blaszczak et al., 2021; Blaszczak et al., 2024; Michl

etal., 2022).

2.17. Lipid peroxidation assay

To evaluate if the effects of T1-44 and A25 ASO on pHi/pHe dynamics have
functional implications on the activity of other drugs, PDAC cells were seeded on
100 mm dishes following the protocol stated in section 2.5 (Cell cycle analysis).
After attachment, culture medium was replaced with physiological low-buffering
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sDMEM prepared as described in section 2.16 (Extracellular pH (pH.) and O
consumption measurements) and cells were treated for 48 h with different
combinations of T1-44 and A25 ASO, and Dox, a weakly basic drug (pK, = 8.2)
(Yamada, 2020). Lipid peroxidation, a well-known cellular effect of Dox associated
with its pro-oxidative mechanism of action (Alhowail et al., 2019), was measured by
using the Lipid Peroxidation Assay Kit (Abcam). The assay detects non-peroxidised
(PE) and peroxidised (FITC) lipids by staining with a proprietary ratiometric dye. After
treatment, cells were harvested via trypsinization and stained with the lipid
peroxidation sensor for 30 min. Next, cells were washed and FITC and PE mean
fluorescent intensity (MFI) was acquired using an Accuri C6 flow cytometer
(Beckton Dickinson). Lipid peroxidation was established by calculating the PE/FITC
ratio of each experimental condition. As a positive control, cells were treated with

250 uM H,0; for 30 min.

2.18. In vivo immunogenicity testing

Two groups of five 8-weeks-old female C57BL/6 mice (Charles River
Laboratories) were intravenously vaccinated with a single 1.25 x 10® IU dose of
ChAdOx1-PepLncP2 suspendedin 100 uL PBS, and ChAdOx1-GFP, which was used
as control carrying anirrelevant antigen (GFP). At 10 days post-vaccination, animals
were culled and their spleens were collected. Animals were housed at the
Biomedical Sciences Building, University of Oxford under pathogen-free conditions,

and experiments were performed by Dr Wiktoria Blaszczak under the UK Home
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Office licence PP6528177 in agreement with the UK Animal (Scientific Procedures)

Act 1986.

One day before the endpoint, multiscreen 96-well plates with hydrophobic
PVDF membranes (Merck Millipore) were incubated overnight at 4°C with anti-
mouse IFNy capture antibody (clone AN18, 3321-3-1000, 1:200 dilution, MabTech)
solution in PBS. After incubation, wells were washed four times with PBS and
blocked with R10 solution (RPMI medium supplemented with 10% FBS and 1% P/S)
for 2 h at 37°C. For splenocyte extraction, the organs were passed through a 70 um
cell strainer (Merck Millipore) using sterile syringe plungers, the filters were washed
with PBS, and the obtained single-cell suspensions were pelleted by centrifugation.
To remove red blood cells, pellets were vigorously resuspended with ACK lysing
buffer (Gibco), and reaction was stopped after 1 min by adding R10 followed by a
400 g for 4 min centrifugation at room temperature. Cell pellets were resuspended
again in R10, counted, and the cell concentration was adjusted to 3 x 10°cells/mL,
and 50 pL of cell suspension (1.5 x 10° cells) was added to each well. Cells were
stimulated with a pool of the 28 PepLncP2 peptides (synthetised by GeneScript,
each peptide at a 10 pg/mL final concentration)), and DMSO and
phytohemagglutinin-L (PHA; Roche) dilutions were used as negative and positive
controls, respectively. The cells were incubated overnight at 37°C + 5.0% CO., then
contents were discarded, wells were washed 7 times with PBS and treated for 4 h at
room temperature with a biotin-conjugated anti-mouse IFNy detection antibody
(clone R4-6A2-Biotin, 3321-6-1000, 1:2000 dilution, MabTech) resuspended in 2.5%
BSA in PBS solution. After this, wells were washed 4 times with PBS and then treated

for 2 h at RT with an alkaline phosphatase-conjugated anti-biotin secondary
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antibody (SP-3020, 1:1000 dilution, Vector Labs) in 2.5% BSA in PBS solution. To
develop the reaction, wells were washed 4 times with PBS and then treated for 15
min at RT with 50 yL of a BCIP/NBT substrate solution (Thermo Fisher Scientific) per
well. Colour development was stopped by discarding the BCIP/NBT solution and
washing the plate 3 times with tap water. Then, the rubber bottom of the plate was
removed, and the plate was air dried overnight. Spots were quantified using an S6

Universal M2 ELISpot scanner (ImmunoSpot. Cellular Technology Limited).

2.19. Anticancer effects of PRMT5 inhibition in vivo

These experiments were outsourced to Charles River Laboratories (Freiburg,
Germany) and were conducted under the approval of the Charles River Animal Care
and Use Committee in accordance with the German National Committee for the
Protection of Animals Used for Scientific Purposes. To assess the effects of T1-44 in
a syngeneic tumour model, 52 6-8-weeks-old female C57BL/6 mice were injected
subcutaneously with 5 x 108 Panc02 cells suspended in 100 pL of a 1:1 Matrigel:PBS
mixture. Once tumour volumes reached 50-150 mm?2, the mice were randomized to
one of the following daily oral treatment groups (12 mice per group): 100 mg/Kg T1-
44 dissolved in a 5.0% DMSO, 0.5% Tween 80 in water solution as vehicle, vehicle
only, and vehicle plus ad libitum bicarbonate water (positive control designated to

remove acidosis within the TME (Lin et al., 2024; Pilon-Thomas et al., 2016)).

Body weight and tumour volume measurements were taken twice per week.
Ulceration, tumour volumes exceeding 1200 mm?® and weight loss over 30% were
causes of early termination. Within each group, four animals were treated until day

8, and 12 h after the final dosing, the animals were intravenously injected with FITC-
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conjugated pH-low insertion peptide (FITC-pHLIP; MedChemExpress; 1 umol/Kg,
200 uM in 2% DMSO in PBS) to stain acidic niches as reported previously (Michl et
al., 2024; Reshetnyak et al.,, 2011). 20 minutes after injection, animals were

sacrificed and their tumours harvested.

Tumours were snap frozen and used for RT-gPCR evaluation of SLC4A7
expression and exon 25 skipping, and for acidic niches imaging. The remaining
animals were maintained until 16 days of treatment, tumour volume and body
weight measurements were taken until this point, and four tumour formalin-fixed
paraffin-embedded (FFPE) samples per group were collected for analysis of the

TME.

2.20. Immunofluorescent detection of acidic niches

Snap-frozen tumour samples collected from animals injected with the FITC-
pHLIP probe were processed in the Histology Facility of the Department of
Physiology, Anatomy and Genetics, University of Oxford. Samples were embedded
in optimal cutting temperature (OCT) sectioning medium (Thermo Fisher Scientific)
and stored at -80°C overnight. After this, 10-pum tissue sections were cut using a
cryostat, mounted on gelatine-coated slides and post-fixed for 10 min with 4%
paraformaldehyde (Sigma-Aldrich). Sections were mounted using antifade agent
containing Hoechst 33342 (Thermo Fisher Scientific) and sealed with coverslips

before imaging.
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Images were acquired at the Laboratory of Proton Dynamics in collaboration
with Professor Pawel Swietach (Department of Physiology, Anatomy and Genetics,
University of Oxford) using a Zeiss LSM 700 confocal microscope with an EC Plan-
Neofluar 40x/1.30 Oil M27 objective. All images were taken using the following
settings, chosen from samples with positive acid niches staining: 8-bit, 1,024 x
1,024 pixels, averaging of 16 captures, pinhole between 3.90 and 3.95 Airy units,
gain between 755 and 835V, and laser power between 1.2 and 2.4%. Image export
was made using ZEN 2.3 SP1 (Carl Zeiss) and figures were assembled using Adobe
Photoshop CS5 (Adobe Systems). Image analysis was performed using a MATLAB
macro written by Professor Swietach to assess the mean florescence of FITC
normalised to cell number (based on the number of nuclei) between all treatment
conditions and samples. In parallel, whole-slide scanning of the tumour samples
was outsourced to the Translational Histopathology Lab, Department of Oncology,

University of Oxford.

2.21. Immunohistochemical staining

Tumour FFPE samples were sectioned by the Translational Histopathology
Lab (Department of Oncology, University of Oxford). Four-um sections were washed
three times for 5 min with HistoChoice (Sigma-Aldrich), followed by two 10-min
washes with 100% ethanol, 95% ethanol and distilled water. Sections were
incubated for 20 min at 99°C with a sodium citrate pH 6.0 or Tris-EDTA pH 9.0 buffer
(Abcam) for antigen retrieval, then washed three times with distilled water for 5 min

each, incubated for 10 min with a freshly-prepared 3% H,O, solution, then washed
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twice for 5 min with water and PBS-T. Non-specific binding was blocked by
incubation with animal-free blocking solution (Cell Signalling Technologies) for 1 h
at RT, and incubated overnight at 4°C with the following primary antibodies: CD4
(ab183685, 1:8,000 dilution, Abcam), CD8 (ab237723, 1:500 dilution, Abcam),
granzyme B -GZMB- (46890S, 1:100 dilution, Cell Signalling Technologies), PRMT5
(79998S, 1:400 dilution, Cell Signalling Technologies) and SDMe (132228, 1:5,000
dilution, Cell Signalling Technologies). As background signal control, sections were
incubated with a rabbit IgG isotype control (3900S, Cell Signalling Technologies)

using a similar concentration as the one used for primary antibodies (= 25 pg/mL).

After incubation, sections were washed three times for 5 min with PBS-T,
incubated for 30 min at RT with HRP-conjugated secondary antibody (SignalStain
Boost Detection Reagent Rabbit IgG, Cell Signalling Technologies). Sections were
then washed three times for 5 min with PBS-T and incubated with diaminobenzidine
(DAB) substrate solution (SignalStain DAB substrate kit, Cell Signalling
Technologies) for 10 min. Slides were washed in distilled water and counterstained
with a Haematoxylin solution (Sigma-Aldrich) for 60 seconds. After washing
sections twice for 5 min with distilled water, the excess of liquid was gently dried,
and samples were mounted with Aquatex (Sigma-Aldrich) and allowed to dry for at
least 2 h before imaging. Image acquisition was performed using a Leica Mica
widefield microhub using a Leica HC PL Fluotar L 40x/0.6 dry objective.
Representative images from four different regions of each sample were taken.
Image analysis was performed as described by Crowe and Yue (2019) using Image)
1.54d software (National Institutes of Health) with the Colour Deconvolution 2

plugin (Landini et al., 2020) to separate and analyse each staining independently.
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Individual DAB and haematoxylin images were subsequently used to determine
mean pixel density and nuclei count, respectively, and semi-quantitative results

were shown as percentage of DAB pixel density/nuclei.

2.22. ChAdOx1-PepLncP2 tumour challenge

With the aim to evaluate the effects of ChAdOx1-PepLncP2 vaccination on
tumour growth, two groups of ten 8-weeks-old female C57BL/6 mice received a
single 1.25 x 108 IU dose of ChAdOx1-PepLncP2 or ChAdOx1-GFP (used as control
condition). 13 days after vaccination, tumour implantation was performed by
injecting animals with a subcutaneous dose of 5 x 10° Panc02 cells suspended in
100 pL of a 1:1 PBS:Vitrogel (TheWell Bioscience) mixture. After this, animals were
maintained for 25 days, taking body weight and tumour volume measurements
twice per week and collecting spleen samples for ELISpot evaluation. Animals were
housed at the Biomedical Sciences Building, University of Oxford under pathogen-
free conditions, and experiments were performed by Dr Wiktoria Blaszczak under
the UK Home Office licence PP6528177 in agreement with the UK Animal (Scientific

Procedures) Act 1986.

2.23. Statistical analysis

Analyses were performed and graphs made using GraphPad Prism version
10.4.1. Shapiro-Wilk and Bartlett tests were performed to confirm normal

distribution and homoscedasticity, respectively. Parametric analysis was executed
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by using two-tailed unpaired Student’s t-test (or Mann-Whitney test as non-
parametric alternative) for the comparison of two groups, and ANOVA or Kruskal-
Wallis were used as parametric and non-parametric tests for multiple groups
comparisons. For all these cases, data are presented as mean * SD, unless stated
otherwise. Level of significance was defined at a = 0.05, and p-values were
indicated on figures using asterisks as follows: (*) for 0.01 < p < 0.05, (**) for 0.001

< p <0.01, (***) for 0.0001 < p < 0.001, and (****) for p < 0.00001.
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Chapter 3 : Effects of PRMT5 inhibition on PDAC cell

proliferation and SDMe

3.1. Introduction

It has been proven that PRMT5 regulates gene expression, epigenetics, RNA
splicing and the metabolic profile of cancer cells through its interaction with
transcription factors which, like E2F1, are often deregulated in cancer (Barczak et
al., 2020; Ge et al., 2020; Qin et al., 2019; Roworth et al., 2019). Among the
transcriptional changes induced by PRMT5 inhibition, modifications in long non-
coding RNA (IncRNA) expression appear as a promising target due to their
involvement in different functions associated with PDAC survival. For example,
LINCO00673-derived protein RASON enhances oncogenic RAS signalling (Cheng et
al., 2023), and the CF129-induced degradation of p53 (Liu et al., 2019). Additionally,
it has been reported that resistance to gemcitabine mediated by PVT1-induced
Wnt/B-catenin activation can be reversed using PRMT5 inhibitors (Wei et al., 2020;
Zhou et al., 2020). Furthermore, the use of the selective PRMT5 inhibitor T1-44 and
changes in E2F1 expression modified the transcriptional and translational profiles
of IncRNA (Barczak et al., 2023). These changes induced a number of immunogenic
IncRNA-derived peptides which, formulated in a poly-antigen cassette and
included in an adenoviral vector, were capable to activate immune response and
reduce tumour growth in vivo (Barczak et al., 2023). Considering these previous
results in CRC, and the relevance of PRMT5 and E2F1 in various aspects of tumour
survival, the following chapter is focused on characterizing the general effects of
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PRMT5 inhibition in human and murine PDAC models and the involvement of E2F1
in these responses. This chapter describes a general landscape of T1-44-driven

effects on PDAC cell lines.

3.2. Results

3.2.1.T1-44 supresses SDMe mark without compromising cell viability

in PDAC cells

In previous work from our research group, T1-44 was shown to be an effective
PRMT5 inhibitor capable to suppress SDMe in breast and CRC cell models (Barczak
et al., 2023; Barczak et al., 2020). Using similar conditions to those studies, T1-44
suppressed SDMe signal after incubating both parental Panc-1 and Panc02 cells for
48 h with 1.0 and 5.0 uM T1-44 without altering E2F1 and PRMT5 immunodetection
(Figure 3.1B). After this confirmation, T1-44 effects were evaluated using MTT assay,
confirming that the chosen concentrations did not affect cell survival of Panc-1 (ICsg
=16.06 = 3.44 uM) and Panc02 (ICso = 14.24 = 2.07 uM) cells (Figure 3.1A). These ICsg
values declined progressively as incubation time increased. Later, effects on cell
cycle and apoptosis were tested, finding that T1-44 treatment conditions did not

induce any significant changes on these responses (Figure 3.1C).

To provide additional confirmation that 48-h T1-44 treatments did not induce
any changes in cell viability, a set of growth curves were performed, finding that 48-
h incubations with 1.0 uM T1-44 did not compromise the growth rate of any of the
studied cell lines, but PRMT5 inhibition reduced cell growth when treatments

extended from 4 to 8 days (Figure 3.1D).
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Altogether, these results show that 48-h treatments with T1-44 at
concentrations below 5.0 uM are capable to supress SDMe without affecting cell
survival, growth, cell cycle, and apoptosis profiles of Panc-1 and Panc02 cells. In
line with the main objective of this thesis, which aims to establish the use of T1-44
as a potential immunosensitising agent, but not as an antiproliferative drug per se,
the aforementioned concentration range was considered to establish an optimal
concentration to evaluate the effects of T1-44 in gene expression and splicing.
Furthermore, the involvement of E2F1 in these biological responses is going to be

described in the following subsection.
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Figure 3.1. Effects of PRMT5 inhibition in parental Panc-1 and Panc02 cells.

A. Median inhibitory concentrations obtained for parental Panc-1 (left) and Panc02 (right)
cells treated with T1-44 for 48 to 120 h. Cell survival percentages are relative to the DMSO-
treated control; n = 4 independent experiments performed in technical triplicates. Results
are expressed as mean + SD. B. Representative immunoblot for the same cellular models
after treating cells with T1-44 for 48 h. SDMe was used as a general marker of T1-44 activity;
n =3independent experiments. C. Percentage of apoptotic cells and sub-G1 cells obtained
after annexin V/PI staining (i) and cell cycle profiling (ii) experiments for parental Panc-1 and
Panc02 cells treated with T1-44 for 48 h. Doxorubicin was used as positive control for these
experiments; n = 3independent experiments performed in technical duplicates. Results are
expressed as mean = SD; one-way ANOVA with Tukey’s multiple comparisons; ™ p < 0.001,
™ p < 0.0001, ™ p < 0.00001. D. Proliferation curves representing T1-44 treatment of
parental Panc-1 and Panc02 cells from 2 to 8 days. Doxorubicin was used as positive control
for these experiments; n = 3 independent experiments performed in technical duplicates.
Results are expressed as mean = SD; one-way ANOVA with Tukey’s multiple comparisons;
™ p<0.0001, " p <0.00001.

3.2.2.Loss of E2F1 reduces PDAC cell sensitivity to PRMT5 inhibition

To evaluate the influence of E2F1 status in the response of Panc-1 and
Panc02 cells to T1-44, Cas9 and E2F1Cr clones were generated. Loss of E2F1 was
confirmed via Western blot (Figures 3.2B and 3.3B), and with the aim to find
treatment conditions that do not impact cell proliferation, a range of T1-44
concentrations was assessed using MTT assay. Both Panc-1 and Panc02 E2F1Cr
cells exhibited ICso = 2-fold higher than their Cas9 counterparts after a 48-h T1-44
treatment (Figure 3.2A and Figure 3.3A, respectively), maintaining this tendency

when 72 h, 96 h and 120 h incubations were performed.

When the apoptotic response was analysed, it was found that there were no
significant differences between the proportion of apoptotic cells obtained after
treating Cas9 and E2F1Cr cells with DMSO or 1.0 uM T1-44 for 2, 4, 6 and 8 days
(Figure 3.2Ci and Figure 3.3Ci). Conversely, when these treatment conditions were

used for cell cycle profiling, an increase in the percentage of cells in Sub-G1 phase

78



after T1-44 treatment was observed for both Cas9 and E2F1Cr. Significant changes
were observed for treatments lasting 4 days and longer in both Panc-1 Cas9 and
E2F1Cr cells (Figure 3.2Cii), after 6 and 8 days for Panc02 Cas9, and only at 8 days
of treatment for Panc02 E2F1Cr cells (Figure 3.3Cii). These results are in
accordance with those obtained for growth curves, where 1.0 uM T1-44 reduced cell
growth from 4-day incubations onwards in Cas9 Panc-1 and Panc02 cells.
Conversely, the sensitivity to these effects was reduced in E2F1-knockout cells,
observing a growth rate reduction in Panc-1 E2F1Cr and Panc02 E2F1Cr cells only

after 6 and 8 days of T1-44 treatment, respectively (Figures 3.2D and Figure 3.3D).

In summary, these experiments show that, in the absence of E2F1, Panc-1
and Panc02 cells exhibit reduced sensitivity to PRMT5 inhibition, altering their cell

proliferation, growth, cell cycle and apoptosis responses to T1-44 treatment.
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Figure 3.2. Effects of PRMT5 inhibition in Cas9 and E2F1Cr Panc-1 cells.

A. Median inhibitory concentrations obtained for a representative clone of Cas9 (left) and
E2F1Cr (right) Panc-1 cells treated with T1-44 for 48 to 120 h. Cell survival percentages are
relative to the DMSO-treated control; n = 4 independent experiments performed in
technical triplicates. Results are expressed as mean * SD. B. Representative immunoblots
to evaluate the E2F1 signal of three stable Cas9 and E2F1Cr clones of Panc-1 cells; n = 3
independent experiments. C. Percentage of apoptotic cells and sub-G1 cells obtained after
annexin V/PI staining (i) and cell cycle profiling (ii) experiments for Cas9, and two clones of
E2F1Cr Panc-1 cells treated with T1-44 for 2 to 8 days. Doxorubicin was used as positive
control for annexin V/Pl experiments; n = 3 independent experiments performed in
technical duplicates. Results are expressed as mean = SD; one-way ANOVA with Tukey’s
multiple comparisons; * p < 0.05, ** p < 0.001, *** p < 0.0001, *** p < 0.00001. D.
Proliferation curves representing T1-44 treatment of Cas9 and two clones of E2F1Cr Panc-
1 from 2 to 8 days; n = 3 independent experiments performed in technical duplicates.
Results are expressed as mean = SD; one-way ANOVA with Tukey’s multiple comparisons;”
p<0.05"p<0.001," p<0.0001, " p<0.00001.

81



>

% Cell Survival

Apoptotic cells (%)

Sub-G; cells (%)

Panc02 Cas9

Panc02 E2F1Cr Il

120+ 120~
—e— 48 h
100 100 - 72h
80 % 80 - 96h
60 @ 60- 1Cso (HM): === 120h
[ I YT I 6 N N R A T
40 48h: 9.38+1.90 O 404 48h: 14.80+1.77
72h: 5.50 £ 0.94 S 72h: 9.32+£0.92
204 96h: 0.66 +0.30 20-{ 96h: 6.05+1.28
120h: 0.27 £ 0.08 120h: 2.04 £ 0.25
0— T T T T ! 0 T T T T T ¥
-4 -3 -2 -1 0 2 -4 -3 -2 -1 0 1 2
log T1-44 (uM) log T1-44 (uM)
B Panc02
\ N\ N
< < N\
o ((.\0 foq’\\ <<"0 foq‘\\ ?\o‘
(Gl AR L SR
72
- w=  w=  [FE2F
——— | GAPDH
) Panc02 Cas9 Panc02 E2F1Cr Il Panc02 E2F1Cr llI
24 *ee* 24 24
204 | 1 ~ 204 = 20+ - EmDMSO
- Xk * S ®
164 = Z 161 1.0 uM T1-44
8 WEEE  dReR BEak daEE 8 100 niiDiox
12, g 12, ‘(-‘_) 12; * kKK *ok Kk ok ok ok
2 2
8- g 8- g 8+
Q Q
< <
4+ 4 4
0- 0- 0-
2 4 6 8 2 4 6 8 2 4 6 8
Time (d) Time (d) Time (d)
i) Panco2 Cas9 Panc02 E2F1Cr Il Panc02 E2F1Cr Il
. . . P
44 - ok 4 _ 4 [ DMSO
) £33 1.0 uM T1-44
3 o 2 3 2 34
. 8 8
2 S 24 ’_‘ S 2
e} Qo
@ @
14 14 14
0- 0- 0-
2 4 6 8 2 4 6 8 2 4 6 8
Time (d) Time (d) Time (d)
Panc02 Cas9/E2F1Cr - Clone Il Panc02 Cas9/E2F1Cr - Clone llI
5.0x10°8+ 5.0x1084
4.0x105- « 4.0x10
. axn T I - -® Cas9-DMSO
é 3.0%106-] é 3.0%106 Cas9- 1.0 uM T1-44
g g -+ E2F1Cr- DMSO
3 2.0x10°4 3 2.0x1054 E2F1Cr- 1.0 uM T1-44
o (&)
1.0x108+ 1.0x10%+
o-le : : ‘ ) 0
0 2 4 6 8
Time (d)

82



Figure 3.3. Effects of PRMT5 inhibition in Cas9 and E2F1Cr Panc02 cells.

A. Median inhibitory concentrations obtained for a representative clone of Cas9 (left) and
E2F1Cr (right) Panc02 cells treated with T1-44 for 48 to 120 h. Cell survival percentages are
relative to the DMSO-treated control; n = 4 independent experiments performed in
technical triplicates. Results are expressed as mean * SD. B. Representative immunoblots
to evaluate the E2F1 signal of three stable Cas9 and E2F1Cr clones of Panc02 cells; n =3
independent experiments. C. Percentage of apoptotic cells and sub-G1 cells obtained after
annexin V/PI staining (i) and cell cycle profiling (ii) experiments for Cas9 and two clones of
E2F1Cr Panc02 cells treated with T1-44 for 2 to 8 days. Doxorubicin was used as positive
control for annexin V/Pl experiments; n = 3 independent experiments performed in
technical duplicates. Results are expressed as mean = SD; one-way ANOVA with Tukey’s
multiple comparisons; * p < 0.05, ** p < 0.001, *** p < 0.0001, *** p < 0.00001. D.
Proliferation curves representing T1-44 treatment of Cas9 and two clones of E2F1Cr Panc02
from 2 to 8 days; n = 3 independent experiments performed in technical duplicates. Results
are expressed as mean + SD; one-way ANOVA with Tukey’s multiple comparisons; " p < 0.05,
“p<0.001," p<0.0001.

3.3. Discussion

With the aim to provide the background for subsequent research, initial
characterization experiments using parental human (Panc-1) and murine (Panc02)
PDAC cell lines were performed. Concentrations up to 5.0 uM T1-44 for 48 h
inhibited PRMT5 without altering cell survival, growth rates, and cell cycle and
apoptotic profiles of these cells. All of these effects are in agreement with previous
reports for the human CRC cell line HCT-116, where 48-h 1.0 uM T1-44 treatments
did not affect cell proliferation nor cell cycle profile, but also showed an ICso = 2-fold
higher (36.36 uM) (Barczak et al., 2020) than Panc-1 cells (16.06 uM). This difference
could be explained due to the lower MTAP expression observed for Panc-1 when
compared to HCT116 cells (Marjon et al., 2016). In PDAC, MTAP is frequently co-
deleted with CDK2A, thus leading to the accumulation of the endogenous PRMT5
inhibitor MTA, therefore increasing Panc-1 sensitivity to T1-44 (Marjon et al., 2016;

Ngoi et al., 2022; Orben et al., 2022). Similarly, comparable ICs, have been reported
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when other agents with recognized PRMT5i activity, like the repurposed drugs
candesartan and cloperastine, and the synthetic agent EZP015556, were used
against the PDAC cell lines Panc-1, MiaPaCa2 and AsPC1, and PDAC patient-
derived organoids, respectively (Driehuis et al.,, 2019; Prabhu et al.,, 2023).
Generally, studies that propose PRMT5 inhibitors as anti-PDAC agents, used these
drugs in combination with conventional PDAC chemotherapeutics (e.g.
gemcitabine) (Wei et al., 2020), ionizing radiation (He et al., 2022) or targeted agents
like vactosertib, an inhibitor of TGF-B, signalling (Hong et al., 2023). These
combinatorial approaches were found capable to reduce tumour growth (He et al.,
2022; Orben et al., 2022; Prabhu et al., 2023; Wei et al., 2020), alter cell cycle (He et
al., 2022; Orben et al., 2022), induce apoptosis (Hong et al., 2023; Orben et al.,

2022) and inhibit cell migration (Hong et al., 2023) in PDAC cell models.

When the role of E2F1 was analysed in some of these responses, a = 2-fold
reduction of the effect of T1-44 in cell proliferation was observed when comparing
E2F1Cr cells with their Cas9 counterparts. These effects are consistent with
previous reports in CRC (Barczak et al., 2020) and neuroblastoma cell lines (Bate-
Eya et al., 2025), where a similar ICso increase was observed upon E2F1 loss. These
changes in the sensitivity to PRMT5 inhibition under the absence of E2F1 can be
explained by the loss of the interaction between E2F1 and downstream targets
involved with cell cycle progression (Pastore et al., 2020), or changes in the
expression of PRMT5/E2F1-dependent pro-apoptotic mediators like DIABLO (Bate-

Eya et al., 2025; Pastore et al., 2020).
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Regarding other cell responses, the absence of E2F1 does not appear to
induce apoptosis, which is also consistent with effects observed in Cas9 and
E2F1Cr HCT116 cells (Barczak et al., 2020). This absence of apoptosis can be
attributed to the redundancy of effects between the activator isoforms of E2F (i.e.
E2F1, E2F2 and E2F3) (Julian et al., 2016; Kong et al., 2007), which could possibly
provide when E2F1 is suppressed. Despite this, a potential E2F1-PRMT5 dependent
effect could be observed for growth curves, where 1 uM T1-44 was capable to
decrease growth rates after treating Panc-1 E2F1Cr and Panc02 E2F1Cr cells for 6
and 8 days, respectively. A potential explanation of these differences might be
associated with the effects of PRMT5 inhibition at transcriptional level, which is a

topic that will be developed in the following chapter.

Despite these effects of PRMT5 inhibition have been widely described in
different types of tumours, this methyltransferase is also involved in other cell
processes relevant to PDAC, like gene expression, metabolism and AS (Fedoriw et
al., 2019; Mavrakis et al., 2016). The following chapters of this thesis aim to describe
the effects of T1-44 not as an antiproliferative drug per se, but rather as a potential

immunosensitizing agent in PDAC.
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Chapter4 : PRMT5 inhibition modifies alternative

splicing, IncRNA expression and pH dynamics in

PDAC cells

4.1. Introduction

It has been reported that PRMT5, in association with E2F1, modifies the
expression of several transcripts associated with cancer cell survival, migration and
the expression of IncRNA-derived peptides (Barczak et al., 2023; Barczak et al.,
2020; Pastore et al., 2020). Similarly, but aside the conventional roles of E2F1 as a
transcription factor, PRMT5 and E2F1 are also capable to regulate alternative
splicing (Bate-Eya et al., 2025; Roworth et al., 2019). These effects highlight the
potential of PRMT5 inhibition as an interesting approach to modify the gene
expression and alternative splicing landscape of PDAC cells with the aim to alter
their cellular functions, immunosensitivity and/or microenvironmental conditions.
Recent reports show that the use of PRMT5 inhibitors, like JNJ-64619178, GSK-
3326595, GSK-3368715 and BMS-986504, induced AS and suppressed the growth
of MYC-amplified patient-derived PDAC organoids (Orben et al., 2022), and MTAP-
deleted PDAC cells and xenografts when co-treated with KRAS®'?¢ or KRAS®'?P
inhibitors (Drizyte-Miller et al., 2025a). Addition of PRMT5 inhibitors to therapeutic
regimes improved the response of PDAC patient-derived xenografts to gemcitabine,
and reduced the glycolytic rate of cancer cells (Feng et al., 2024; Wei et al., 2025).

The effect on glycolysis impacts proton production, which mitigates extracellular
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acidification and therefore alters PDAC microenvironmental conditions, improving
theirimmune landscape and drug response (Pethé et al., 2023). With that in mind,
the work in this chapter focused on describing the role of PRMTS5 in regulating gene
expression and alternative splicing, and the impact these changes have on cell

metabolism and pH dynamics.

4.2. Results

4.2.1. PRMT5 and E2F1 modify the expression IncRNA transcripts

To establish the effects of T1-44 at whole-transcript level, RNAseq datasets
of wild-type (WT) Panc-1 and Panc02 cells treated for 48 h with 1.0 uM T1-44 were
analysed, finding 582 and 516 DEGs (adjusted p value < 0.01 and |log,FC]| > 0.58) for
Panc-1 and Panc02 cells, respectively (Figure 4.1Ai). The full list of DEGs can be
found in Appendix|. From these DEGs, 31 up-regulated and 74 down-regulated, and
48 up-regulated and 59 down-regulated IncRNA DEGs were identified for Panc-1
and Panc02. To differentiate which IncRNA transcripts are dependent of E2F1
activity, RNAseq analysis was performed on Cas9 and E2F1Cr Panc02 cells treated
with for 1.0 uM T1-44 for 48 h. As results, 267 DEGs (adjusted p value < 0.01), 126
up- and 141 down-regulated genes (adjusted p value < 0.01 and |log,FC]| > 1.00),
were found to be influenced by E2F1 status (Figure 4.1Aii). The presence of E2F1-
binding sites in the promoter region of these IncRNA transcripts was checked using
UCSC Genome Browser, finding that 64 (58.18%) and 72 (42.29%) of the DE IncRNA
promoter sequences contained E2F1 binding sites for Panc-1 and Panc02 cells,

respectively (Figure 4.1B). These findings were validated by comparing the
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expression levels of selected IncRNA targets between Cas9 and E2F1Cr cells

(Figure 4.2).
Ai) Panc1 Panc02 i) Panc02
. ) . ) Differentially expressed genes
Differentially expressed genes Differentially expressed genes

(Z-scores on normalized counts)

(Z-scores on normalized counts)  (Z-scores on normalized counts)

DMSO T1-44 DMSO T1-44

B Panc-1 Panc02

m 58.18%
m 15.45%
[ 26.36%

El 42.29% Direct E2F1 target
Bl 13.71% Associated with E2F1 target
[ 44.00% Non E2F1 target

Total DE IncRNA genes = 110 Total DE IncRNA genes = 175

Figure 4.1. PRMT5 inhibition and E2F1 status influences IncRNA expression.

A. Changes in differential gene expression (g < 0.01) represented as Z-scores on the
normalized counts obtained for (i) E2F1-expressing parental Panc-1 and Panc02 cells after
a 48-treatment with 1.0 uM T1-44, and (ii) Panc02 cells expressing E2F1 (Cas9) versus E2F1
knockouts; n = 3 independent experiments. B. Proportion of IncRNA DEGs that has been
previously recognized as E2F1 binders or associated to other known targets according to

the information available in UCSC Genome Browser and ConTraV3 databases.
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Figure 4.2. Validation of in silico-predicted E2F1 targets and their response to
PRMTS5 inhibition.

gPCR of IncRNA DEGs obtained after treating Cas9 and E2F1Cr (A) Panc-1 and (B) Panc02
cells with T1-44. The genes used for this validation correspond in each case to: Up-
regulated IncRNA predicted as E2F1 binder and non-binder (top left and right, respectively),
and E2F1-binding and non-binding down-regulated [ncRNA (bottom left and right,
respectively); n =3 independent experiments performed in technical triplicates. Results are
expressed as mean + SD; one-way ANOVA with Tukey’s multiple comparisons; *p <0.05, **
p <0.001, **p <0.0001, ***p <0.00001
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Despite the observed effects of PRMT5 inhibition and E2F1 status on IncRNA
expression on Panc-1 and Panc02 cells, it was not clear whether these targets,
derived from regions annotated as non-coding, could be translated into
polypeptides. The capacity of T1-44-mediated IncRNAs to be translated was
assessed by performing Ribo-seq on polysomal extracts. In Panc02 cells treated
with T1-44, 259 up- and 386 down-regulated polysome-associated LncRNA
transcripts were identified (adjusted p value < 0.01 and |log,FC| > 1.00) when
compared with the DMSO-treated condition (Figure 4.3A). These results were
validated measuring the enrichment profile of three of the highest and one of the
lowest-ranking DE IncRNAs in all 12 sucrose fractions used for polysome profiling.
For these studies, fractions 1 to 4 were defined as free mRNA, 5 to 7 as
monoribosomal, and 8 to 12 as polysomal fractions. Significant RNA enrichmentin
the polysomal fractions was found for all three up-regulated IncRNA targets
(1700018L02Rik-201, Gm42549-201 and ENSMUST00000203403.3; Figure 4.3B,
upper row), and the opposite trend was observed for the selected downregulated

target (D5Ertd615e-201; Figure 4.3B, bottom left corner).
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Figure 4.3. PRMTS5 inhibition induces the expression of potentially-translatable
(ncRNA.

A. Heatmap representing the changes in differential gene expression (q < 0.01) as Z-scores
on the TPM values obtained for polysomal extracts of Panc02 cells treated with 1.0 uM T1-
44 for 48 h; n = 3 independent experiments. B. Polysome enrichment graphs obtained for
PancO02 cells treated for 48 h with DMSO (black lines and dots) and 1.0 uM T1-44 (red lines
and squares). The represented genes correspond to the validation of upregulated (upper
row) and downregulated (bottom left) IncRNA in the polysomal RNA fraction found in Ribo-
seq. GAPDH and hY1 were used as technical controls for polysomal and cytoplasmic
distribution; n = 4 independent experiments performed in technical triplicates. Results are
expressed as mean = SD; two-tailed Student’s t-test; **p <0.007, ***p < 0.0001.
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Based on this data, 16 up-regulated IncRNA transcripts for which the
association with polysomal fractions was confirmed were chosen for in silico ORF
annotation using ORF Finder. 350 theoretical peptides longer than 75 nt were
identified from predicted ATG and CTG ORFs. The MHC-I binding affinity to the
C57BL/6 mice haplotype was evaluated using NetMHCpan 4.1. This way, a final list
of 28 strong H2-Db and H2-Kb binding peptides was generated. To confirm that the
in silico-predicted ORFs were functional and able to produce peptides, one
1700018L02Rik-201 ORF (encoding the peptide SAYCVPLYL) was cloned into the
pSF-CMV-NEO-COOH-FLAG plasmid containing a FLAG tag. Immunoblotting of
protein extracts derived from plasmid-transfected cells detected a = 10 KDa band

corresponding to 1700018L02Rik-201 (Figure 4.4), thus confirming the functionality

of the tested ORF.
A Predicted ORF + B = &
30-bp upstream sequence % 2
1700018L02Rik-201 2T
Stop 2 § =~
\ i cylon £ & 0

[*FLAG

|

T GAPDH
wFLAG

pSF-CMV-NEO-COOH-FLAG

.

Figure 4.4. Translatability testing of a predicted IncRNA ORF.

A. Diagram of IncRNA ORF cloning strategy. The in silico-predicted ORF sequence of one of
the potentially-translatable IncRNA identified in the Ribo-seq data (1700018L02Rik-201),
and its potential endogenous ribosome binding site (considered to be in the 30-bp
upstream sequence), were inserted in the multicloning site of the 3xFLAG-tagged vector
pPSF-CMV-NEO-COOH-FLAG. Figure created in https://BioRender.com. B. Inmunoblotting
of Panc02 cells transfected with the FLAG-tagged predicted ORF plasmid (lower section). A
construct made with the same FLAG-tagged vector but using an E2F1 insert as positive
control condition (E2F1-FLAG Ctrl); n = 3 independent experiments.
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After the capacity to undergo translation was proven for the DE IncRNA
1700018L02Rik-201, the pipeline proposed by Barczak et al., 2023 for the design of
a ChAdOx1-based IncRNA-derived peptides vaccine was followed. This tool was
capable to induce immunogenicity and reduce tumour growth on BALB/c mice
bearing CT26 cells (Barczak et al., 2023). As an adaptation of this pipeline to design
a potential vaccine against PDAC, a string containing 28 strong H-2Db/Kb binders
(detailed in Table 8) was used to create the poly-antigenic cassette PepLncP2,
which was included in the adenoviral vector ChAdOx1 to generate a prototype of
cancer vaccine derived from in silico-predicted peptides. Details of the sequence

of this vaccine are shown in Appendix II.

These results confirm that PRMT5S inhibition is capable to induce the
expression of potentially translatable IncRNA. However, the immunogenic potential

of these IncRNA-derived peptides will be discussed in Chapter 5.
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Table 8. List of the 28 predicted IncRNA-derived used for PepLncP2 cassette

design
Sequence Accession (GRCm39) Transcript name NetMHCpan NetMHCpan
score H-2-Db score H-2-Kb
SAPLHPTPL ENSMUST00000187897 1700018L02Rik-201 0.0055 0.1367
SAFSPVDNL ENSMUST00000187897 1700018L02Rik-201 0.0634 0.2275
SAFSPHFLL ENSMUST00000187897 1700018L02Rik-201 0.0991 0.1032
SAYCVPLYL ENSMUST00000187897 1700018L02Rik-201 0.1478 0.3771
SGFGMLSHL ENSMUST00000246336 C630043F03Rik-202 0.2205 0.0999
SSPEIWLSM ENSMUST00000203403 ENSMUST00000203403.3  0.0504 0.1162
TIFGNFTII ENSMUST00000203403 ENSMUST00000203403.3  0.1323 0.4808
TQYKIIHQI ENSMUST00000203403 ENSMUST00000203403.3 0.2176 0.2883
STFQMFVLI ENSMUST00000203403 ENSMUST00000203403.3  0.2811 0.1520
TSFHLNYTL ENSMUST00000203403 ENSMUST00000203403.3  0.2889 0.2766
ASFDIGASL ENSMUST00000203403 ENSMUST00000203403.3 0.3712 0.1147
ISLFLRQEL ENSMUST00000203403 ENSMUST00000203403.3  0.3883 0.3133
SSGVLFNAL ENSMUST00000203403 ENSMUST00000203403.3  0.4034 0.4238
VSPVVNILL ENSMUST00000188891 Gm10634-202 0.3711 0.4447
SALEFCQKM ENSMUST00000247121 Gm12999-202 0.3097 0.1029
SSGSFQTPL ENSMUST00000199060 Gm17494-202 0.2341 0.4360
YSLKRFLNI ENSMUST00000199060 Gm17494-202 0.4208 0.1485
SALSFSQSV ENSMUST00000202392 Gm42549-201 0.1777 0.1231
ASLLLLSNL ENSMUST00000202392 Gm42549-201 0.2675 0.2507
TAASHSHNL ENSMUST00000202392  Gm42549-201 0.3509 0.4038
AIIHLHVTL ENSMUST00000202392 Gm42549-201 0.3966 0.1377
VSPLHPILF ENSMUST00000202392 Gm42549-201 0.4179 0.2260
VQPQFGAQL ENSMUST00000201771 Gm42846-201 0.3755 0.1200
SSFSSWMHL ENSMUST00000205219  Gm44199-201 0.0905 0.0420
ISLKLLASL ENSMUST00000247510 Gmb57457-201 0.2503 0.0922
SPLLILRL ENSMUST00000247510 Gmb57457-201 0.3245 0.1415
SSIWPFLHL ENSMUST00000247510  Gm57457-201 0.3289 0.0482
VQLTLLSHF ENSMUST00000247510 Gmb57457-201 0.4774 0.4792
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4.2.2. PRMT5 inhibition regulates the expression and alternative splicing

of solute carriers associated with pH regulation

After DEG assessments, GO analysis was performed in WT Panc-1 and
Panc02 cells treated with T1-44, showing that the top over-represented biological
processes (BP) terms (p < 0.05) were mostly associated with cell metabolism in
both cell lines (Figure 4.5A). These broad terms were subsequently mined in more
depth, identifying enriched terms corresponding to OXPHOS, glycolysis, and
ion/metabolite transmembrane transport. Considering the relevance of the later
category in PDAC pathophysiology (Cappellesso et al., 2022; Cho et al., 2025; Zhou
et al., 2026), this term was analysed even further, identifying solute carrier (SLC)
family genes associated with Na*/HCOgs (e.g., SLC4A4, SLC4A7 and SLC26A11),
Na‘/glucose (e.g., SLC5A1 and SLC5A2), creatine (e.g., SLC7A11) and amino-acid
(e.g., SLC6A8 and SLC38A5) transport. When the effects of T1-44 on the expression
of these transporters were analysed, it was found that PRMT5 inhibition reduced
(e.g., SLC6A8, SLC7A11, SLC38Ab), increased (e.g., SLC26A11), and did not alter
(e.g., SLC4A4, SLC4A7, SLC5A1, SLC5A2) the expression of these transporters.
Later, RNAseq results associated with Na‘*/HCO; (SLC4A4 and 4A7) and
Na*/glucose (SLC5A1 and 5A2) transport were validated via gPCR, confirming that
T1-44 treatment did not alter the expression of these transporters in Panc-1 and

PancO02 cells (Figure 4.6Ai).

After assessing the effects of T1-44 on gene expression, rMATS analysis was
performed to evaluate the impact of PRMT5 inhibition on AS, revealing a total of

9,711 and 5,483 significant events (adjusted p value < 0.05) in Panc-1 and Panc02,
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respectively. Out of these events, exon skipping was identified as the most frequent
for both cell lines (64.6% in Panc-1 and 58.3% in Panc02; Figure 4.5Bi). The
electroneutral sodium/bicarbonate co-transporter 1 (NBnC1/SLC4A7) was
identified as one of the significant targets of exon skippingin both cell lines, with T1-
44 inducing skipping of exon 12 (AW = -5.6%, adjusted p value = 0.007) and exon 25
(AW = -9.8%, adjusted p value = 3.2:10%) in Panc02, and only exon 25 (AW = -9.0%,

adjusted p value =0.024) in Panc-1 (Figure 4.5Bii).
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Figure 4.5. PRMT5 inhibition alters the expression of transcripts associated with
metabolism and modifies the alternative splicing profile of the
sodium/bicarbonate cotransporter SLC4A7.

A. Enrichment plots highlighting significant terms related with ion/metabolite transport,
OXPHOS and glycolysis (p < 0.05) obtained for Panc-1 and Panc02 cells after PRMT5
inhibition; n = 3 independent experiments. B. (i) Pie charts illustrating the distribution of
significant AS events (adjusted p value < 0.05) found for Panc-1 and Panc02 cells after T1-
44 treatment; n = 3 independent experiments. (ii) Volcano plots showing the SE events
obtained for Panc-1 and Panc02 cells treated with 1.0 uM T1-44 for 48 h, representing
significant skipped and included exon events with blue and red dots, respectively (adjusted
p value < 0.05 and |A¥| > 0.05 were used as significance cutoffs). SLC4A7 splicing events
were labelled for both cell lines; n = 3 independent experiments.

When gqPCR validation of the SLC4A7 exon 25 skipping event was performed,
a 5-10-fold decrease in the normalized proportion spliced-in (PSl) was found for
both cell lines after T1-44 treatment (Figure 4.6Aii). To verify if T1-44 was capable to
alter the protein levels of NBCn1 (protein encoded by the SLC4A7 gene),
immunoblotting was performed, finding no significant differences between treated

and untreated cells (Figure 4.6B).
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Figure 4.6. PRMT5 inhibition modifies the skipping of SLC4A7 exon 25 without
compromising its protein levels.

A. (i) gPCR validation of relevant SLC family genes identified in Panc-1 and Panc02 RNAseq
results. Relative expression was calculated considering the DMSO-treated condition as
basal expression; n =3 independent experiments performed in technicaltriplicates. Results
are expressed as mean * SD; two-tailed Student’s t-tests were performed between the T1-
44 and DMSO-treated groups for each gene; ns p > 0.05. (ii) gPCR validation of the SLC4A7
exon 25 skipping event found in silico for Panc-1 (left) and Panc02 (right) cells treated with
1.0 uM T1-44 for 48 h using two different sets of primers (namely vl and v2); n = 3
independent experiments performed in technical triplicates. Results are expressed as
mean = SD; one-way ANOVA with Tukey’s multiple comparisons; ns p > 0.05, ** p < 0.001,
***p <0.0001. B. Immunoblots representing the effect of 48-h T1-44 treatments in terms of
NBCn1/SLC4A7 protein levels in WT Panc-1 and Panc02 cells. H4 and SDMe H4R3 were
added as conditions to establish T1-44 activity, and CisP was included as non-PRMT5
targeting control; n = 3 independent experiments.
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Overall, these results highlight that T1-44 promotes the AS of
NBnC1/SLC4A7, a solute carrier involved in pHe and pH; regulation (Figure 4.7). The
functional implications that PRMT5 inhibition might have in pH dynamics and

oxygen consumption will be described in the following section.

SLC4A7 WT A25 SLC4A7

lpHe TpHe

H+
Na* HC03">COk2+ "0

-__'

Cassette
11l

Cassette

o

L}

HCO;—> H,0+CO; ®  HCOs - > H,0 + CO,
+ +
H H*

1 pH; + PHi

Figure 4.7. Functional effects of altering SLC4A7 exon 25 skipping on intra- and
extracellular pH balance.

Diagram representing the theoretical implications that the absence of SLC4A7 exon 25
(cassette lll) can drive in terms of pH dynamics. Figure created in https://BioRender.com.
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4.2.3.T1-44 alters pH dynamics and reduces oxygen consumption

With the aim to establish if the transcriptional effects of PRMT5 inhibition on
metabolism and ion transport have a functional impact, pH/pH. and O,
consumption measurements were performed on WT Panc-1 and Panc02 cells. In
general, 48-h T1-44 treatments reduced pH; under physiological (CO,/HCOy)
buffering when compared to the DMSO condition in both Panc-1 (Figure 4.8A, left
graph) and Panc02 (Figure 4.9A, left graph) cells. Conversely, these effects were lost
when non-volatile buffering (NVB) conditions were used in both Panc-1 (Figure 4.8A,
right graph) and Panc02 cells (Figure 4.9A, right graph). This absence of response
under HEPES/MES buffering confirms that this intracellular acidification is

dependent on bicarbonate transport.

With the aim to assess if this overall reduction of pH; had an impact on cell
metabolism and, subsequently, on TME conditions, pH. measurements were
performed, finding that T1-44 reduced H* production in both 1.0 and 5.0 pM
treatments in a dose-dependent fashion in Panc-1 and Panc02 cells (Figure 4.8B
and Figure 4.9B, upper rows) under physiological buffering. This reduction persisted
only for 5.0 puM T1-44 when Panc-1 and Panc02 (Figure 4.8B and Figure 4.9B, lower
rows) were maintained under NVB. To observe if T1-44 treatment altered cell
respiration mechanisms, parallel O, consumption measurements were analysed,
observing a consistent reduction in both cell lines when treated with T1-44

regardless of the buffering system that was employed (Figure 4.8C and Figure 4.9C).
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Figure 4.8. PRMT5 inhibition alters pH dynamics and oxygen consumption in
Panc-1 cells.

A. Changes in intracellular pH measurements after 48-h treatments under CO,/HCOg (left)
and HEPES/MES (right) buffering in parental Panc-1 cells. CisP was included as non-PRMT5
targeting control; n = 3 independent experiments performed in technical triplicates. Results
are expressed as mean = SEM; one-way ANOVA with Tukey’s multiple comparisons; ** p <
0.001, ***p <0.00001. B. Kinetic extracellular H* production measurements performed for
17 hin WT Panc-1 cells treated for 48 h with DMSO (black line), 1.0 uM T1-44 (light blue), 5.0
uM T1-44 (deep blue) and 2.5 uM CisP (red line). Measurements were performed using pH
7.4 low-capacity bicarbonate-based (upper row) and non-volatile (lower row) buffering
under a humidified atmosphere at 37°C, 0.5% CQO, and 21% O, n = 3 independent
experiments performed in technical triplicates. Results are expressed as mean + SEM; one-
way ANOVA with Tukey’s multiple comparisons; ** p < 0.001. C. 17-h oxygen consumption
measurements for WT Panc-1 cells treated for 48 h with DMSO, T1-44 and CisP under
physiological (upper row) and non-volatile (lower row) buffering; n = 3 independent
experiments performed in technical triplicates. Results are expressed as mean + SEM; one-
way ANOVA with Tukey’s multiple comparisons; *p < 0.05, **p <0.001, **p <0.0001, ****
p <0.00001.
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Figure 4.9. PRMT5 inhibition alters pH dynamics and oxygen consumption in
PancO02 cells.

A. Changes in intracellular pH measurements after 48-h treatments under CO,/HCOg (left)
and HEPES/MES (right) buffering in parental Panc02 cells. CisP was included as non-PRMT5
targeting control; n = 3 independent experiments performed in technical triplicates. Results
are expressed as mean = SEM; one-way ANOVA with Tukey’s multiple comparisons; ** p <
0.001, ***p <0.00001. B. Kinetic extracellular H* production measurements performed for
17 h in WT Panc02 cells treated for 48 h with DMSO (black line), 1.0 uM T1-44 (light blue),
5.0 uM T1-44 (deep blue) and 2.5 uM CisP (red line). Measurements were performed using
pH 7.4 low-capacity bicarbonate-based (upper row) and non-volatile (lower row) buffering
under a humidified atmosphere at 37°C, 0.5% CQO, and 21% O, n = 3 independent
experiments performed in technical triplicates. Results are expressed as mean + SEM; one-
way ANOVA with Tukey’s multiple comparisons; * p < 0.05, ** p <0.001, *** p < 0.00017. C.
17-h oxygen consumption measurements for WT Panc02 cells treated for 48 h with DMSQO,
T1-44 and CisP under physiological (upper row) and non-volatile (lower row) buffering; n =3
independent experiments performed in technical triplicates. Results are expressed as
mean = SEM; one-way ANOVA with Tukey’s multiple comparisons; *** p < 0.0001, *** p <
0.00001.

In general, PRMT5 inhibition reduced pH; and increased pH. in both PDAC
cell lines under physiological buffering. Both T1-44 concentrations were capable to

reduce O, consumption, being this activity independent of the buffering system.

These results confirm that T1-44 treatment impacts on pH dynamics,
presumably because of the induced exon skipping of SLC4A7, as these effects were
lost under bicarbonate-free conditions. In the following section, the involvement of
SLC4A7 exon 25 skipping in both pH dynamics and O, consumption will be further
evaluated, along with their implications on cell growth and the activity of basic

conventional chemotherapeutics.
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4.2.4.Skipping exon 25 of SLC4A7 affects pH dynamics, growth rate,

and sensitivity to weakly-basic chemotherapeutics

To evaluate if the effects of T1-44 on pH dynamics can be attributed to
SLC4A7 exon 25 splicing, two 2’-OMePS ASOs were designed as tools to induce this
particular event. These oligonucleotides were named according to their targeted
sequence within exon 25: SLC4A7 H/M25A (+27+48; represented graphically in
Figure 4.10A) and (+58+79). The exon-skipping efficiency of both constructs was
validated in vitro by transfecting Panc-1 and Panc02 cells with 200 nM ASO for 48 h,
and testing full-length and A25 SLC4A7 expression using primers targeting exons 23
and 26. When the pixel density of full-length and A25 bands was compared, SLC4A7
H/M25A (+27+48; from now on identified as A25 ASO) showed the best exon-
skipping performance by inducing 90% and 51% of A25 SLC4A7 in Panc-1 and
Panc02, respectively (Figure 4.10B). This exon-skipping activity was further
validated via gPCR, where A25 ASO led to a similar increase in SLC4A7 exon 25
skipping as T1-44 treatment (Figure 4.10C). In both experiments, a scrambled

version of A25 ASO was used as a non-targeting control.
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Figure 4.10. Design and validation of an ASO to induce SLC4A7 exon 25 skipping.
A. Diagram to represent the area targeted by the ASO H/M 25A (+27 +48) SLC4A7, which
induces exon 25 skipping in both human and murine SLC4A7. Figure created in
https://BioRender.com. B. Representative agarose gel to evaluate the exon-skipping activity
of two SLC4A7-targeting ASO (namely SLC4A7 H/M25A (+27+48) and H/M25A (+58+79))
after transfecting Panc-1 and PancO02 cells for 48 h. Exon-skipping efficiency is expressed
as percentage of the pixel density ratio between the full-length exon-including PCR product
band (FL) and the skipped-exon 25 PCR product band (A25). As control conditions, non-
transfected (NT) and non-targeting scrambled ASO (Scrmbl CTRL) treatments were
included. n = 3 independent experiments. C. gPCR validation of A25 ASO (SLC4A7 H/M25A
(+27+48)) exon-skipping activity found after treating Panc-1 and Panc02 cells with 200 nM
A25 ASO or 1.0 uM T1-44 for 48 h. A scrambled ASO treatment was included as technical
non-targeting control; n = 3 independent experiments performed in technical triplicates.
Results are expressed as mean = SD; one-way ANOVA with Tukey’s multiple comparisons;
***p <0.0001, ****p <0.00001.
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After A25 ASO validation, its effects on pH dynamics were evaluated, finding
that A25 ASO and T1-44 decreased pH; in a similar fashion under physiological
buffering. A comparable decrease was also observed with a A25 ASO + T1-44
combination treatment. However, this reduction was not statistically significant
when compared with the single treatments (Figure 4.11A and Figure 4.11B, left
graphs). As expected, the effects A25 ASO, T1-44 and A25 ASO + T1-44 were lost
when HEPES/MES was used as a buffering system (Figure 4.11A and Figure 4.11B,

right graphs).
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Figure 4.11. Effects of SLC4A7 exon 25 skipping in intracellular pH in Panc-1 and
PancO02 cells.

Intracellular pH measurements performed after 48-h treatments with A25 ASO, T1-44 and a
combination of both agents under physiological (left) and non-volatile (right) buffering
conditions in Panc-1 (A) and Panc02 (B) cells. A scrambled ASO treatment was included as
technical non-targeting control; n = 3 independent experiments performed in technical
triplicates. Results are expressed as mean = SEM; one-way ANOVA with Tukey’s multiple
comparisons; **p <0.001, ***p <0.00001.

When the effects of A25 ASO on extracellular H* production (i.e. glycolytic
metabolism) were tested, A25 ASO, T1-44 and A25 ASO + T1-44 under CO,/HCO3
buffering elevated pH., indicating a decreased glycolytic metabolism (Figure 4.12).
As expected, A25 ASO did not affect oxidative metabolism regardless of the
buffering conditions, but T1-44 reduced O, consumption under both buffering

systems (Figure 4.13).
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Figure 4.12. Effects of SLC4A7 exon 25 skipping in extracellular pH in Panc-1 and

Panc

02 cells.

Kinetic extracellular H" production measurements performed for 17 h in WT Panc-1 (upper
row) and Panc02 (lower row) cells treated for 48 h with empty transfection reagents (black
line), 1.0 uM T1-44 (light blue), A25 ASO (deep purple), A25 ASO + T1-44 (light purple) and
non-targeting scrambled ASO (grey line). Measurements were performed using pH 7.4 low-
capacity (A) bicarbonate-based and (B) non-volatile buffering under a humidified
atmosphere at 37°C, 0.5% CO., and 21% O, n = 3 independent experiments performed in
technical triplicates. Results are expressed as mean + SEM; one-way ANOVA with Tukey’s
multiple comparisons; **p < 0.001, ***p <0.0001.
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Figure 4.13. Effects of SLC4A7 exon 25 skipping in oxygen consumption in Panc-
1 and Panc02 cells.
Oxygen consumption measurements performed for 17 h in WT Panc-1 (upper row) and
Panc02 (lower row) cells treated for 48 h with non-transfected, A25 ASO, T1-44, A25 ASO +
T1-44 and scrambled ASO under (A) physiological and (B) non-volatile buffering; n = 3
independent experiments performed in technical triplicates. Results are expressed as
mean = SEM; one-way ANOVA with Tukey’s multiple comparisons; ** p < 0.001, *** p <

0.000

01.
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Once the characterization of the impact of A25 ASO on pH; and oxidative and
glycolytic metabolism was established, its impact on cell proliferation was
assessed. A25 ASO treatment reduced cell growth, exerting significant effects after

48 and 96 h in Panc-1 and Panc02 cells, respectively (Figure 4.14).
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Figure 4.14. Effects of SLC4A7 exon 25 skipping in Panc-1 and Panc02 cell
growth.

Proliferation curves for WT Panc-1 (left) and PancO02 (right) cells treated and untreated with
A25 ASO for 48 h under physiological buffering conditions. A scrambled version of A25 ASO
was included as non-targeting control; n = 3 independent experiments performed in
technical duplicates. Results are expressed as mean = SD; two-way ANOVA with Tukey’s
multiple comparisons; *p < 0.05, **p < 0.001.

To evaluate if the increase in pH. has functional impact in the uptake and
subsequent activity of weakly-basic chemotherapeutics, combinatorial treatments
using T1-44, A25 ASO and 100 nM doxorubicin (Dox; a weakly-basic drug that
induces lipid peroxidation) were performed. Both T1-44 and A25 ASO enhanced the
lipid peroxidation (expressed as reduction of the non-peroxidized/peroxidized ratio)
induced by Dox, with no further increase when a triple combination was tested

(Figure 4.15).
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Figure 4.15. PRMT5 inhibition and SLC4A7 exon 25 skipping as potential
enhancers of Dox effects in lipid peroxidation.

Ratio between non-peroxidized (PE) and peroxidized (FITC) lipid signal obtained after
treating parental Panc-1 (left) and Panc02 (right) cells for 48 h with 200 nM A25 ASO (ASQO),
200 nM scrambled A25 ASO (Scrmbl), 1.0 uM T1-44 (T), 100 nM doxorubicin (Dox) or
combinations of these agents under low-capacity bicarbonate buffering conditions. Dox
and 250 uM H,O, were included as positive controls for lipid peroxidation, and scrambled
A25 ASO was included as non-targeting control; n = 4 independent experiments performed
in technical duplicates. Results are expressed as mean = SD; two-way ANOVA with Tukey’s
multiple comparisons; **p <0.001, **p < 0.0001, ***p < 0.00001.

In this section, validation results for a specific ASO to induce SLC4A7 exon
25 skipping and its effects on pH dynamics were provided. Skipping of the exon 25
of SLC4A7 induced a bicarbonate-dependant reduction in pH; and an increase in
pH. without compromising oxygen consumption rates. As a result of the altered pH
dynamics, the cell growth of both Panc-1 and Panc02 cells was reduced,
Additionally, this elevated extracellular pH enhanced the lipid peroxidation activity

of Dox.

However, the involvement of E2F1 status on these responses is yet to be
clarified. SLC4A7, as a predicted E2F1 binder, might be regulated by the latter, and
therefore have role on pHi/pH. balance observed in PDAC cells. The following

113



section willaddress these topics, establishing the relevance of E2F1 status onthese

effects.

4.2.5.E2F1 status influences the effects of SLC4A7 exon 25 skipping on

cell growth and pH regulation

According to previous experiments, SLC4A7 was identified as a direct E2F1
target based on the presence of E2F1 binding motifs in its promoter region
according to ChlP-seq datasets (UCSC Genome Browser and ContraV3), and it was
found to be downregulated in Panc02 E2F1Cr cells in vitro. When SLC4A7
expression and exon 25 splicing analyses of Panc02 Cas9 and E2F1Cr tumour
samples derived from C57BL/6 mice were performed, it was confirmed that the
absence of E2F1 reduces SLC4A7 expression (Figure 4.16A, left graph), but also
showed that this knock-out condition does not affect splicing of SLC4A7 exon 25

(Figure 4.16A, right graph).

To establish the role of E2F1 in SLC4A7-dependent pH balance and
proliferation, Cas9 and E2F1Cr Panc-1 and Panc02 cells were subjected to
treatments with A25 ASO. These experiments revealed that A25 ASO reduced the
growth of Cas9 Panc-1 and Panc02 cells regardless of the medium pH (neutral =7.4,
oracidic =6.2). However, these effects were lost when A25 ASO was used in E2F1Cr
cells, restoring cell counts to numbers similar to those in non-transfected
conditions, which were lower than their Cas9 counterparts under pH = 6.2 (Figure

4.16B). When the effects of A25 ASO treatment were studied in Cas9 and E2F1Cr
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Panc-1 and Panc02 cells cultures under HEPES/MES buffering, no significant

effects in cell growth were found for both E2F1Cr clones (Figure 4.16C).
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Figure 4.16. E2F1 influences SLC4A7 expression and its effects on cell growth
in Panc-1 and Panc02 cells.

A. gPCR results representing the comparison between Cas9 and E2F1 KO Panc02 tumours
in terms of Slc4a7 overall expression (left graph) and exon 25 skipping (right graph); n = 3
independent experiments performed in technical triplicates. Results are expressed as
mean = SD; two-tailed Student’s t test comparisons; **p <0.001. B. Growth curves for Panc-
1 (upper row) and Panc02 (lower row) Cas9 (@) /E2F1KO (A ) cells treated and untreated
with A25 ASO for 48 h under physiological (pH = 7.4, left graphs) and acidic (pH = 6.2; right
graphs) bicarbonate-based extracellular buffering; n = 3 independent experiments
performed in technical duplicates. Results are expressed as mean + SD; one-way ANOVA
with Tukey’s multiple comparisons; *p < 0.05, **p <0.001, ***p <0.0001, ***p < 0.00001.
C. Proliferation curves performed using the same experimental conditions, except for
HEPES/MES as buffering condition; n = 3 independent experiments performed in technical
duplicates.

Following proliferation assessments, the functional implications of E2F1
status in pH dynamics were established. These experiments revealed that A25 ASO
and T1-44 exerted similar pHe increases in Panc02 Cas9 cells (Figure 4.17A, upper
row) to those observed in the previous section in WT Panc02 cells under
physiological buffering, but these effects on H* production were lostin E2F1Cr cells
(Figure 4.17A, lower row). An analogous situation occurred when the buffering
system was changed to HEPES/MES, observing that none of the treatments

modified pH. in neither Cas9 nor E2F1Cr Panc02 cells (Figure 4.17B).
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Figure 4.17. E2F1 influences SLC4A7 activity on extracellular pH regulation in
Panc-1 and Panc02 cells.

Kinetic extracellular H* production measurements performed for 17 h in Cas9 (upper row)
and E2F1Cr (lower row) Panc02 cells treated for 48 h with empty transfection reagents
(black and red line representing Cas9 and E2F1Cr cells, respectively), 1.0 uM T1-44 (light
blue), A25 ASO (deep purple), A25 ASO + T1-44 (light purple) and non-targeting scrambled
ASO (grey line). Measurements were performed using pH 7.4 low-capacity (A) bicarbonate-
based and (B) non-volatile buffering under a humidified atmosphere at 37°C, 0.5% CO, and
21% O:. In the upper left corner graph, both non-transfected Cas9 and E2F1Cr conditions
were included for the purpose of graphical comparison; n = 3 independent experiments
performed in technical triplicates. Results are expressed as mean * SEM; one-way ANOVA
with Tukey’s multiple comparisons; ***p <0.0001, *** p <0.00001.
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When the effects on O, consumption were evaluated, E2F1Cr Panc02 cells
showed higher baseline levels than their Cas9 counterparts (Figure 4.18A, upper
left corner graph). Regarding A25 ASO and T1-44 treatments, the former did not alter
the oxidative metabolism rates of neither Cas9 and E2F1Cr Panc02 cells, but T1-44,
both as single and combinatorial treatment, was the only condition capable to
reduce O, consumption rates in both Cas9 and E2F1Cr Panc02 cells under both

physiological (Figure 4.18A) and non-volatile (Figure 4.18B) buffering conditions.
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Figure 4.18. Effects of PRMT5 inhibition on oxygen consumption of Panc-1 and
Panc02 cells are not dependent on E2F1 status.

Oxygen consumption readings performed for 17 h in Cas9 (upper row) and E2F1Cr (lower
row) PancO02 cells treated for 48 h with empty transfection reagents (black and red line
representing Cas9 and E2F1Cr cells, respectively), 1.0 uM T1-44 (light blue), A25 ASO (deep
purple), A25 ASO + T1-44 (light purple) and non-targeting scrambled ASO (grey line) under
(A) physiological and (B) non-volatile buffering conditions. In the upper left corner graph,
both non-transfected Cas9 and E2F1Cr conditions were included for the purpose of
graphical comparison; n = 3 independent experiments performed in technical triplicates.
Results are expressed as mean £ SEM; one-way ANOVA with Tukey’s multiple comparisons;
**p<0.001, **p <0.0001, ***p <0.00001.
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In summary, as an E2F1 target, the expression of SLC4A7 is reduced in the
absence of E2F1, while its exon 25 skipping levels remain unaffected. This reduction
in SLC4A7 expression in E2F1Cr cells explains the lack of responsiveness to A25
ASO treatment, which leads to a loss of its effects on pHi/pHe dynamics and cell
growth. These findings, along with those described in the previous sections, and
their relevance in the microenvironmental regulation of PDAC cells will be

discussed in the following section.

4.3. Discussion

After characterizing the effects of PRMT5 inhibition on cell cycle, cell growth,
and the induction of apoptosis, a non-antiproliferative concentration of T1-44 was
used to perform RNAseq experiments. These were conducted to evaluate the
overall effects of this agent on gene and IncRNA expression. In general, and in
accordance with previous reports (Barczak et al., 2023; Bate-Eya et al., 2025), T1-
44 alters the expression level of several IncRNA transcripts, but its DEG profile is
different than the ones observed for neuroblastoma and CRC. For example, T1-44
treatment up-regulated the expression of DANCR and MALAT1, and Gm15635 and
EU59941 in the CRC cell lines HCT116 and CT26 (Barczak et al., 2023), but the
expression levels of these IncRNA remained unchanged in the PDAC cell lines used
in this thesis (Panc-1 and Panc02). These differences could be explained, in part, by
the mutational profile of these cell lines (Maeng et al., 2025) and the inherent
genetic variability between different types of cancer (Mahmoud et al., 2025). In line

with this, PRMT5 inhibition reduced the expression of oncogenic IncRNAs like
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NEAT1, a known overexpressed IncRNA in PDAC, breast and hepatocellular cancer
that regulates the expression of the tumour suppressor microRNA miR-129-5p
(Mahmoud et al., 2025). These findings highlight that the transcriptional effects of
PRMT5 inhibition have the potential to be used altogether with other agents to

improve antitumour response.

When in silico promoter analysis was performed on these DE IncRNA
transcripts, a similar percentage of E2F1 binders than the ones observed for CRC
was found for Panc-1 and Panc02 cells (Barczak et al., 2023). This information and
the subsequent gPCR validation experiments performed for predicted E2F1 binders
in Cas9 and E2F1Cr cell lines, confirm that the status of E2F1, a highly-deregulated
transcription factor associated with poor prognhosis in several malignancies
including PDAC (Bertonnier-Brouty et al., 2024; Li et al., 2023), plays an important

role in the transcriptional effects of PRMT5 inhibition.

Despite the fact that T1-44 modifies the expression of IncRNA transcripts,
this does not provide any information about their translatability nor their MHC- |
and/or MHC-II binding capacity (Lv et al., 2021). To address these issues, Ribo-seq
and polysome enrichment analysis were performed on Panc02 cells, finding a group
of potentially-translatable ncRNA transcripts which were identified in the
polysomal fraction of T1-44-treated Panc02 cells. In silico analysis of these IncRNA
sequences identified the presence of both conventional and alternative ORFs
within them. The potential for translation of these IncRNA-derived peptides was
demonstrated experimentally using a representative 9-mer, SAYCVPLYL, predicted

as a strong H-2Db/Kb binder derived from a non-conventional ORF identified within
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the 1700018L02Rik-201 sequence. This information, supported by previous findings
where a poly-antigen string of IncRNA-derived peptides inserted in the adenoviral
vector ChAdOx1 was capable to induce the immune response in CRC (Barczak et
al., 2023), highlights the potential of these translatable IncRNA to be used as source
of non-canonical peptides that could trigger IFNy release by CD8+ cells, reverse
MHC-I downregulation and therefore enhance PDAC immunogenicity, as has been
demonstrated in previous reports (Baleeiro et al., 2022; Deng et al., 2021; Ely et al.,
2025). This rationale led to the design of the ChAdOx1-PepLncP2 vaccine as tool to
evaluate the immunogenic potential of these predicted IncRNA-derived peptides.
However, this thesis followed an in silico pipeline that differs from standard the
immunopeptidomics-based protocol used previously by our research group
(Barczak et al., 2023), but similar immunoinformatic approaches have been
successfully attempted for PDAC to perform a fast screening of cryptic antigens,
despite the high rate of false-positive MHC-I binders reported for this type of
pipelines (Borole and Rajan, 2024; Nilsson and Nielsen, 2024; Rojas et al., 2023).
The evaluation of the ChAdOx1-PepLncP2 vaccine, and therefore, the potential of
PRMT5 inhibition as a route to induce PDAC immunogenicity, is a topic that will be

developed in the following chapter.

When the GO analysis results of Panc-1 and Panc02 cells treated with T1-44
are considered, several overrepresented terms associated with glycolysis and
OXPHOS were found (e.g., ‘ATP biosynthetic process’, ‘pyruvate biosynthetic
process’, “glycolytic process through glucose-6-phosphate’, ‘proton motive force-
driven ATP synthesis’, etc). These results were validated by testing the effects of T1-

44 on pH dynamics and O, consumption, which revealed that PRMT5 inhibition
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reduced of pH,, likely because of a reduction of the activity of glycolytic enzymes,
as shown in a report focused on the electrogenic bicarbonate transporter SLC4A4
(Cappellesso et al., 2022). This alteration of pH; led to an increase in pHe, and, in
parallel, to a decreased oxygen consumption in Panc-1 and Panc02 cells. These
data are consistent with previous reports for other PRMT5 inhibitors, such as JNJ-
64619178 and the repurposed drug tadalafil, which attenuated aerobic glycolysis
and cell proliferation of CRC and breast cancer cell lines (Shen et al., 2022; Yang et
al., 2022). A similar effect of suppressed aerobic glycolysis was observed in PDAC
with knocked-down PRMT5, which increased the activity of the tumour suppressor
FBW?7 and reduced cMyc activity (Qin et al., 2019). These effects of PRMT5 inhibition
attenuating the pro-glycolytic features of PDAC (Chen et al., 2023), altogether with
shifts in lipid metabolism, amino acid uptake and lactate secretion, which are
relevant factors for PDAC survival (Daemen et al., 2015; Islam et al., 2022), should
be able to improve the conditions within the TME to facilitate immune response.
PDAC is characterized by an acidic TME with a dense desmoplastic stroma that
reduces drug penetration and treatment efficacy (Islam et al., 2022; Li et al., 2022;
Wang et al., 2021), promotes ECM remodelling (Czaplinska et al., 2023) and
facilitates immunosuppression by reducing antigen presentation by myeloid DCs,
and suppressing the function of NK and cytotoxic T cells (Cappellesso et al., 2022;
Islam et al., 2022). Additionally, PDAC tumours are associated with increased
regulatory T cell activity and tumour-associated macrophages (TAM) skewing
towards anti-inflammatory phenotypes (Chang et al., 2022; Islam et al., 2022; Li et

al., 2022; Wang et al., 2021; Wu et al., 2022; Yin et al., 2022).

124



After describing the functional effects of T1-44 on pH balance, and in line
with the enrichment of GO terms associated with transporter activity (e.g., ‘positive
ion transmembrane transport’, ‘regulation of anion transmembrane transport’,
‘glucose transmembrane transport’, etc), an initial mechanism of action for this
PRMT5 inhibitor was proposed: T1-44, via inducing changes in the activity or
expression of SLC transporters involved in the uptake or extrusion of H*, HCOjs
and/or metabolites (e.g., glucose, lactate, amino acids, etc), affects cell
metabolism and TME conditions (Cho et al., 2025; Li et al., 2022). However, after
confirming that the effects of PRMT5 on pHi/pH. balance were no longer apparent
under NVB (i.e. HEPES/MES buffering), thus revealing a bicarbonate-dependent
activity, NBCn1/SLC4A7, a bicarbonate uptake transporter associated with PDAC
tumour survival and murine breast cancer growth and development (Lee et al.,
2016; Li et al., 2022), appeared as a potential target regulated by PRMT5. Based on
the literature, other representatives from the SLC4 transporter family have also
been studied and considered as potential anti-cancer targets. For example, the
HCOs; extruder SLC4A2, an anion exchanger which lysosomal degradation via
mTORC1 inhibition has been proposed as a CRC adaptation mechanism to
overcome the effects of acidic TME that hinders glycolytic rate and survival (Michl
et al., 2023). Conversely, the electrogenic Na*/HCOg; transporter NBCe1/SLC4A4, a
highly-overexpressed carrier in PDAC closely related to SLC4A7, has been
described as a relevant factor promoting intracellular alkalinization that facilitates
tumour growth, glycolytic rate and lactate/H* extrusion via monocarboxylate
transporters (MCT) (Cappellesso et al., 2022). These effects lead to a reduction in

pHe. that inhibits mDC antigen presentation, CD8+ T cell activation, pro-
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inflammatory TAM proliferation, and decreases PDAC response to immune
checkpoint inhibitors (Cappellesso et al.,, 2022). All these effects were
counteracted by SLC4A4 knockdown and non-specific inhibition by 4,4’-
diisothiocyano-2,2’-stilbenedisulfonic acid (DIDS) (Benitez-Rangel et al., 2015;

Cappellesso et al., 2022).

The choice of SLC4A7 as a downstream target of T1-44 activity is further
supported by rMATS analysis and subsequent gPCR validation. This agent is
capable of inducing a particular exon-skipping event, A25 SLC4A7, which has an
impact in pH dynamics by the association of the skipping of exon 25, a 36-aa
optional structural element from the C-terminus region known as cassette lll, with
a 3 to 5-fold reduction of the intrinsic Na*/HCOj; uptake activity of SLC4A7 (Liu et
al., 2013; Wang et al., 2022). To confirm that the effects of T1-44 in pH dynamics
were associated with A25 SLC4A7 induction, an exon-skipping ASO was designed
to trigger this specific event. After validation and quality control, the A25 ASO
exerted similar pHe increase and pH; decrease effects as T1-44. Loss of effects
under bicarbonate-free buffering conditions confirmed the likelihood that these
effects were exerted by the activity of SLC4A7. Interestingly, no further changes in
pHi/pH. were observed when combinatorial T1-44 + A25 ASO treatments were used.
This could be explained by the saturation of SLC4A7 activity reduction, which was
probably reached by individual treatments. Additionally, SLC4A7 is one of many
transporters involved in pH regulation, so other carriers are likely to compensate to
maintain pH dynamics favourable for tumour survival (Blaszczak et al., 2022; Wang
et al., 2025). Additionally, no effects on O, consumption were found after A25 ASO

treatment, which is consistent with previous gene enrichment analysis performed
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in CRC cell lines that found no association between SLC4A7 and OXPHOS (Michl et
al., 2022). In contrast, T1-44 treatments were capable of reducing O, consumption,
which is in agreement with the OXPHOS-related terms found in the GO analysis. A
similar study using the PRMT5 inhibitor JNJ-64619178 in cellular models of Merkel
cell carcinoma also identified that PRMT5 regulates oxidative metabolism (Sevigny

etal., 2025).

After confirming that A25 SLC4A7 plays a role in the mechanism by which T1-
44 alters pH balance, the cellular implications of these changes were studied by
testing cell growth and evaluating the lipid peroxidation effect in combination with
the conventional chemotherapeutic doxorubicin. In general, A25 SLC4A7 reduced
cell growth in both Panc-1 and Panc02 cells by impairing the activity of this
bicarbonate transporter by the loss of functionally-relevant exon 25. This is
consistent with previous findings in breast cancer and head and neck squamous
cell carcinoma, where high SLC4A7 expression was associated with increased
tumour cell growth and metastasis (Axelsen et al., 2024; Hu et al., 2023). Similarly,
Axelsen et al. developed a monoclonal antibody designed to bind to the third
extracellular loop of human SLC4A7 which hindered the growth of triple-negative
breast cancer cells (Axelsen et al., 2024). When the effects of combinatorial
treatments with Dox were analysed, an increase in the lipid peroxidation induced by
this drug was found when it was combined with either T1-44 or A25 ASO. Triple Dox
+ T1-44 + A25 ASO treatments did not promote lipid peroxidation any further,
supporting the claim of reaching maximal SLC4A7 activity reduction. This

experiment provided further evidence that the modifications of pHi/pH. balance
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induced by PRMT5 inhibition and A25 ASO are functionally relevant, and could

increase the efficacy of weakly basic chemotherapeutics like Dox (Lee et al., 2023).

Lastly, the involvement of E2F1 in these responses was evaluated using
Panc02 Cas9 and E2F1Cr cells. First, it was confirmed via gPCR in tumour samples
that SLC4A7 acts as an E2F1 binder, showing that the overall expression of this
bicarbonate transporter was reduced in E2F1Cr tumours, but the absence of E2F1
had no effects on SLC4A7 AS. Consequently, E2F1 loss hindered the exon-skipping
activity of A25 ASO and cellular effects due to a reduction of the overall SLC4A7
transcript levels. A similar conclusion could be drawn to explain the lack of effects
on pH balance on E2F1Cr cells. However, the O, consumption reduction after T1-
44-containing treatments was maintained regardless of E2F1 status, highlighting
that the effects of PRMT5 inhibition in this process are regulated by other factors.
These experiments illustrate the involvement of E2F1 in PDAC cell survival, and how
the deregulation of this transcription factor can be seen as a strategy of tumours to

promote tumour survival via shifting expression and alternative splicing profiles.

In summary, the data described in this chapter indicate that PRMT5
inhibition exerts a two-pronged effect in PDAC cells: by inducing the expression of
translatable IncRNA peptides, and by altering pHi/pH. dynamics via inducing the
skipping of SLC4A7 exon 25. These effects depend, to a certain extent, on the status
of E2F1, as can be observed in E2F1Cr models, which have impaired the IncRNA
and SLC4A7 expression responses observed under PRMT5 inhibition. The impact of
these in vitro findings in IncRNA expression and pH dynamics on PDAC

immunogenicity will be described in the following chapter.
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Chapter 5 : PRMTS5 inhibition as a strategy to induce

immunogenicity on in vivo PDAC models

5.1. Introduction

The limited efficacy of therapeutic agents against PDAC has been widely
associated with the characteristics of its TME, a highly acidic microenvironment,
with abundant ECM density and immunosuppressive cells like pro-inflammatory
macrophages, MDSCs and regulatory T cells (Ju et al., 2024; Mundry et al., 2020;
Musiu et al., 2024). For this reason, therapeutic strategies that aim to improve PDAC
immune responsiveness by reversing some if its TME features have been proposed

in the scientific literature.

Forexample, Zhang et al. used the intra-tumoralinjection of a peptide-based
hydrogel, which contained the bile pigment biliverdin and the thymic peptide
thymopentin, reduced tumour growth and enhanced T cell infiltration in an
orthotopic model of PDAC (Zhang et al.,, 2023a). Another example could be a
combination treatment consisting of radiotherapy, the EGFR inhibitor cetuximab
and ICP"?%A (an NK- and monocyte-enriched cell extract activated with IL-2 and
zoledronic acid), which decreased tumour volume and enhanced the infiltration
and activation of Tand NK cells in a syngeneic PDAC model expressing human EGFR
(Rahman et al., 2025). Regarding PRMT5, the inhibitor EPZ-015866, in combination
with anti-PD-L1 immunotherapy, reduced tumour weight and increased CD8 cell

infiltration and activation in a lung cancer model (Hu et al., 2022). Another example
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of this can be found in the case report by Leidner et al., who proposed a therapeutic
TCR approach based on the infusion of autologous T cells restricted to express
human leukocyte antigen (HLA) allele HLA-C*08:02 TCR directed against
KRASG12D (mutation present in ® 45% of PDAC cases). Using this approach, the
authors obtained promising results in the regression of metastatic lung lesions in
one patient, but the low prevalence of the HLA-C*08:02 allele restricted the
applicability of this strategy to the general population (Leidner et al., 2022). Another
therapeutic approach, proposed by Rojas et al., considered the use of a
nanoparticle-based mRNA-lipoplex vaccine called autogene cevumeran containing
in silico-predicted neoantigens that can be presented by both classes of MHC to
treat patients submitted to pancreatic resection in combination with the anti-PD-L1
monoclonal antibody atezolizumab and modified FOLFIRINOX, which led to a 2-
year-sustained T cell response that delayed PDAC recurrence in 8 out of 16 patients

(Rojas et al., 2023).

Considering the relevance of the TME in PDAC, the precedents that PRMT5
inhibition has as an immunosensitizing agent in CRC (Barczak et al., 2023), and the
potential that PRMT5 inhibition have demonstrated in vitro throughout this thesis,
this chapter will focus on the immunogenicity evaluation of the IncRNA-derived
peptides induced by T1-44, the in vivo assessment of the effects of PRMT5 inhibition
in SLC4A7 exon 25 skipping and pH dynamics, and the implications that this might

have in immune cell activation and infiltration.

130



5.2. Results

5.2.1. PepLncP2 peptides stimulate IFNy release in C57BL/6 mice

To provide a general landscape of the immunogenic potential of the 28 in
silico-predicted IncRNA-derived peptides contained in the PepLncP2 cassette, this
string was cloned into a ChAdOx1 adenoviral vector. Then, C57BL/6 mice were
immunized with the vaccine (Figure 5.1A). The capacity of the ChAdOx1-PepLncP2
vaccine to stimulate IFNy secretion was tested via ELISpot on splenocytes treated
with a pool of 28 PepLncP2 peptides, finding an increase in splenocyte stimulation
(Figure 5.1B). This increase was substantially higher than the positive control PHA,
which was capable to induce only a modest increase in IFNy secretion. Additionally,
ChAdOx1-PepLncP2 vaccination did not induce any changes in the body weight of
the animals (Figure 5.1C, left graph) and was capable to promote IFNy release when

compared with the mice vaccinated with ChAdOx1-GFP (Figure 5.1C, right graph).
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Figure 5.1. In silico-predicted [ncRNA-derived peptides are capable to
immunogenicity.

A. Experimental design used for ELISpot experiments. Briefly, C57BL/6 mice were
immunized with ChAdOx1-GFP or ChAdOx1-PepLncP2 vaccines (n =5 mice per treatment).
9 days after vaccination, animals were culled and their splenocytes collected for ELISpot.
Figure created in https://BioRender.com. B. IFNy ELISpot plate obtained after stimulating
splenocytes with a pool of the PepLncP2 peptides (‘PepLncP2’). DMSO and PHA were
included as negative and positive controls, respectively; n = 2 independent experiments. C.
Relative body weight measurements (left graph) and IFNy spots counts (right graph)
obtained after treating C57BL/6 mice with ChAdOx1-GFP and ChAdOx1-PepLncP2
vaccines; n = 5 mice per treatment. Results are expressed as mean * SD; two-tailed
unpaired Student’s t-test; **** p < 0.00001. These experiments were performed by Dr.
Wiktoria Blaszczak.
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5.2.2. PRMT5 inhibition promotes Slc4a7 exon 25 skipping and modifies
the pH of tumour microenvironment without compromising immune

cell infiltration in C57BL/6 mice

As a way to establish if the effects of T1-44 in Panc02 cell growth and
proliferation can also be observed in vivo, a model consisting in immunocompetent
C57BL/6 mice bearing syngeneic Panc02 cells implanted subcutaneously received
oraltreatments with bicarbonate water, T1-44 and vehicle solution (i.e. 5.0% DMSO,
0.5% Tween 80 in water) for 16 days (Figure 5.2A). Initial assessments comparing all
treatment groups showed that no differences were found for both tumour volume
and body weight measurements during the entire length of the experiment (Figure
5.2B). However, when snap-frozen tumour samples were analysed, it was found
that, in line with in vitro findings, none of the treatment conditions modified Slc4a7
expression (Figure 5.2C, left graph), but only T1-44 induced Slc4a7 exon 25 skipping
(Figure 5.2C, right graph). These findings highlight that, despite T1-44 not showing
antiproliferative effects in vivo, it is capable to promote Slc4a7 AS in a similar way

as it was observed in vitro.
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Figure 5.2. PRMTS5 inhibition is capable to promote Slc4a7 exon 25 skipping in
vivo.

A. Experimental design used for in vivo experiments. Briefly, C57BL/6 mice received
subcutaneous injections of Panc02 cells and, after reaching a tumour volume between 50
and 150 mm?, received daily oral treatments with vehicle (5% DMSO, 0.5% Tween 80 in
water solution), T1-44 and ad libitum bicarbonate water (n = 12 mice per treatment group).
After 8 days of treatment, 4 animals of each group were treated with a FITC-pHLIP probe
and tumour samples were collected after culling. The rest of the animals were maintained
until day 16, recording their body weight and tumour volume twice a week and collecting
tumour FFPE samples by the experiment endpoint. Figure created in
https://BioRender.com. B. Tumour volume (left graph) and body weight (right graph)
measurements obtained after treating Panc02 tumour-bearing C57BL/6 mice with the
aforementioned treatment conditions; n = 8 mice per treatment group. Results are
expressed as mean = SD; one-way ANOVA with Tukey’s multiple comparisons. C. gPCR
measurements performed on RNA extracts obtained from Panc02 tumour samples to
quantify the relative effect of vehicle, T1-44 and NaHCOQ; treatment in Slc4a7 overall
expression (left graph) and Slc4a7 exon 25 skipping (right graph); n = 4 mice per treatment
group. Results are expressed as mean += SD; one-way ANOVA with Tukey’s multiple
comparisons. *p < 0.05.

However, to evaluate if the induction Slc4a7 exon 25 skipping promoted by
T1-44 can have a functional impact in tumour acidity, immunofluorescence
experiments using a FITC-pHLIP probe were considered. In vitro testing of this probe
using Panc02 cells cultured at different pH conditions showed a progressive
increase of the FITC signal when extracellular pH was reduced from 6.81 to 6.20

(Figure 5.3), validating the performance of this probe staining acidic niches.
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Figure 5.3. FITC-pHLIP probe is capable to detect acidic niches in Panc02 cells.
A. Representative immunofluorescence images of Panc02 cells cultured under different
pH-adjusted bicarbonate-buffered sDMEM. Before mounting with antifade agent + Hoechst
33342, cells were treated for 20 min with a 10 uM FITC-pHLIP in DMSO solution; n = 3
independent experiments. Magnification: 40x, Scale bar: 50 um. B. (i) Histograms and (ii)
box and whiskers graphs detailing the distribution of the FITC-pHLIP signal intensity from
Panc02 cells cultured under different pH conditions; n = 3 independent experiments.
Results are expressed as box and whiskers representing the median and minimum to
maximum MF]| value range; one-way ANOVA with Tukey’s multiple comparisons. * p < 0.05,
¥+ p <0.00001.
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When the tumour samples from mice treated with FITC-pHLIP were
processed and analysed via immunofluorescence, an overall reduction of the FITC

signal was observed for both T1-44 and bicarbonate water treatment (Figure 5.4).

A Panc02 tumours Hoechst 33342 FITC-pHLIP Merge

Vehicle

T1-44

NaHCO,

B % % %k %
goq
70
60- T

a

T |

I 20-

(@]

=

ry

< 10+ l %

T T T
Vehicle T1-44 NaHCO;

Figure 5.4. T1-44 reduces microenvironmental acidity in tumour samples.

A. Representative section scanning (left column) and confocal microscopy (right square)
images of subcutaneous Panc02 tumours obtained from C57BL/6 mice treated with T1-44,
bicarbonate water and vehicle solution, plus a FITC-pHLIP solution to detect acidic niches;
n = 4. Magnification: 10x (section scanning) and 40x (confocal microscopy), Scale bar: 1
mm and 50 um for scanning and confocal microscopy, respectively. White squares in the
scanning microphotographs represent the area magnified for confocal microscopy. B.
Distribution of the FITC-pHLIP fluorescent signal intensity obtained in tumour samples after
treating mice with vehicle solution, T1-44 and bicarbonate water; n = 4 independent
experiments. Results are expressed as box and whiskers representing the median and
minimum to maximum MF| value range; one-way ANOVA with Tukey’s multiple
comparisons. ****p < 0.00001.
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Lastly, to evaluate if the microenvironmental effects of T1-44 in pH dynamics
might induce immune cell activation or infiltration, immunohistochemistry
experiments were performed. Despite confirming the presence of T1-44
pharmacological target by PRMT5 staining, and the activity of this drug by the
suppression of the SDMe signal, none of treatments was capable to alter the
infiltration of both CD4 and CD8 cells (Figure 5.5). However, PRMT5 inhibition
slightly increased of GZMB staining, which is evidence of a slight increase in

immune cell activity inside the tumour (Figure 5.5).

Overall, these experiments show that, in this particular in vivo model, T1-44
is capable to modify microenvironmental pH by inducing the skipping of Slc4a7
exon 25, and these changes do not affect CD4 and CD8 cells infiltration but induce

GZMB release in tumour sites.
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Figure 5.5. T1-44 treatment induces GZMB release, but it does not have any
effects in CD4 and CD8 cells infiltration to tumour sites.

A. Representative widefield microphotographs taken from tumour samples from C57BL/6
mice treated with T1-44, bicarbonate water and vehicle solution and stained with antibodies
against CD4, CD8, SDMe, GZMB and PRMT5, and rabbit IgG isotype control; n = 3
independent experiments. Magnification: 40x, Scale bar: 20 um. B. DAB pixel intensity
analysis expressed as percentage of DAB signal/nuclei obtained for CD4, CD8, SDMe,
GZMB, PRMT5 and rabbit IgG isotype control staining of tumour tissue samples treated with
vehicle solution, T1-44 and bicarbonate water; n = 3 independent experiments using four
images per replicate. Results are expressed as mean = SD; two-way ANOVA with Geisser-
Greenhouse corrections. *p <0.05, **p <0.01.

5.2.3. ChAdOx1-PepLncP2 treatment reduces tumour growth in

C57BL/6 mice

With the purpose to evaluate the anti-tumour potential of the PepLncP2
cassette, tumour challenge experiments were carried out comparing C57BL/6 mice
vaccinated with ChAdOx1-GFP and ChAdOx1-PepLncP2 (Figure 5.6A). After 25 days
of tumour volume measurements, it was established that ChAdOx1-PepLncP2 was
capable to reduce tumour growth when compared to ChAdOx1-GFP without
compromising the body weight of the animals (Figure 5.6B). Subsequently, to
demonstrate the immunogenic capacity of the ChAdOx1-PepLncP2 vaccine, IFNy
ELISpot was performed on splenocytes samples, finding that only the mice
inoculated with ChAdOx1-PepLncP2 were capable to stimulate IFNy secretion
when splenocytes were treated with a pooled solution of the 28 PepLncP2 peptides

(Figure 5.6C).

These experiments confirm that the immunogenic activity of the ChAdOx1-
PepLncP2 vaccine is capable to compromise tumour growth in mice bearing

subcutaneous Panc02 tumours.
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Figure 5.6. ChAdOx1-PepLncP2 vaccination decreases subcutaneous tumour
growth in C57BL/6 mice.

A. Design used for tumour challenge experiments. Briefly, C57BL/6 mice were inoculated
with ChAdOx1-GFP or ChAdOx1-PepLncP2 vaccines (n = 10 mice per treatment). 12 days
after vaccination, subcutaneous tumours were implanted in mice and tumour volume and
body weight recordings were performed for 25 days, when animals were culled and their
splenocytes collected for IFNy ELISpot. Figure created in https://BioRender.com. B.
Measurements of tumour volume throughout the experiment (left graph) and at day 25
(central graph), and body weight recordings (right graph) obtained when Panc02 tumours
were implanted in C57BL/6 mice treated with ChAdOx1-GFP (n = 10) and ChAdOx1-
PeplLncP2 (n = 9) vaccines. Results are expressed as mean * SEM (left graph), box and
whiskers (central graph) and mean = SD (right graph); two-tailed unpaired Student’s t-test;
*p <0.05. C. IFNy ELISpot plates (left graph) and IFNy spots counts (right graph) obtained
after stimulating splenocytes derived from mice treated with ChAdOx1-GFP (n = 10) and
ChAdOx1-PepLncP2 (n = 9) with a pool of the PepLncP2 peptides (‘Peptides’), DMSO and
PHA. Results are expressed as mean = SD; two-tailed unpaired Student’s t-test; *** p <
0.00001. These experiments were performed by Dr. Wiktoria Blaszczak.
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5.3. Discussion

After confirming that T1-44 is capable to induce the expression of IncRNA-
derived peptides and alter pH balance in PDAC cell lines, subsequent in vivo
evaluations were needed to confirm these findings. As Initial approach to test the
potential of PRMT5 inhibition as an immunosensitizer drug in PDAC, C57BL/6 mice
were inoculated with ChAdOx1-PepLncP2. This vaccine contains a poly-antigen
string of 28 IncRNA-derived peptides whose expression is induced by T1-44 and
have been predicted in silico as strong MHC-| binders. As result, ChAdOx1-
PepLnc2P vaccination significantly induced IFNy release from splenocyte samples
and reduced tumour growth. This effect can be associated with an enhancement of
T cell activation (Wykes and Renia, 2017), a group of cells that constitutes about 20-
35% of the population of splenocytes in C57BL/6 mice (Hensel et al., 2019), but this
needs to be proven in future studies performing IHC analysis in tumour samples
collected from mice treated with T1-44, ChAdOx1-PepLncP2 or combinatorial

treatments.

This activation promoted by the PeplLncP2 string goes in line with
immunopeptidomics-based reports that propose that non-canonical antigens that
bind to MHC-I, such as these IncRNA-derived peptides, are capable to enhance
tumour immunogenicity and reduce tumour volume via T cell activation (Barczak et

al., 2023; Ely et al., 2025).

Despite these ex vivo findings, acidic conditions pose a relevant challenge to
immunotherapeutic agents, as the immune response is likely to be suppressed in

the TME (Audero et al., 2023; du Toit-Thompson et al., 2025). PDAC acidosis
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generates a highly immunosuppressive environment by promoting the selection of
regulatory T cells, CAFs and immunosuppressive macrophages (Brautigam et al.,
2025; Falcomata et al., 2023; Vaish et al., 2021; Victorasso Jardim Perassi et al.,
2022), and inhibiting the effector function of CD8 cells (Wu et al., 2020b). Acidosis
in PDAC TME also contributes to tumour survival by promoting metabolic
adaptability and the use of fatty acids, acetate or glutamine as alternative oxidative

substrates (Groessl et al., 2025; Ibanez and Feron, 2025).

The influence of microenvironmental factors in PDAC responsiveness to
therapeutics may explain why single treatments with T1-44 did not compromise
tumour growth nor stimulated the infiltration of CD4 and CD8 cells in subcutaneous
Panc02 tumours. This absence of effects have also been reported in other in vivo
PDAC studies using T1-44 (Hong et al., 2023) and EPZ-015666 (Wei et al., 2020) as
PRMTS5 inhibitors, but differs with the observations on in vivo CRC models, where
T1-44 single treatment was capable to suppress tumour growth and promote CD4
and CD8 cellinfiltration (Barczak et al., 2023), and MYCN-amplified neuroblastoma,
where GSK3326593 treatment reduced tumour growth, improved survival rates and

altered glutamine metabolism in Th-MYCN mice (Bojko et al., 2024).

Despite the fact that single treatments with T1-44 are ineffective against
PDAC, several reports have proposed the use of PRMT5 inhibition as an effective
combinatorial strategy, altogether with TGF- inhibitors (Hong et al., 2023), KRAS
inhibitors (Drizyte-Miller et al., 2025a; Schneider et al., 2025) and conventional
chemotherapeutic agents, like gemcitabine (Feng et al., 2024; Wei et al., 2025) and

paclitaxel (Wei et al., 2025), to improve PDAC responsiveness to treatment.
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The aforementioned evidence, and the confirmation that T1-44 promotes
SLC4A7 exon 25 skipping and suppressed acidic niches in FITC-pHLIP staining in
Panc02 tumour samples, portray PRMT5 inhibition as a promising
immunosensitizing strategy that could improve PDAC response to other therapeutic
agents via improving TME conditions by inducing SLC4A7 AS, thus impacting in pH
dynamics, and promoting the expression of immunogenic IncRNA-derived

peptides.
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Chapter 6 : Concluding remarks

The experiments described in this thesis have been focused on establishing
the potential of PRMT5 inhibition as a strategy to enhance PDAC immunosensitivity.
As initial characterization experiments, the selective PRMT5 inhibitor T1-44 was
found capable to exert its known role suppressing SDMe without affecting cell
viability nor altering the cell cycle and apoptosis profile of the PDAC cell lines Panc-
1 and Panc02. In these initial experiments, a partial involvement of E2F1 was also
described, showing that the loss of E2F1 was associated with a reduced sensitivity

to PRMT5 inhibitors.

After these initial assessments, follow-up experiments using a T1-44
concentration that did not affect Panc-1 and PancO02 cell viability were made, finding
that PRMT5 induced the expression of translatable IncRNAs and promoted the
skipping of exon 25 of SLC4A7, a sodium/bicarbonate transporter. The induction of
this particular AS event was associated with a bicarbonate-dependent change in
the pHi/pH. balance of cells treated with both T1-44 and A25 ASO, an antisense
oligonucleotide designed to induce this particular SLC4A7 exon-skipping event. In
parallel, in silico predictions of the peptides translated from the IncRNAs
overexpressed by T1-44 were made, choosing a series of 9-mers capable to bind to
MHC-I to design the poly-antigen cassette PepLncP2. On the other hand, by using
in silico approaches, E2F1 was identified as a regulator of the expression of several
of the IncRNA whose expression was modified by PRMT5 inhibition. In addition,
E2F1 also regulates the expression of SLC4A7, thus impacting on the effects of T1-

44 and A25 ASO in pH dynamics in E2F1Cr cells.
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Lastly, an evaluation of the efficacy of PRMT5 inhibition in syngeneic mouse
models was performed. Here, it was found that a ChAdOx1-based vaccine
containing PepLncP2 was capable to reduce tumour growth and stimulate IFNy
secretion, which illustrates that these IncRNA-derived peptides are capable to
induce anticancer immunity. A similar induction of the activity of immune cells was
found when an increased GZMB staining was observed in tumour samples treated
with T1-44. However, PRMT5 inhibition did not have any effects on the infiltration of
CD4 and CD8 cells. Similarly to the results observed in vitro, T1-44 also promoted
SLC4A7 exon 25 skipping in tumour samples, and the impact of this agent in pH
dynamics was subsequently confirmed by the loss of the FITC-pHLIP signal in

tumour samples derived from mice treated with both T1-44 and NaHCOs.

When the limitations and future perspectives of this work are analysed, the

following points could be identified:

(i) The information describing the interaction between E2F1 and pH
dynamics in PDAC is limited. Future mechanistic studies can be
focused on considering if E2F1 modifies its role in gene expression
and AS under low pH due to an increase in the protonation state of its
histidine residues, thus impacting on E2F1 binding (Winiewska-
Szajewska et al., 2024) and transcriptional regulation capacities that
can contribute to PDAC metabolic adaptability and survival
(Bertonnier-Brouty et al., 2024; Kisor et al., 2025).

(i) The lack of in situ pH assessments limits the interpretability and

scope of the pH dynamics results obtained in vivo, which were
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focused only on acidic niches staining. Future studies can tackle this
issue by using hyperpolarized *C bicarbonate (Mu et al., 2023) or '*C
pyruvate (Deen et al., 2023) magnetic resonance imaging, which can
also offer additional evidence to associate the effects of PRMT5
inhibition in pH dynamics with its consequences in the balance
between glycolytic and oxidative metabolism, a largely relevant topic
in PDAC survival and metabolic adaptability (Chianese et al., 2026)
that was only tangentially addressed in this thesis.

(iii) There is an absence of in vivo assessments of the impact of SLC4A7
and SLC4A7 A25 in pH dynamics and tumour growth. For this, in vivo
experiments using nanoparticulated-A25 ASO formulations in more
relevant syngeneic PDAC models, like C57BL/6 mice bearing KPC
cells with or without KPC knock-outs, can be considered to confirm
the relevance of SLC4A7 activity in PDAC survival.

(iv) The relevance of the proposed immunosensitizing effects of PRMT5
inhibition in terms of PDAC survival needs to be furtherly tested in
vivo. For this, additional tumour challenge experiments involving
ChAdOx1-PepLncP2 vaccination with T1-44 treatment and tumour
volume measurements, T cell infiltration assessment and acidic
niches staining could provide a clearer picture about the impact of

T1-44 effects in tumour growth.

In summary, the experiments shown on this thesis provide in vitro and in vivo
evidence to suggest that PRMT5 inhibition, via its interaction with E2F1, is a

promising therapeutic strategy to increase PDAC immunosensitivity by altering pH
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dynamics via inducing SLC4A7 AS, metabolic reprogramming and the expression of

immunogenic IncRNA-peptides as can be observed in Figure 6.1.

PDAC immunosuppressive TME === PDAC TME under PRMTS5 inhibition

Reduced immunogenicity Tumor microenvironment Enhanced immunogenicity Tumor microenvironment

Treg
activity

Treg
activity

} Teactivation & 1 mpoc Ievel

lmDC levels 'NK cell ' Ag
activit resentation
7 NK cell A ! & 4 oH.
‘acuvnty presentation ‘ pHe
HCO4 e
Lactate e . o2 CHElE

L ]
Improved ®
immune Y 4 LS

Low
immune

i E | B AR .
- . / HCO:  Nat T
/ HCOs  Na* |actate H /. . .3 L:ctate .
Poorly o.: o Immunogenic o.
immunogenic 0’ IncRNA-derived  A25 SLC4A7

) ; Splicing fidelity eptides Glycolyss
self-peptides f fGlyconsis pep - — (HK. PEK. LDH

3 = Ast = =] (HK, PFK, LDH {'J activity)
=

activity)

g0~ L@
<DV PDAC cell o <DAV PDAC cell

Figure 6.1. Proposed model of E2F1 and PRMT5 involvement regulating PDAC
immunosensitivity via regulating the expression of IncRNA-derived peptides
and pH dynamics.

In untreated conditions (left panel), E2F1 and PRMT5, frequently-deregulated proteins in
PDAC, supress the expression of immunogenic IncRNA-derived peptides and regulate the
activity of the bicarbonate transporter SLC4A7 by preserving its splicing fidelity. This
enhancement of bicarbonate uptake is one of the factors that lead to an increase in the
glycolytic rate of PDAC cells and subsequently augments H*/lactate extrusion, contributing
to the establishment of an acidic tumour microenvironment that impairs anti-tumour
immune response and the efficacy of conventional chemotherapeutics. Under these
circumstances, the PRMT5 inhibitor T1-44 (right panel) can be used as a dual
immunosensitizing strategy that promotes the expression of immunogenic [ncRNA-derived
peptides and alters intra- and extracellular pH balance by promoting the skipping of SLC4A7
exon 25. Figure created in https://BioRender.com
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Appendix |

List of differentially expressed genes after T1-44 treatment

Green and red squares in the log,(FC) column represent overexpressed and
downregulated genes (cutoff |log.FC| > 0.58) obtained after treating Panc-1 and
Panc02 cells with 1.0 uM T1-44 for 48 h, respectively.

e Panc-1

GenelD Gene name loga(FC) Adjusted p value

ENSG00000100697.17 DICER1 2.32917056 1.45613E-44
ENSG00000117360.13 PRPF3 2.05381559 9.71461E-17
ENSG00000221978.13 CCNL2 1.89827226 6.4992E-17
ENSG00000186891.14 TNFRSF18 1.67406858 4.33213E-11
ENSG00000179593.16 ALOX15B 1.5851291 1.22083E-18
ENSG00000143924.19 EML4 1.56034067 3.09383E-07
ENSG00000155846.17 PPARGC1B 1.48510181 6.10677E-08
ENSG00000163781.14 TOPBP1 1.46657287 1.47278E-07
ENSG00000253110.1  ENSG00000253110 1.45633199 1.50427E-06
ENSG00000096060.15 FKBP5 1.44683868 1.18853E-27
ENSG00000228559.2  ENSG00000228559 1.43723911 7.36928E-23
ENSG00000264125.1  ENSG00000264125 1.40344858 2.32644E-06
ENSG00000183034.13 OTOP2 1.34485648 7.18418E-06
ENSG00000159899.16 NPR2 1.28715481 6.71041E-13
ENSG00000242199.1  ENSG00000242199 1.23235402 2.30672E-14
ENSG00000160058.19 BSDC1 1.20221009 0.000130313
ENSG00000229522.1  LINC01523 1.20044839 2.37445E-05
ENSG00000289555.1  ENSG00000289555 1.16925175 0.000125228
ENSG00000163156.12 SCNM1 1.15591902 0.000165993
ENSG00000149131.17 SERPING1 1.15219251 4.53498E-05
ENSG00000237423.3  LINC01522 1.11388457 2.08046E-06
ENSG00000272161.1  ENSG00000272161 1.10991906 6.92999E-07
ENSG00000148843.15 PDCD11 1.10839978 0.000332037
ENSG00000234204.1  PIGPP2 1.09201152 2.22681E-06
ENSG00000114491.14 UMPS 1.04944084 1.92044E-31
ENSG00000109814.12 UGDH 1.04454032 6.04505E-05
ENSG00000234088.1  RPS15AP7 1.0336833 4.69322E-11
ENSG00000253457.3 SMIM18 1.03146956 1.15227E-07
ENSG00000266356.1  ENSG00000266356 1.03057471 4.91481E-05
ENSG00000213853.10 EMP2 1.02362078 0.001812809
ENSG00000158292.7 GPR153 1.01032941 0.001185328
ENSG00000139190.17 VAMP1 1.00940753 2.18683E-08
ENSG00000224870.9 MRPL20-AS1 1.00465826 0.002326754
ENSG00000031698.13 SARS1 1.00081777 4.19659E-09
ENSG00000139192.12 TAPBPL 0.99106453 0.001054425
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ENSG00000250546.6
ENSG00000112739.17
ENSG00000265981.1
ENSG00000205500.8
ENSG00000125730.18
ENSG00000230912.1
ENSG00000180628.15
ENSG00000135916.16
ENSG00000136436.15
ENSG00000144567.11
ENSG00000198171.13
ENSG00000277636.1
ENSG00000256350.1
ENSG00000085978.22
ENSG00000286493.1
ENSG00000229859.10
ENSG00000260236.2
ENSG00000143318.13
ENSG00000290692.1
ENSG00000263206.1
ENSG00000223912.1
ENSG00000149636.16
ENSG00000120949.15
ENSG00000117984.15
ENSG00000158578.21
ENSG00000288837.2
ENSG00000204128.6
ENSG00000113790.11
ENSG00000133131.15
ENSG00000254172.1
ENSG00000171522.6
ENSG00000163697.17
ENSG00000176933.5
ENSG00000099785.11
ENSG00000262154.1
ENSG00000119535.19
ENSG00000258513.1
ENSG00000143570.19
ENSG00000179751.7
ENSG00000264115.1
ENSG00000013503.10
ENSG00000230284.1
ENSG00000259482.2
ENSG00000268201.1
ENSG00000178772.7
ENSG00000249641.2
ENSG00000163785.13
ENSG00000159210.10

LINC02994

PRPF4B

MIR544B
MAPRE3-AS1

c3
ENSG00000230912
PCGF5

ITM2C

CALCOCO2
RETREG2

DDRGK1

MIR8061
ENSG00000256350
ATG16L1
ENSG00000286493
PGA3

PTPN23-DT

CASQ1
ENSG00000290692
KYNUP3
EEF1A1P36

DSN1

TNFRSF8

CTSD

ALAS2
ENSG00000288837
C2orf72

EHHADH

MORC4

RNUSA-3P

PTGER4

APBB2

TOB2P1

MARCHF2

EIF1P4

CSF3R
ENSG00000258513
SLC39A1

SYCN

MIR3180-4
POLR3B
ENSG00000230284
RORA-AS2
ENSG00000268201
CPN2

HOXC13-AS

RYK

SNF8

0.98907584
0.98818859
0.98793247
0.98639851
0.98135237
0.97265997
0.96958767
0.96681215
0.95433694
0.94608203
0.93609315
0.93409929

0.9283773
0.92709036

0.9217899
0.92082413
0.92042608
0.91727956
0.91311344
0.91168835

0.9105173

0.9097885
0.90661051

0.8986974
0.88278762
0.88268019
0.87112471
0.86943443
0.86778771
0.86698948
0.85579379
0.85267953
0.84954987

0.8490429
0.84870077
0.84771137
0.84230639
0.84116417
0.83906344
0.83184835
0.82965717
0.82949288
0.79941942
0.79916958

0.7979562
0.79359569
0.78376725
0.78319889

6.16834E-23
1.07163E-22
4.41768E-12
0.002900102
0.000342001
0.003371411
4.82699E-14
1.19713E-05
0.003807977
0.004230775
0.00273841
0.005116844
2.0507E-25
1.04975E-11
0.000434929
0.000356361
0.006255864
0.00048974
0.005836358
0.006026349
8.12439E-11
3.77872E-32
0.006779993
0.001782076
0.009570783
0.003499457
3.22778E-05
6.83287E-05
8.05814E-05
2.417E-08
1.54221E-10
4.73659E-11
0.009994739
1.0332E-12
0.00499939
5.45607E-05
0.000172145
0.000165485
5.08863E-06
0.000105517
5.04553E-11
4.76072E-07
0.008486403
6.33751E-05
1.32598E-05
0.001673808
5.51426E-15
5.37582E-12
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ENSG00000133226.19
ENSG00000276240.3
ENSG00000128536.16
ENSG00000226208.1
ENSG00000130544.12
ENSG00000145526.12
ENSG00000023171.20
ENSG00000139613.12
ENSG00000204514.11
ENSG00000143164.16
ENSG00000101751.11
ENSG00000139354.11
ENSG00000177721.5
ENSG00000167721.11
ENSG00000149639.15
ENSG00000021826.18
ENSG00000251637.6
ENSG00000263345.1
ENSG00000201846.1
ENSG00000158373.9
ENSG00000108262.16
ENSG00000278685.4
ENSG00000226752.10
ENSG00000112763.17
ENSG00000171853.16
ENSG00000154485.5
ENSG00000132359.16
ENSG00000160712.13
ENSG00000164081.13
ENSG00000197265.9
ENSG00000149177.15
ENSG00000260930.2
ENSG00000129744.3
ENSG00000114993.17
ENSG00000229051.2
ENSG00000181754.7
ENSG00000247271.9
ENSG00000116729.14
ENSG00000189195.15
ENSG00000257391.1
ENSG00000174485.16
ENSG00000198691.14
ENSG00000081059.20
ENSG00000254449.1
ENSG00000242259.9
ENSG00000150764.14
ENSG00000266472.6
ENSG00000163644.15

SRRM1
OR4E1
CDHR3
ENSG00000226208
ZNF557
CDH18
GRAMD1B
SMARCC2
ZNF814
DCAF6
POLI
GAS2L3
ANXA2R
TSR1
SOGA1
CPS1
LINC02754
SGSM2-AS1
RNA5SP166
H2BC5
GIT1
IQCA1L
CUTALP
BTN2A1
TRAPPC12
MMP21
RAP1GAP2
IL6R
TEX264
GTF2E2
PTPRJ
LINCO1416
ART1

RTKN
LINC01788
AMIGO1
ZBED5-AS1
WLS
BTBD8
ENSG00000257391
DENND4A
ABCA4
TCF7
SF3A3P2
C220rf39
DIXDC1
MRPS21
PPM1K

0.78258065
0.78161037
0.78110765
0.77874882
0.7764336
0.77474615
0.77406498
0.76924402
0.76270837
0.76211037
0.76059772
0.7585948
0.75338368
0.74973496
0.74808168
0.74559531
0.74297217
0.74058282
0.74043928
0.73707136
0.73476989
0.73348845
0.73314314
0.71878893
0.7176135
0.71406331
0.71273755
0.71250634
0.70770382
0.705285
0.69965642
0.6993805
0.69598873
0.68670446
0.68561951
0.68337038
0.68230592
0.67819876
0.6774217
0.6725317
0.67093731
0.66546825
0.66331083
0.66179254
0.66037854
0.65757234
0.65743013
0.65557001

1.10586E-08
4.72681E-05
0.000195826
1.18979E-10
2.73052E-07
0.001674247
1.22124E-05
1.04236E-07
3.77444E-11
5.0155E-06
1.5531E-11
2.74477E-06
0.000183434
1.513E-10
5.82598E-18
6.92076E-05
8.42932E-09
0.007616436
0.005030961
1.42888E-10
0.000142552
0.000939067
0.003668794
3.23956E-09
0.000446654
3.42316E-06
0.003468609
8.13837E-05
0.002683053
0.001805048
3.06531E-09
0.000246832
0.00829559
5.53716E-09
9.36421E-08
0.002484187
0.001123361
9.70981E-08
0.002142026
4.38185E-10
1.87201E-05
7.54199E-07
1.35834E-06
0.000634715
5.37582E-12
3.33551E-06
2.62682E-05
4.40362E-07
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ENSG00000113558.19
ENSG00000230342.2
ENSG00000164744.14
ENSG00000184831.14
ENSG00000166803.14
ENSG00000159398.16
ENSG00000243022.1
ENSG00000239880.1
ENSG00000086065.14
ENSG00000253376.2
ENSG00000233924.1
ENSG00000119729.12
ENSG00000151892.16
ENSG00000175061.20
ENSG00000211690.1
ENSG00000168434.13
ENSG00000151665.13
ENSG00000221933.3
ENSG00000146858.8
ENSG00000082213.18
ENSG00000157110.16
ENSG00000124802.12
ENSG00000274528.1
ENSG00000006715.16
ENSG00000189050.16
ENSG00000137393.10
ENSG00000263624.1
ENSG00000112186.13
ENSG00000122025.15
ENSG00000101444.13
ENSG00000173692.14
ENSG00000287977.1
ENSG00000167965.18
ENSG00000253872.1
ENSG00000256968.1
ENSG00000166822.13
ENSG00000107104.21
ENSG00000234592.1
ENSG00000104365.16
ENSG00000267327.2
ENSG00000132535.22
ENSG00000130822.16
ENSG00000131759.18
ENSG00000252534.1
ENSG00000174791.11
ENSG00000185924.7
ENSG00000088888.18
ENSG00000168056.18

SKP1

FANCD2P2

SUN3

APOO

PCLAF

CES5A

MARK3P3
RALBP1P1

CHMP5
ENSG00000253376
RPSAP13

RHOQ

GFRA1

SNHG29

TRGJ1

C0G7

PIGF

OR2A25
ZC3HAVI1L
C5o0rf22

RBPMS

EEF1E1
ENSG00000274528
VPS41

RNFT1

RNF144B
ENSG00000263624
CAP2

FLT3

AHCY

PSMD1
ENSG00000287977
MLST8
ENSG00000253872
SNRPEP2
TMEM170A
KANK1

TIAP1P1

IKBKB
ENSG00000267327
DLG4

PNCK

RARA

Y_RNA

RIN1

RTN4RL1

MAVS

LTBP3

0.65183849
0.65124147
0.65074585
0.64856152
0.64836291
0.64707537
0.64486993
0.64420052
0.64350557
0.64194664
0.62952932
0.62900131
0.62624779
0.62498626
0.62464095
0.6230329
0.62205563
0.62123147
0.61674013
0.61409461
0.61270427
0.60966697
0.60922391
0.60834511
0.60015682
0.59704444
0.59412263
0.59408733
0.59300157
0.59249949
0.59068974
0.58960618
0.58733225
0.58592249
0.58561978
0.58506152
0.58405517
0.58196742
0.58184464
0.58109252
-0.58100881
-0.58155987
-0.58175784
-0.58276825
-0.58296706
-0.58332949
-0.58431187
-0.58432448

7.12332E-11
0.004260992
0.00896555
0.005383232
1.33381E-09
0.001959493
8.12994E-07
2.19891E-05
4.75595E-07
2.79907E-06
0.002753946
1.03133E-07
1.92685E-09
0.000968054
9.85383E-05
6.41337E-06
3.31129E-12
0.000380927
5.07475E-05
1.4251E-08
0.000529888
0.00475841
7.73669E-05
4.28822E-05
0.002353709
0.000725956
0.000456345
1.97926E-09
1.82776E-08
1.4713E-07
0.000744548
6.41337E-06
0.002577814
0.006003456
2.68164E-05
1.15642E-05
5.38838E-09
1.34112E-08
0.001088885
0.003337996
6.32638E-10
6.78381E-12
4.82244E-11
0.006255864
4.90001E-07
0.001943793
3.80069E-07
1.10475E-09
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ENSG00000137812.21
ENSG00000083720.13
ENSG00000142611.17
ENSG00000075568.17
ENSG00000233872.1

ENSG00000279136.1

ENSG00000196531.14
ENSG00000165271.17
ENSG00000015285.12
ENSG00000174996.12
ENSG00000204179.11
ENSG00000160050.16
ENSG00000161860.8

ENSG00000110025.13
ENSG00000112659.14
ENSG00000101222.12
ENSG00000089159.17
ENSG00000099864.18
ENSG00000288531.1

ENSG00000157823.17
ENSG00000233585.2

ENSG00000008710.20
ENSG00000128872.10
ENSG00000186638.17
ENSG00000063127.16
ENSG00000196262.15
ENSG00000104879.5

ENSG00000124469.12
ENSG00000116251.11
ENSG00000187051.9

ENSG00000197272.2

ENSG00000105427.10
ENSG00000130702.15
ENSG00000215915.10
ENSG00000137073.24
ENSG00000170484.10
ENSG00000185522.9

ENSG00000160051.12
ENSG00000174903.16
ENSG00000166959.8

ENSG00000075240.17
ENSG00000124440.16
ENSG00000197785.14
ENSG00000182327.8

ENSG00000206417.8

ENSG00000092470.12
ENSG00000162571.14
ENSG00000011132.12

KNL1
OXCT1
PRDM16
TMEM131
TOR1BP1
ENSG00000279136
NACA
NOL6
WAS
KLC2
PTPN20
CCDC28B
SYCE2
SNX15
CuL9
SPEF1
PXN
PALM
ENSG00000288531
AP352
ACAA2P1
PKD1
TMOD2
KIF24
SLC6A16
PPIA
CKM
CEACAMS
RPL22
RPS19BP1
IL27
CNFN
LAMAS
ATAD3C
UBAP2
KRT74
LMNTD2
IQCC
RAB1B
MS4A8
GRAMD4
HIF3A
ATAD3A
GLTPD2
H1-10-AS1
WDR76
TTLL1O
APBA3

-0.5853935
-0.58572733
-0.58622741
-0.58661386
-0.58931135
-0.59040487
-0.59065354
-0.59073369
-0.59117759
-0.59157311
-0.59158978
-0.59303491
-0.59350981
-0.59376315
-0.59443689
-0.59579693
-0.59640183
-0.59877318
-0.60030964

-0.6019155
-0.60433542
-0.60517298
-0.60536304
-0.60633093
-0.60833667
-0.60861127
-0.60937802
-0.60960168
-0.60977986
-0.60990854

-0.6100385
-0.61073808
-0.61229197
-0.61503385
-0.61505823
-0.61526486
-0.61557851
-0.61617587
-0.61617925
-0.61646055
-0.61708202
-0.61793887
-0.61831237
-0.62009644
-0.62016061
-0.62020544

-0.6213808
-0.62138156

1.24672E-07
1.38463E-05
0.004981943
0.001987989
2.03052E-06
0.001905793
0.000364088
5.16706E-10
0.000406463
1.42888E-10
0.006350969
0.000896405
3.87378E-08
0.001066499
0.007529119
1.94907E-07
0.002282507
0.000114388
0.009597627
3.80949E-06
6.81278E-06
2.11823E-09
0.00315168
6.94851E-09
0.003455561
3.65675E-08
0.000137011
0.005051911
6.22457E-05
0.00570519
0.000652494
0.009338071
7.97447E-08
2.0924E-06
4.71108E-13
2.6304E-07
0.000777607
0.009333567
1.76985E-06
1.14254E-05
0.000366965
2.38632E-05
0.0001944
1.18565E-05
1.35154E-08
0.00275488
0.00498442
7.06322E-06
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ENSG00000082458.12
ENSG00000131389.18
ENSG00000134369.16
ENSG00000105376.5
ENSG00000164880.16
ENSG00000167272.11
ENSG00000177731.16
ENSG00000234371.6
ENSG00000275484.1
ENSG00000197376.3
ENSG00000167220.12
ENSG00000280402.1
ENSG00000103342.13
ENSG00000167281.20
ENSG00000198700.10
ENSG00000065989.16
ENSG00000132692.19
ENSG00000103510.20
ENSG00000172613.8
ENSG00000239576.1
ENSG00000149527.18
ENSG00000146197.9
ENSG00000289494.2
ENSG00000099624.8
ENSG00000106635.8
ENSG00000140992.19
ENSG00000196329.12
ENSG00000167578.18
ENSG00000160870.15
ENSG00000130707.18
ENSG00000089154.11
ENSG00000173548.9
ENSG00000099331.14
ENSG00000160117.16
ENSG00000270747.1
ENSG00000129451.12
ENSG00000243789.11
ENSG00000155980.13
ENSG00000289857.1
ENSG00000103319.12
ENSG00000164967.10
ENSG00000176022.7
ENSG00000260053.2
ENSG00000227163.2
ENSG00000100299.18
ENSG00000099797.15
ENSG00000109805.10
ENSG00000177156.11

DLG3

SLC6A6

NAV1

ICAMS5

INTS1

POP5

FLII

RPSAP31
ENSG00000275484
ENSG00000197376
HDHD2
ENSG00000280402
GSPT1

RBFOX3

IPO9

PDE4A

BCAN

KAT8

RADYA

COXeCP14

PLCH2

SCUBE3
ENSG00000289494
ATP5F1D

BCL7B

PDPK1

GIMAP5S

RAB4B

CYP3A7

ASS1

GCN1

SNX33

MYO98B

ANKLE1
S100A11P9

KLK10

JMID7

KIF5A
ENSG00000289857
EEF2K

RPP25L

B3GALT6
ABCB10P4
ENSG00000227163
ARSA

TECR

NCAPG

TALDO1

-0.62180027
-0.62348945
-0.62353785
-0.62355383
-0.62427374
-0.62468614
-0.62599421
-0.62720506
-0.62729872

-0.6278654
-0.62901871
-0.63024615
-0.63186225
-0.63236313
-0.63309021
-0.63315962
-0.63330157
-0.63364651
-0.63373689
-0.63553396
-0.63565572
-0.63617059
-0.63655028
-0.63758152
-0.63885179
-0.63917607
-0.64006888
-0.64023574
-0.64035236
-0.64164368
-0.64187579
-0.64296321
-0.64328688
-0.64376202
-0.64470585
-0.64559531
-0.64566034
-0.64595931
-0.65157281
-0.65182291
-0.65238273
-0.65557536
-0.65611452
-0.66225478
-0.66310284
-0.66389196
-0.66580618
-0.66626564

1.02297E-14
6.34751E-05
3.3586E-16
1.10529E-05
9.35365E-07
1.43361E-09
0.000132353
4.62579E-07
1.1899E-05
8.81401E-07
5.0586E-06
0.002827129
1.64441E-05
4.38512E-09
1.12767E-05
1.74319E-06
2.14373E-06
1.01281E-09
2.08005E-10
0.004867401
0.000175649
0.000703838
0.000161681
2.54879E-10
9.9933E-06
0.000426312
3.37219E-05
1.57E-06
0.00023315
2.292E-05
2.04114E-06
1.15247E-05
2.10306E-06
0.000379371
5.75988E-05
0.000164783
0.003676094
0.009362275
0.003231722
0.004475462
2.22845E-07
0.006397926
0.003532069
2.93796E-06
0.002964004
2.6304E-07
0.000899375
7.46447E-18
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ENSG00000010810.18
ENSG00000160087.21
ENSG00000100167.21
ENSG00000107186.17
ENSG00000185361.9

ENSG00000187741.16
ENSG00000065268.11
ENSG00000279080.1

ENSG00000242137.1

ENSG00000161640.15
ENSG00000089486.17
ENSG00000161328.11
ENSG00000153898.13
ENSG00000099821.14
ENSG00000278133.1

ENSG00000114062.22
ENSG00000135094.11
ENSG00000275052.5

ENSG00000103145.11
ENSG00000103260.9

ENSG00000289689.1

ENSG00000237738.1

ENSG00000066056.14
ENSG00000168874.13
ENSG00000177732.9

ENSG00000127948.17
ENSG00000243710.8

ENSG00000090554.13
ENSG00000188176.12
ENSG00000119559.17
ENSG00000011007.13
ENSG00000166825.15
ENSG00000131398.15
ENSG00000184007.22
ENSG00000229976.2

ENSG00000122756.15
ENSG00000214063.12
ENSG00000184908.20
ENSG00000289560.2

ENSG00000123472.13
ENSG00000242485.6

ENSG00000157570.12
ENSG00000170486.11
ENSG00000141959.17
ENSG00000185519.9

ENSG00000102221.14
ENSG00000188706.13
ENSG00000116871.16

FYN

UBE2J2

SEPTIN3

MPDZ

TNFAIPSL1

FANCA

WDR18
ENSG00000279080
RPL11P5

SIGLEC11

CDIP1

LRRC56

MCOLN2

POLRMT
ENSG00000278133
UBE3A

SDS

PPP4R3B

HCFC1R1

METRN
ENSG00000289689
RNF216-IT1

TIE1

ATOHS

SOX12

POR

CFAP57

FLT3LG

SMTNL2

C190rf25

ELOA

ANPEP

KCNC3

PTP4A2
ENSG00000229976
CNTFR

TSPAN4

CLCNKB
ENSG00000289560
ATPAF1

MRPL20

TSPAN18

KRT72

PFKL

FAM131C

JADE3

ZDHHC9

MAP7D1

-0.66656373
-0.667026
-0.66786683
-0.66811116
-0.66859934
-0.66953985
-0.6697567
-0.67023714
-0.67317142
-0.67351519
-0.67406251
-0.67686634
-0.67919656
-0.68095591
-0.68107272
-0.68236429
-0.68256338
-0.68363718
-0.68983592
-0.69028404
-0.69049859
-0.6912578
-0.69140405
-0.6927319
-0.69335715
-0.69437796
-0.69506051
-0.69665952
-0.69745845
-0.70159643
-0.70210737
-0.70335832
-0.70412889
-0.70485579
-0.70563113
-0.71173558
-0.71186043
-0.71188735
-0.71455529
-0.71543821
-0.7162488
-0.71664726
-0.71751413
-0.71786405
-0.71798927
-0.71940638
-0.72159489
-0.72185279

0.000697749
5.60475E-13
5.14747E-15

2.3142E-08
2.78881E-06
1.03814E-08
9.6354E-11
8.2347E-06
1.15085E-05
0.00250035
7.10478E-11

0.000344185
9.74297E-07
6.66732E-12
1.03736E-08
5.04653E-08

0.000253364

0.002214512
3.36272E-14
8.84901E-08
6.15146E-06
1.45773E-05
8.99193E-07
4.74056E-11
7.90214E-07
6.22457E-05
7.42208E-05

4.828E-05

0.000418701
1.75982E-09
4.98909E-05
3.11717E-08
1.22346E-05

0.003715368

4.828E-05

0.004910538
3.31569E-14
2.54991E-11

0.000110187

0.004285055
2.04114E-06

0.00963277
3.70483E-06

0.000556205
7.81887E-05
2.80374E-16

0.003143013
1.07387E-09
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ENSG00000230404.1
ENSG00000172890.13
ENSG00000151914.22
ENSG00000008300.17
ENSG00000163257.11
ENSG00000115255.12
ENSG00000168397.17
ENSG00000103254.10
ENSG00000126522.17
ENSG00000137038.8
ENSG00000167216.19
ENSG00000100726.15
ENSG00000287934.1
ENSG00000017483.16
ENSG00000254004.7
ENSG00000233603.1
ENSG00000284678.1
ENSG00000235421.1
ENSG00000107130.10
ENSG00000168393.13
ENSG00000255468.7
ENSG00000183044.12
ENSG00000254454.2
ENSG00000185955.5
ENSG00000160075.12
ENSG00000289731.1
ENSG00000198326.10
ENSG00000272341.1
ENSG00000130720.13
ENSG00000160305.18
ENSG00000181404.18
ENSG00000115694.15
ENSG00000010256.11
ENSG00000284719.3
ENSG00000177337.10
ENSG00000279243.3
ENSG00000272405.1
ENSG00000230368.2
ENSG00000157933.11
ENSG00000125734.16
ENSG00000198400.14
ENSG00000133313.15
ENSG00000068745.15
ENSG00000137161.18
ENSG00000265927.1
ENSG00000187535.14
ENSG00000287356.1
ENSG00000246851.1

ENSG00000230404
NADSYN1

DST

CELSR3

DCAF16

REEP6

ATG4B

ANTKMT

ASL

DMAC1

KATNAL2

TELO2
ENSG00000287934
SLC38A5

ZNF260

JTBP1

LINCO2811
ENSG00000235421
NCS1

DTYMK
BAGAT1-DT

ABAT

RCC2P6

SPACDR

SsuU72

FAM153B
TMEM239
ENSG00000272341
FIBCD1

DIP2A

WASHC1

STK25

UQCRC1
ENSG00000284719
DLGAP1-AS1
LINCO2736
ENSG00000272405
FAM41C

SKI

GPR108

NTRK1

CNDP2

IP6K2

CNPY3
ENSG00000265927
IFT140
ENSG00000287356
ENSG00000246851

-0.72818413
-0.72869072
-0.72927358
-0.73125038
-0.73126677
-0.73233484
-0.73291396
-0.73394202
-0.734211
-0.73502766
-0.73619118
-0.73737803
-0.73859388
-0.73956601
-0.74037392
-0.7422358
-0.74279793
-0.74339086
-0.74486971
-0.74549957
-0.75044836
-0.75116628
-0.75385325
-0.75746094
-0.7596627
-0.76022232
-0.76171227
-0.76209048
-0.7624145
-0.76300688
-0.76451721
-0.76568936
-0.76639322
-0.76645818
-0.76651797
-0.76774248
-0.76836748
-0.76985531
-0.77042547
-0.77085965
-0.77193339
-0.77254181
-0.77393388
-0.77466588
-0.77507976
-0.77715105
-0.7776787
-0.7785952

0.000291692
0.005999575
0.00373217
1.64398E-20
3.25897E-07
6.85576E-06
2.23863E-16
1.18979E-10
0.004409869
1.66858E-06
1.32598E-05
4.60245E-15
0.000148451
1.2227E-08
9.69058E-05
0.002276998
0.008245286
8.2514E-05
0.000223185
3.0785E-09
0.000754252
8.32956E-08
1.80972E-07
1.07661E-05
1.24108E-06
3.41668E-10
1.4713E-07
0.009362275
2.2901E-08
0.007970058
3.49807E-08
9.67983E-10
0.007589674
0.000109564
0.000383421
1.22103E-12
3.47566E-16
0.003858771
0.00275488
2.79249E-12
0.000722072
0.001634503
1.64104E-07
2.50745E-06
0.005132996
5.37582E-12
0.000439991
0.002541624
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ENSG00000078687.18
ENSG00000166908.18
ENSG00000251322.11
ENSG00000151176.8
ENSG00000160803.8
ENSG00000277363.5
ENSG00000157827.20
ENSG00000137135.18
ENSG00000025434.19
ENSG00000177352.10
ENSG00000067842.19
ENSG00000135114.14
ENSG00000266578.2
ENSG00000255410.2
ENSG00000187147.18
ENSG00000229953.1
ENSG00000177963.15
ENSG00000176383.9
ENSG00000160055.20
ENSG00000131652.14
ENSG00000154930.15
ENSG00000184697.7
ENSG00000168395.16
ENSG00000286931.3
ENSG00000165338.17
ENSG00000162069.16
ENSG00000291299.2
ENSG00000279980.1
ENSG00000112658.8
ENSG00000178233.18
ENSG00000101057.16
ENSG00000120063.10
ENSG00000280381.1
ENSG00000262075.3
ENSG00000258115.1
ENSG00000143816.8
ENSG00000132635.17
ENSG00000272068.1
ENSG00000052344.16
ENSG00000180900.20
ENSG00000231924.10
ENSG00000166897.16
ENSG00000239552.2
ENSG00000107566.14
ENSG00000070371.16
ENSG00000136634.7
ENSG00000004534.15
ENSG00000159720.13

TNRC6C

PIP4K2C

SHANK3

PLBD2

UBQLN4

SRCIN1

FMNL2

ARHGEF39

NR1H3

CCDC71

ATP2B3

OASL
ENSG00000266578
ENSG00000255410
RNF220

BCAN-AS2

RIC8A

B3GNT4

TMEM234

THOC6

ACSS1

CLDN®6

ING5
ENSG00000286931
HECTD2

BICDL2
ENSG00000291299
GABARAPL3

SRF

TMEM1518B

MYBL2

GNA13
ENSG00000280381
DKFZP434A062
ENSG00000258115
WNT9A

PCED1A

BCAN-AS1

PRSS8

SCRIB

PSG1

ELFN2

HOXB-AS2

ERLIN1

CLTCL1

IL10

RBM6

ATP6VOD1

-0.78087968
-0.78287647
-0.78346284
-0.786504
-0.78660082
-0.78757814
-0.78767056
-0.79023962
-0.79372233
-0.79420267
-0.79555331
-0.7956862
-0.79642504
-0.79655025
-0.79662537
-0.80186383
-0.80501422
-0.80882734
-0.8090964
-0.81063992
-0.81124993
-0.81359017
-0.81383029
-0.81456783
-0.81642524
-0.8172017
-0.81800065
-0.81836151
-0.81956922
-0.82028284
-0.82587309
-0.83050712
-0.83165004
-0.8351157
-0.83533711
-0.83661221
-0.83824741
-0.84002626
-0.84149339
-0.84207452
-0.84514284
-0.84944494
-0.85161974
-0.8534007
-0.85372729
-0.85428582
-0.85460575
-0.85508075

1.68354E-05
0.005263899
4.69198E-18
0.000502992
3.83445E-06
1.27679E-23
0.00275488
5.13631E-13
3.60002E-12
7.27393E-05
5.32483E-23
7.44919E-07
9.13093E-05
4.37625E-16
0.000555851
1.28402E-07
3.98859E-24
0.001335574
0.004106891
2.9328E-10
0.003124337
0.00047313
1.79074E-10
0.000105453
1.26724E-09
2.6304E-07
2.2485E-07
6.21613E-20
1.03722E-06
0.000100585
2.25138E-06
4.90919E-10
5.24973E-07
0.001124643
0.004171604
2.07893E-12
1.55018E-05
1.57167E-25
6.17158E-07
2.54583E-06
0.000105517
1.89141E-08
1.74268E-09
1.34017E-09
1.62416E-05
2.30672E-14
6.57796E-05
0.000195826
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ENSG00000125877.13
ENSG00000072818.12
ENSG00000221990.5
ENSG00000163001.12
ENSG00000268041.3
ENSG00000267922.1
ENSG00000215187.13
ENSG00000271781.1
ENSG00000151348.16
ENSG00000068078.20
ENSG00000138035.15
ENSG00000054938.17
ENSG00000232771.2
ENSG00000063180.9
ENSG00000006327.14
ENSG00000112877.8
ENSG00000138175.9
ENSG00000229931.3
ENSG00000118640.11
ENSG00000086967.10
ENSG00000173540.14
ENSG00000167920.12
ENSG00000131165.16
ENSG00000184916.9
ENSG00000105705.16
ENSG00000132507.18
ENSG00000146221.10
ENSG00000166986.15
ENSG00000262919.8
ENSG00000225911.1
ENSG00000095917.14
ENSG00000101181.18
ENSG00000167771.6
ENSG00000182272.12
ENSG00000265902.1
ENSG00000105255.11
ENSG00000161643.13
ENSG00000171443.7
ENSG00000110955.9
ENSG00000288730.1
ENSG00000291039.1
ENSG00000130829.18
ENSG00000145214.14
ENSG00000112033.14
ENSG00000291133.1
ENSG00000228709.3
ENSG00000197847.12
ENSG00000177225.17

ITPA

ACAP1

EXOC3-AS1

CFAP36

ERFL
ENSG00000267922
FAM166B
ENSG00000271781
EXT2

FGFR3

PNPT1

CHRDL2
PPP1R26P5

CA11

TNFRSF12A

CEP72

ARL3

ATXN1-AS1
VAMPS8

MYBPC2

GMPPB

KRT10-AS1
CHMP1A

JAG2

SUGP1

EIF5A

TCTE1

MARS1

CCNQ
ENSG00000225911
TPSD1

MTG2

RCOR2

BAGALNT4
MIR4696

FSD1

SIGLEC16

ZNF524

ATP5F1B
ENSG00000288730
ENSG00000291039
DUSP9

DGKQ

PPARD
ENSG00000291133
LINCO2575
SLC22A20P

GATD1

-0.86002518
-0.86072793
-0.86143772
-0.86222439
-0.86334648
-0.86587756

-0.8672503
-0.86892887
-0.86901516
-0.87120201
-0.87210107
-0.87381795
-0.87658205
-0.87738992
-0.87799519
-0.88000859
-0.88120243
-0.88134572

-0.8830547
-0.88381605
-0.88407758
-0.88615389
-0.89027004
-0.89249554
-0.89471281
-0.89519892
-0.89560105
-0.89743361
-0.89898026
-0.90534961
-0.90764697
-0.90766276
-0.91226175
-0.91301469
-0.91355124
-0.91515816
-0.92071618
-0.93490943
-0.93631959
-0.93865255
-0.93954364
-0.94220467
-0.94386397
-0.94678196

-0.9516803

-0.9521182
-0.95540914
-0.96228345

1.42576E-08
3.63491E-10
0.002719324
3.5795E-08
3.52485E-05
0.000652904
0.007335309
0.004813203
0.001397961
0.000454781
2.35666E-05
3.1339E-09
1.12423E-06
0.000345491
6.4992E-17
8.97288E-08
1.33336E-07
0.000955044
1.54302E-06
5.50276E-23
1.06227E-14
6.27454E-05
5.00075E-07
7.63853E-16
1.32563E-14
1.07373E-09
0.000141263
7.42708E-18
1.61386E-19
2.02587E-06
5.75055E-06
2.62644E-10
0.001156294
1.28699E-13
8.53989E-07
4.50081E-10
1.63453E-07
2.46395E-17
2.09685E-14
3.27982E-06
0.00298473
3.07532E-19
9.9933E-06
1.18954E-06
0.00248476
7.29691E-13
2.56335E-12
3.62766E-30
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ENSG00000269504.3
ENSG00000233527.10
ENSG00000183397.6
ENSG00000170689.10
ENSG00000102898.13
ENSG00000179950.15
ENSG00000186174.13
ENSG00000121774.18
ENSG00000290756.1
ENSG00000261221.4
ENSG00000291147.1
ENSG00000014257.17
ENSG00000203362.2
ENSG00000205116.4
ENSG00000175115.13
ENSG00000226777.9
ENSG00000197838.5
ENSG00000267197.1
ENSG00000235098.9
ENSG00000179094.16
ENSG00000116014.10
ENSG00000162341.18
ENSG00000075702.19
ENSG00000198858.10
ENSG00000165478.8
ENSG00000137692.12
ENSG00000224387.1
ENSG00000130005.13
ENSG00000225285.1
ENSG00000101868.13
ENSG00000288901.1
ENSG00000177106.17
ENSG00000260460.1
ENSG00000185507.21
ENSG00000254533.1
ENSG00000204991.11
ENSG00000269392.1
ENSG00000186020.13
ENSG00000163354.15
ENSG00000152056.18
ENSG00000263574.2
ENSG00000157992.12
ENSG00000130988.13
ENSG00000278803.3
ENSG00000105258.9
ENSG00000188981.11
ENSG00000164068.16
ENSG00000197446.9

ENSG00000269504
ZNF529-AS1
TEKTIP1

HOXB9

NUTF2

PUF60

BCLOL

KHDRBS1
ENSG00000290756
ZNF865
ENSG00000291147
ACP3

POLH-AS1
TMEMBS88B

PACS1

FAM30A

CYP2A13
ENSG00000267197
ANKRD65

PER1

KISS1R

TPCN2

WDR62

R3HDM4
HEPACAM
DCUN1D5
ENSG00000224387
GAMT

LINCO1770

POLA1
ENSG00000288901
EPS8L2
ENSG00000260460
IRF7
ENSG00000254533
SPIRE2
ENSG00000269392
ZNF529

DCST2

AP1S3
ENSG00000263574
KRTCAP3

RGN

PWWP4

POLR2I

MSANTD1

RNF123

CYP2F1

-0.96412931
-0.96446388
-0.96615362
-0.97065496
-0.97074941
-0.97296857
-0.97332849
-0.97577994
-0.97603036
-0.97775679
-0.97838352
-0.98808071
-0.99172444
-0.99382136
-0.99447033
-1.00344817
-1.00486829
-1.00879719

-1.0095128
-1.01665234
-1.01677319

-1.0180378
-1.01866307
-1.02025701
-1.02144065
-1.02348677
-1.02421496
-1.02447945
-1.02526453
-1.02601176
-1.02829034
-1.02872143
-1.02936736
-1.03340141
-1.03569105
-1.03636743
-1.04066818
-1.04267486
-1.04813761

-1.0482832
-1.05259654
-1.05549731
-1.06471835
-1.06965912

-1.0719425
-1.07328275
-1.07333726
-1.07345974

6.55666E-05
3.32287E-15
0.001152376
1.62539E-13
0.00023316
4.6637E-19
1.27374E-21
0.001930566
2.02397E-09
9.09971E-14
1.01281E-09
2.96369E-05
9.40908E-08
8.32956E-08
9.06065E-12
1.07937E-19
5.31903E-10
3.73584E-05
7.4935E-16
3.80069E-07
0.001044309
3.64492E-11
0.000657726
3.64704E-23
0.001930566
0.000652494
0.000239487
1.15547E-21
5.97051E-08
3.42316E-06
7.88975E-09
8.03983E-22
4.56675E-07
2.05212E-15
4.35967E-14
5.81785E-09
0.000342001
9.01887E-17
1.83831E-23
1.13881E-05
8.81401E-07
1.95306E-05
2.59728E-22
2.6021E-47
8.54383E-07
7.04113E-05
1.66434E-37
1.40967E-08
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ENSG00000164053.22
ENSG00000185818.8
ENSG00000140044.13
ENSG00000105193.9
ENSG00000262343.1
ENSG00000260182.1
ENSG00000235267.1
ENSG00000289452.1
ENSG00000130821.17
ENSG00000262370.7
ENSG00000234200.2
ENSG00000188760.11
ENSG00000092054.13
ENSG00000269404.7
ENSG00000127578.7
ENSG00000063176.16
ENSG00000103335.22
ENSG00000285873.1
ENSG00000138002.16
ENSG00000243581.1
ENSG00000139641.13
ENSG00000110448.11
ENSG00000179148.10
ENSG00000124006.15
ENSG00000063177.13
ENSG00000184207.9
ENSG00000108691.10
ENSG00000260121.1
ENSG00000119973.6
ENSG00000244253.1
ENSG00000136731.13
ENSG00000075711.21
ENSG00000104953.20
ENSG00000141293.16
ENSG00000224888.4
ENSG00000142233.14
ENSG00000167967.16
ENSG00000167513.9
ENSG00000105516.11
ENSG00000174915.12
ENSG00000179855.9
ENSG00000225697.13
ENSG00000228794.12
ENSG00000185101.13
ENSG00000167749.12
ENSG00000258657.5
ENSG00000131634.14
ENSG00000221739.1

ATRIP

NATS8L

JDP2

RPS16
ENSG00000262343
ENSG00000260182
ENSG00000235267
ENSG00000289452
SLC6A8
ENSG00000262370
ENSG00000234200
TMEM198

MYH7

SPIB

WEFIKKN1

SPHK2

PIEZO1
ENSG00000285873
IFT172

RPS29P25

ESYT1

CD5

ALOXE3

OBSL1

RPL18

PGP

CCL2
ENSG00000260121
PRLHR

RPS29P24

UGGT1

DLG1

TLE6

SKAP1
ENSG00000224888
NTN5

E4F1

CDT1

DBP

PTDSS2

GIPC3

SLC26A6
LINCO1128

ANO9

KLK4
ENSG00000258657
TMEM204
MIR1203

-1.07407412
-1.07594384
-1.07671921
-1.07701372
-1.08355238
-1.08999517
-1.09311047
-1.09882786

-1.1004819
-1.10441401
-1.10719307
-1.11104477
-1.11150433
-1.12215322
-1.12690622
-1.12901309
-1.13448312
-1.14370124
-1.15085071
-1.15167173
-1.15253669
-1.15487591
-1.17594458
-1.17920427
-1.18074812
-1.18171057
-1.18230964
-1.18474329
-1.18667574
-1.18815358

-1.1944255
-1.19838447
-1.20175183
-1.21002001
-1.21330232
-1.21616606
-1.21866383
-1.21976746
-1.22480825
-1.22750012
-1.24022988
-1.25065763
-1.27892612
-1.28659104
-1.29960452

-1.3020046
-1.30574918
-1.30633613

6.48774E-09
7.10161E-19
5.07311E-22
1.43885E-51
8.14754E-12
1.46937E-05
6.71505E-11

3.6516E-06
1.98588E-21
1.14344E-18
4.02161E-05
3.36124E-06
1.31809E-19
3.78276E-10
1.04252E-17
1.33381E-09
1.00931E-29
1.05151E-16
9.79584E-40
4.96814E-07
2.92955E-23
1.27941E-18
4.25696E-32
3.02676E-15
4.92821E-07

1.6244E-11
1.01392E-05
1.76241E-10
1.48042E-08
1.48259E-05
1.38353E-09
2.98198E-06
1.18207E-05
1.52841E-26
4.03593E-06
4.82244E-11
3.55137E-18
1.37559E-13
8.67735E-12
7.28963E-46
4.18723E-08
2.96531E-05

2.9169E-18
3.31129E-12
1.22021E-14
1.57167E-25

4.2655E-12

1.7975E-36
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ENSG00000188976.11
ENSG00000168936.11
ENSG00000203325.3
ENSG00000131471.7
ENSG00000198681.7
ENSG00000239701.1
ENSG00000198517.10
ENSG00000187642.10
ENSG00000064687.13
ENSG00000164855.16
ENSG00000086015.23
ENSG00000091536.20
ENSG00000142102.16
ENSG00000263571.3
ENSG00000264791.1
ENSG00000124702.19
ENSG00000112640.16
ENSG00000124733.5
ENSG00000261156.6

¢ Panc02

GenelD
ENSMUSG00000020890.12
ENSMUSG00000087147.2
ENSMUSG00000028763.19
ENSMUSG00000094035.4
ENSMUSG00000111250.2
ENSMUSG00000082456.2
ENSMUSG00000101451.2
ENSMUSG00000024220.15
ENSMUSG00002075611.1
ENSMUSG00000043432.8
ENSMUSG00000006057.16
ENSMUSG00000032059.14
ENSMUSG00000057133.15
ENSMUSG00000035778.18
ENSMUSG00000030064.17
ENSMUSG00000112545.3
ENSMUSG00000021400.9
ENSMUSG00000086539.9
ENSMUSG00000023064.5
ENSMUSG00000017697.4
ENSMUSG00000033295.15
ENSMUSG00000036986.17
ENSMUSG00000055730.17

NOC2L
TMEM129

ENSG00000203325

AOC3
MAGEA1

ENSG00000239701

MAFK
PERM1
ABCA7
TMEM184A
MAST2
MYO15A
PGGHG

ENSG00000263571
ENSG00000264791

KLHDC3
PPP2R5D
MEA1
LINCO1989

Gene name
Gucy2e
Gm14228
Hspg2
Ldlrad2
Gm47818
Gm11598
Gm29430
Zfp523
Gm56344
Leng9
Atp5gl
Alg9
Chdé
Ggtal
Frmd4b
1300014J16Rik
Wrnipl
Gm16759
Sncg

Ada

Ptprf

Pml
Ces2a

-1.3216986
-1.32212825
-1.34631479

-1.3495013
-1.36606512
-1.37728954
-1.40767672
-1.42764834
-1.45589644
-1.45852896
-1.46676864
-1.47504493
-1.53942029
-1.56814882
-1.56966299
-1.68630381
-1.69439364
-1.71286619
-1.77431043

log(FC)
2.17881837
2.03640463
2.00174036
1.91412394
1.86543475
1.76435063
1.60245787
1.59713396
1.50030029
1.41268491
1.39403551
1.35066093
1.34200476
1.31743104
1.31689349
1.30806972
1.23840191
1.21907622
1.20967564
1.20915508
1.19907458
1.19419863
1.19071729

4.44114E-14
4.16694E-21
3.48643E-07
6.51877E-11

1.9869E-20

2.7688E-16
3.29956E-32
3.38852E-29
1.62431E-30
9.34314E-14
3.78914E-61
1.11265E-61
5.74351E-33

1.6323E-63

1.6232E-56
4.13428E-37
1.13094E-44
7.00839E-24
1.16454E-41

Adjusted p value
1.63593E-49
3.18468E-51
3.91438E-67
1.16532E-35

2.718E-105
2.13813E-23
4.956E-23
3.4325E-134
1.33567E-39
4.4576E-49
5.56301E-11
1.13326E-39
6.58105E-10
2.61216E-79
1.04992E-06
1.08382E-08
3.40649E-13
1.18056E-17
2.49069E-13
1.20386E-06
1.69885E-12
1.30761E-12
7.69635E-06
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ENSMUSG00000020299.7
ENSMUSG00000014039.19
ENSMUSG00000066368.2
ENSMUSG00000022892.12
ENSMUSG00000118367.2
ENSMUSG00000050538.9
ENSMUSG00000106108.2
ENSMUSG00000040339.11
ENSMUSG00000100151.2
ENSMUSG00000042406.9
ENSMUSG00000041684.12
ENSMUSG00000101958.2
ENSMUSG00000071001.5
ENSMUSG00000111545.2
ENSMUSG00000026414.14
ENSMUSG00000026536.10
ENSMUSG00000031085.17
ENSMUSG00000047767.18
ENSMUSG00000106447.2
ENSMUSG00000090210.8
ENSMUSG00000052417.7
ENSMUSG00000110110.2
ENSMUSG00000058743.7
ENSMUSG00000051314.12
ENSMUSG00000039126.11
ENSMUSG00000051048.18
ENSMUSG00000039860.20
ENSMUSG00000026843.16
ENSMUSG00000049588.14
ENSMUSG00000004789.11
ENSMUSG00000025878.17
ENSMUSG00000043286.13
ENSMUSG00000059013.13
ENSMUSG00000018659.13
ENSMUSG00000062169.14
ENSMUSG00000038677.15
ENSMUSG00000003575.14
ENSMUSG00000024646.15
ENSMUSG00000025576.18
ENSMUSG00000095174.3
ENSMUSG00000086798.2
ENSMUSG00000030341.18
ENSMUSG00000084257.2
ENSMUSG00000028106.14
ENSMUSG00000032041.16
ENSMUSG00000081423.2
ENSMUSG00000038733.15
ENSMUSG00000035262.6

4930524B15Rik
Prdm15
Actl11
App
Gm50277
B230217C12Rik
Gm43221
Fam102b
Gm28382
Atf4

Bivm
Gm19085
Hrctl
Gm18015
Tnnt2
Ifi211
Actel
Atgl6l2
Gm42957
Itgall
Or2t6
Gm30978
Kcnjl4
Ffar2
Prune2
P4ha3
Srrm3
Fubp3
Ccdc69
Dlst
Uimcl
Pnplal
Sh2d3c
Pnpo
Cnih4
Scube3
Crtcl
Cybb5a
Rbfox3
Gm20069
Gm16222
Tnfrsfla
Gm11597
Rprd2
Tirap
Gm12882
wdr26
Amh

1.15661267
1.14472556
1.13739862

1.1362342
1.10288776

1.1023088
1.09823376
1.09678492
1.08494515
1.06361997
1.04729106

1.0449563
1.03465913
1.02527584
1.02518839
1.02420928
1.02238563
1.01743245
1.01630023
1.00854377
1.00772392
1.00401523
1.00090278

0.9971333
0.99319015
0.99267484
0.98630896
0.98260012
0.97984528
0.97836607
0.97834943
0.97722858
0.97665471
0.96978033
0.96416854
0.96288928
0.96249802
0.95836025
0.95754149
0.95379094
0.94896136
0.93753681
0.93294629
0.93184789
0.92162453
0.90702488
0.89920361
0.89906629

2.33861E-05
7.18817E-06
2.90623E-05
4.0688E-12
3.59641E-11
6.77943E-05
1.11596E-23
1.07137E-22
1.4574E-46
9.7943E-05
2.52232E-15
9.20876E-09
0.00014184
0.000246587
4.41611E-67
0.000199126
1.35409E-07
5.01947E-06
0.000213949
4.12741E-06
0.00030453
3.23587E-05
1.30103E-40
0.000324918
3.08115E-06
2.06657E-05
0.000453538
2.73682E-07
3.6168E-10
1.55893E-05
8.67023E-05
4.00329E-56
7.76196E-43
0.000476723
2.0615E-65
0.000480318
4.57186E-13
6.99994E-28
5.31706E-25
8.92987E-05
0.000308696
0.000885912
2.61709E-10
2.62181E-06
1.56843E-08
1.38513E-16
7.69828E-30
5.00785E-23
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ENSMUSG00000116141.2
ENSMUSG00000026353.10
ENSMUSG00000029681.13
ENSMUSG00000017631.20
ENSMUSG00000028884.15
ENSMUSG00000028759.14
ENSMUSG00000070644.14
ENSMUSG00000060615.6
ENSMUSG00000120747.1
ENSMUSG00000024039.16
ENSMUSG00000005625.16
ENSMUSG00000096856.8
ENSMUSG00000022032.15
ENSMUSG00000051518.9
ENSMUSG00000018581.16
ENSMUSG00000020216.14
ENSMUSG00000111316.2
ENSMUSG00000082097.2
ENSMUSG00000089829.3
ENSMUSG00000062712.4
ENSMUSG00000026271.16
ENSMUSG00000002076.13
ENSMUSG00000109251.2
ENSMUSG00000103099.2
ENSMUSG00000115545.2
ENSMUSG00000029763.18
ENSMUSG00000116560.2
ENSMUSG00000108697.2
ENSMUSG00000110529.2
ENSMUSG00000113635.2
ENSMUSG00000024128.14
ENSMUSG00000113634.2
ENSMUSG00000070645.6
ENSMUSG00000074892.10
ENSMUSG00000107341.2
ENSMUSG00000120409.1
ENSMUSG00000031090.15
ENSMUSG00000051550.11
ENSMUSG00000038600.13
ENSMUSG00000034413.15
ENSMUSG00000110656.2
ENSMUSG00000005251.16
ENSMUSG00000033253.19
ENSMUSG00000021486.8
ENSMUSG00000026700.5
ENSMUSG00000110017.2
ENSMUSG00000033799.11
ENSMUSG00000099241.3

Gm49495
Ubxn4

Bcl7b

Abr

Rpa2

Hplbp3

Etnk2

Ang4d
ENSMUSG00000120747
Cbs

Psmd4
Gm10778
Scara5
Rps19bpl
Dnahl1

Jsrpl
GmA47344
Gm14039
Gm16565
Or2j6

Gpr35

Hsf2bp
E230032D23Rik
Gm6074
Gm48908
Exoc4d
Gm2808
4930486N12Rik
Gm45694
Gm48816

Sbp

Gm36756
Renl

B3galt5
1700065J11Rik
ENSMUSG00000120409
Nadsynl
Zfp579
Atp6v0ad
Neurllb
Gm20735
Ripk4

Szt2

Prelid1

Tnfsf4
Gm45237
Tasor2
Gvin-ps2

0.89491622
0.89438327
0.88745082
0.88446334
0.88161946
0.87608626
0.87236425
0.86910476
0.86194987
0.8609707
0.86026237
0.8575013
0.85626477
0.85454478
0.85284149
0.85227499
0.8490945
0.844429
0.84257414
0.84177057
0.83920938
0.83767346
0.83615768
0.83574889
0.83505339
0.83081949
0.83077634
0.82944601
0.82912003
0.82570749
0.82422188
0.82353023
0.8207422
0.82019649
0.81846817
0.81359482
0.81198207
0.81061822
0.80093766
0.80088032
0.79903314
0.79900617
0.79876132
0.7931347
0.79185894
0.79102156
0.78958034
0.78104947

2.99337E-09
0.001789438
0.000986864
0.000219255
2.28392E-10
1.33181E-10
6.27852E-16
0.001339873
0.002746662
1.46216E-13
1.59645E-06
0.001749604
3.79727E-22
7.00807E-05
3.63525E-25
3.49897E-17
0.002317296
0.001126928
0.001339873
0.002277939
4.25181E-10
0.000128307
0.001878758
0.002403026
0.000562631
8.5418E-14
2.87303E-31
1.58055E-06
8.98175E-14
0.004183609
2.32388E-08
0.003084424
1.26443E-07
0.000391685
0.004915949
0.005229232
0.001295852
0.000602839
0.005544021
4.91763E-05
0.005954754
0.0054509
1.79637E-18
1.67029E-05
0.005873899
0.005866575
0.00076867
3.17911E-06
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ENSMUSG00000024212.10
ENSMUSG00000022884.17
ENSMUSG00000044951.18
ENSMUSG00000028211.12
ENSMUSG00002076631.1
ENSMUSG00000037254.19
ENSMUSG00000039804.16
ENSMUSG00000062203.16
ENSMUSG00000022037.16
ENSMUSG00000106262.2
ENSMUSG00000032294.18
ENSMUSG00000042613.10
ENSMUSG00000039771.14
ENSMUSG00000115231.2
ENSMUSG00000025872.6
ENSMUSG00000010751.16
ENSMUSG00000020868.16
ENSMUSG00000047415.13
ENSMUSG00000003992.16
ENSMUSG00000037846.19
ENSMUSG00000085860.3
ENSMUSG00000009621.19
ENSMUSG00000117768.3
ENSMUSG00000085836.2
ENSMUSG00000039347.8
ENSMUSG00000068117.11
ENSMUSG00000025006.19
ENSMUSG00000113159.2
ENSMUSG00000083707.2
ENSMUSG00000050097.7
ENSMUSG00000120872.1
ENSMUSG00000070056.7
ENSMUSG00002075812.1
ENSMUSG00000026921.21
ENSMUSG00000108449.3
ENSMUSG00000024913.17
ENSMUSG00000030780.16
ENSMUSG00000032988.5
ENSMUSG00000113615.2
ENSMUSG00000034463.5
ENSMUSG00000102649.2
ENSMUSG00000037300.20
ENSMUSG00000085589.8
ENSMUSG00000045350.16
ENSMUSG00000030000.11
ENSMUSG00000017969.14
ENSMUSG00000048772.16
ENSMUSG00000044086.9

Mlltl

Eif4a2

Mylk4
Trp53inpl
Gm54824

Itih2

Ncoa5

Gsptl

Clu

Gm43375

Pkm

Pbxipl

Polr2j
4930402D18Rik
Thoc3

Tnfrsf22

Xylt2

Gpr68

Ssbp2

Rtkn2
2410003L11Rik
Vav2

8030456 M14Rik
Gm13074
Atp6v0e2

Meil

Sorbs1
Gm48771
Gm13592
Ces2b
ENSMUSG00000120872
Mfhas1
Gm55252

Egfl7

Gm44507

Lrp5

Rusfl

Slc16a8
Gm47150
Scara3
Gm38021
Ttcl3
A430078I02Rik
Fam186a

Add2

Ptgis

Tmem53
Lmod3

0.78103239
0.77658568
0.77423403
0.76599525
0.76595695
0.76368349
0.75861673
0.75649509
0.75557324
0.75357387
0.75170705
0.75097133
0.74637217
0.74386015
0.74361342
0.74331813
0.74235701
0.73703475
0.73465022
0.72985431
0.72859177
0.72763829
0.72736028
0.72196044
0.72168974
0.71518181
0.70974546

0.7094715
0.70823334
0.70625525
0.70624019
0.70366295
0.70216014

0.7019336
0.70028923
0.69387029
0.69330787
0.69145439
0.69133741
0.68753025
0.68275742
0.68247798
0.68076616
0.67792949
0.67576685
0.67332874
0.67017224
0.66968943

0.005971618
1.75892E-05
0.007680677
1.93122E-23
0.001850227
0.005018298
3.51278E-17
0.008857611
4.33889E-06
3.76198E-11
1.93044E-10
3.92695E-12
7.62392E-06
0.000476723
4.49308E-19
0.003575085
3.10363E-07
8.60223E-14
8.69263E-08
7.27904E-05
9.48179E-06
3.22356E-06
5.43448E-12
0.004052266
0.006492696
2.01828E-12
0.000116094
7.60477E-07
9.46969E-06
1.36885E-08
0.001279524
0.000363424
0.001589849
0.00347893
0.000259478
0.000220633
0.007793888
1.17839E-12
0.000788375
1.1555E-15
0.008519416
0.002211836
0.00460802
4.006E-06
0.00020544
5.22075E-08
7.27904E-05
7.24697E-17
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ENSMUSG00000096370.9
ENSMUSG00000021114.10
ENSMUSG00000039908.15
ENSMUSG00000033420.13
ENSMUSG00000036073.19
ENSMUSG00000117263.2
ENSMUSG00000026620.12
ENSMUSG00000002342.18
ENSMUSG00000021185.17
ENSMUSG00000034345.15
ENSMUSG00000051067.9
ENSMUSG00000059248.14
ENSMUSG00000006462.8
ENSMUSG00000042817.16
ENSMUSG00000039813.15
ENSMUSG00000047824.14
ENSMUSG00000076903.2
ENSMUSG00000021190.15
ENSMUSG00000022771.18
ENSMUSG00000077202.3
ENSMUSG00000034872.7
ENSMUSG00000052446.18
ENSMUSG00000106290.2
ENSMUSG00000116120.2
ENSMUSG00000006392.17
ENSMUSG00000022487.15
ENSMUSG00000086050.2
ENSMUSG00000030433.16
ENSMUSG00000020232.18
ENSMUSG00000112021.2
ENSMUSG00000037731.6
ENSMUSG00000084766.2
ENSMUSG00000112989.2
ENSMUSG00000030703.9
ENSMUSG00000034105.10
ENSMUSG00000026814.17
ENSMUSG00000030536.11
ENSMUSG00000112991.2
ENSMUSG00000078580.4
ENSMUSG00000082353.2
ENSMUSG00000027889.18
ENSMUSG00000024735.14
ENSMUSG00000020755.10
ENSMUSG00000043336.15
ENSMUSG00000095409.2
ENSMUSG00000022881.16
ENSMUSG00000002496.11
ENSMUSG00000028479.19

Gm21992
Atp6vld
Slc26al11
Antxrl
Galt
Gm35290
Markl
Tmem161la
Dglucy
Gtf2h5
Lingo3
Septin9
A530013C23Rik
Fit3
Tbcld?2
Pygo2
Traj26
Lgmn

Ppil2
Gm25612
Gipc3
Zfp961
Gm43429
Eif2s3x-psl
Med8
Gtsfl
Gm16045
Sbk2
Hmg20b
Gm30346
Themis2
Gm12714
Gm48143
Gdpd3
Meak7

Eng

lggapl
Gm36635
E430018J23Rik
Vmnlr-psl
Ampd2
Prpf19
Sap30bp
Filip1l
Gm13043
Rfc4

Tsc2

Gne

0.6693425
0.66869728
0.66774324
0.66704977
0.66687739
0.66637328
0.66621629

0.6645145
0.66183142
0.66146471
0.65796251
0.65376652
0.65295628
0.65183111
0.65158146
0.64799727
0.64734873
0.64707235
0.64336799
0.64331203
0.64262212
0.64214553
0.64075005
0.63965361
0.63560527
0.63498362
0.63314747
0.63144411
0.63101466
0.62596079
0.62582883
0.62566635
0.62538301
0.62499499
0.62417909
0.62337308
0.62090201
0.62080192
0.61863358
0.61850106

0.6180155
0.61409153
0.61280881
0.61065329
0.60917138
0.60885243
0.60869316
0.60811052
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7.82771E-06

0.009360498
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Gm7390
Socs6
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Gdf11
Muc20
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4933421A08Rik
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0.60773613
0.60539573
0.60463342
0.60296897
0.60281917
0.59899302
0.5980206
0.59617739
0.59432892
0.5941558
0.59349492
0.5906895
0.59027072
0.5901026
0.58984723
0.5893518
0.58773165
0.58410024
0.58367096
0.58272684
0.58229218
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-0.58132652
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-0.58207413
-0.58240342
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-0.58560402
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-0.59395848
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0.000346163
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0.005056295
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0.001405122
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5.2632E-09
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Rnf11
Scarf2
ENSMUSG00000120347
Cdknla
Ccdc107
4930588A03Rik
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-0.60976021

-0.6106083
-0.61166382
-0.61667033
-0.61725256
-0.61929961
-0.61951773
-0.62012684
-0.62080584

-0.6219481
-0.62219858
-0.62230183

-0.6233813
-0.62413263
-0.62453421
-0.62649924
-0.62735698
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-0.6534129
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-0.65929115
-0.66041653
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-0.66512969
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-0.66605765
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-0.66872224

5.30137E-05
3.00932E-11
3.35041E-12
1.35373E-05
0.000537787
3.70581E-06
0.000653514
0.000389643
0.000338739
0.00115597
0.005023157
0.001291903
2.35706E-05
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0.001615608
2.21724E-10
0.000653514
8.16992E-09
1.51571E-05
0.001002236
1.05624E-05
6.05502E-05
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4.95237E-08
0.009907474
1.7526E-20
4.69501E-10
0.000454032
0.007483755
6.17871E-14
0.000929314
1.63063E-05
0.003097132
6.69887E-06
0.00015154
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0.004117983
1.02002E-06
0.000273743
1.07407€E-07
0.007884393
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0.000167519
0.006881346
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0.002399889
0.000351245
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Thada
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Gm9752
Taok1
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Gm42881
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Edil3
Sdhaf2
Ccdc130
Cdhr3
KIhI5
Gm48855
Fam81la
Agpat5
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Slc7al11
Dynlt1f
Tarsl2
Carmil3
Corin
KIhl36

-0.67225333

-0.6727851
-0.67331033
-0.67495757
-0.67705775
-0.68044583
-0.68125837
-0.68289367
-0.68366079
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-0.69203509
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-0.71398184
-0.71553515
-0.71598582
-0.71603134

-0.7168175
-0.71941382
-0.72007548
-0.72078254

1.039E-08
1.33363E-12
0.003908624
5.86958E-20
4.37611E-05
0.004352594
0.002983968
3.76297E-05
1.64631E-05
0.000233689
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0.001001971
1.30702E-15
1.27951E-07
1.68696E-05
0.000377939
4.94496E-05
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9.62375E-12
8.9759E-06
0.003949954
0.000157379
0.000210181
1.01468E-06
0.000700416
0.000231604
9.10468E-10
7.05508E-05
0.008484331
0.001280244
8.58661E-05
0.00015541
0.009843034
8.92987E-05
0.000608323
0.005545893
0.000608323
1.91333E-10
6.06456E-19
6.83245E-06
2.56775E-05
2.09361E-05
0.008580162
1.08812E-19
3.49443E-23
1.25101E-05
5.08393E-05
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Gm45416
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Exosc5
ENSMUSG00000120234
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Tcf19
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Dock?7
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Chst14
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-0.72234454
-0.72248057
-0.72422108
-0.72593634
-0.72598549
-0.72640717
-0.72938034
-0.73287432
-0.738099
-0.73991259
-0.74406741
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-0.74628402
-0.74707429
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-0.75506344
-0.75530257
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-0.78540263
-0.78807658
-0.78827039
-0.78959124
-0.78987798
-0.79444746
-0.79951098

0.000484411
7.39795E-11
1.10994E-06
7.93295E-28

0.000828542

0.003277627
9.32866E-12

4.6044E-32
3.03331E-06
9.48179E-06

0.008934024
8.19544E-10

0.00011061
6.61321E-05
9.93324E-18
2.98319E-08

0.00052305
1.47502E-09
4.69428E-10

0.001465151

0.000154832
3.37288E-09
2.13569E-09
3.28065E-06
1.94159E-07

0.008496669
2.53192E-10

0.000862827
4.62559E-20
2.30631E-08

0.004425173
2.94775E-11
8.63967E-07

0.000218824
8.12334E-14

0.007027755
2.09463E-06
1.00041E-21
5.02059E-08

0.000407647
9.44455E-07
9.14978E-12
1.26657E-26
4.10347E-11
4.72196E-15
3.98635E-05
6.61412E-09

8.6341E-05
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4921513103Rik
Gm20100
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-0.80171415
-0.80389191
-0.80570375
-0.80882456
-0.82205979
-0.82251326
-0.83196597
-0.83426057
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2.4283E-24
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0.00146378
0.001090141
9.2743E-05
6.49217E-06
5.70071E-07
3.25566E-20
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1.15294E-34
0.000443617
2.04547E-08
0.000322869
1.80306E-06
2.49892E-10
6.9564E-06
2.43521E-16
0.001038911
4.32429E-25
0.000201358
3.57144E-10
5.02655E-12
0.000101921
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ENSMUSG00000022621.17
ENSMUSG00000091475.6
ENSMUSG00000120552.1
ENSMUSG00000059540.16
ENSMUSG00000064339.1
ENSMUSG00000047237.14
ENSMUSG00000047878.14
ENSMUSG00000053929.19
ENSMUSG00000004371.16
ENSMUSG00000082841.2
ENSMUSG00000061950.18
ENSMUSG00000086844.3
ENSMUSG00000030792.9
ENSMUSG00000022231.11
ENSMUSG00000052565.8
ENSMUSG00000049044.17
ENSMUSG00000096971.4
ENSMUSG00000034220.8
ENSMUSG00000006471.19

Invs

Ppplr7
Al467606

Spx

Klrad

Lkaaearl
Lama2
Gm49501
Gm16130

Kyatl

Hnrnpal

Mucl9
Gm16523
Marchf8
Gm16275

Lparl
Gm37092
ENSMUSG00000120130
Piezol

Aggfl

Dhrs2
Gm37566
Hklos

Rmdn1l
Gm6039

112rb2
Dync2h1l
ENSMUSG00000121089
Dyncli2

Rabl2

Cerox1
ENSMUSG00000120552
Tcea2

mt-Rnr2
Fbxw21

Adgalt

Cyhrl

111

Gm12994
Ppp4rl
B230206HO7Rik
Dkkl1

Semaba

H1f3

Rapgef4
4930556 M19Rik
Gpcl

Ndorl

-0.95264446
-0.95300177
-0.95891276
-0.96357319
-0.97413471
-0.97420433
-0.97823681
-0.98250351

-0.9903404
-0.99470121
-0.99535663
-0.99664062
-1.00014199
-1.00861037
-1.01753235
-1.02286007
-1.02583815
-1.02998857
-1.03259567
-1.03395243
-1.03530864
-1.05615088
-1.06480681
-1.07394053
-1.07903917
-1.08178627
-1.08843861
-1.09076343
-1.11467942
-1.12141884
-1.15837519
-1.16672778
-1.18634632
-1.18870258

-1.1934251
-1.20254138
-1.21324503

-1.2208121
-1.22946647
-1.24479279
-1.30724802
-1.32276235
-1.32915614
-1.33661681
-1.33940191
-1.35868258
-1.37781943
-1.42444741

3.0709E-16
6.70544E-16
6.90617E-06
1.02966E-06
4.69668E-09
1.29356E-06
4.98344E-10
0.000345956
0.000295399
1.03012E-06
8.21351E-13
2.3236E-11
6.11444E-08
2.00385E-05
1.91559E-13
1.82039E-07
2.37294E-27
5.94639E-17
1.88367E-17
1.65621E-06
0.000166954
1.7052E-05
1.55314E-05
1.40966E-06
9.49259E-09
9.20876E-09
6.43579E-16
3.03605E-05
5.95336E-12
8.60223E-14
2.16751E-30
1.90007E-05
3.7218E-12
2.22221E-09
7.25564E-09
4.33301E-09
3.60709E-13
2.56335E-09
1.52229E-08
8.10523E-25
1.072E-08
3.9144E-38
1.39531E-37
8.36799E-77
1.50556E-17
4.0531E-07
1.32233E-10
1.14836E-09
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ENSMUSG00000097050.2
ENSMUSG00000023232.18
ENSMUSG00000097616.9
ENSMUSG00000108276.3
ENSMUSG00000020888.17
ENSMUSG00000007867.10
ENSMUSG00000002297.17
ENSMUSG00000092518.10
ENSMUSG00000045665.6
ENSMUSG00000024176.11
ENSMUSG00000117309.2
ENSMUSG00000006469.14
ENSMUSG00000040380.15

Gm9918
Serinc2

1110019D14Rik

Gm36640
DvI2

Ift43
Dbf4
Garin5b
Mfsd5
Sox8
Gm49960
Slc34a3
CbIn3

-1.45234971
-1.52989398
-1.58070476

-1.6197672
-1.62133069
-1.72639089
-1.74537657
-1.75252496
-1.82786154
-1.84892891
-1.88217993
-2.10583875
-2.34317056

2.91462E-11
1.62463E-85
6.35104E-13
5.56847E-21
4.04272E-17
4.29612E-15
5.56847E-21
8.98175E-14
1.97843E-21
4.09478E-39
1.37997E-14
3.78457E-31

6.3564E-52
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Appendix Il

Diagram and sequence of the ChAdOx1-PepLncP2 vaccine

'||,-//

pC1938 pChAdOx1-Peplnc2P

VVCFs

41.774 kb

This procedure was performed by the Viral Vector Core Facility (Pandemic

Sciences Institute, University of Oxford) using the GeneArt algorithm (Thermo

Fisher) for nucleotide sequence optimization.
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Detailed PepLncP2 sequence:

Legend:

- TPAsequence

- START AND STOP CODONS

- Flanking sequences for PepLncP2 IncRNA-derived peptides
- PepLncP2 IncRNA-DERIVED PEPTIDE SEQUENCE

1. DNA sequence:

GCCACCATGGACGCTATGAAGCGCGGACTGTGTTGCGTGCTGCTGCTTTGTGGCGC
CGTGTTTGTGTCTGCCAGCCAAGAGATCCACGCCAGATTCCGGCGGctgcacagaccal
CTGCTCCTCTGCATCCTACACCTCTGagcagcaccagaaggctgaggcctAGCGCTTTCAGC
CCTGTGGACAACCTGgctcctagaagegatctgetgcccAGCGCCTTCTCTCCACATTTCCTG
CTGctgcaaggccctgaggaactgcctAGCGCCTATTGCGTGCCACTGTACCTGgaagecageg
aggaaatcatgagcAGCGGCTTCGGCATGCTGAGCCACCTGgacagaagagagatcgagaacgg
cAGCAGCCCTGAGATCTGGCTGTCCATG ctgaagaacctgttctacttcctgACCATCTTCGGC
AACTTTACCATCATCaccatcagccgggtgtcctacaccACACAGTACAAGATCATCCACCAGA
TCgccagccaccagctgetgatgtccAGCACCTTCCAGATGTTCGTGCTGATCetgectecggegggt
gtacaacagcACCAGCTTCCACCTGAACTACACCCTGtgctttgtgcacgagetgatcaacGCCA
GCTTCGACATTGGCGCCAGCCTGagcgctagaacacaccctgectgtATCAGCCTGTTCCTG
CGGCAAGAACTGgtggctcccatccagaacaaggtgTCCAGCGGCGTGCTGTTCAACGCCC
TGacacaggtggccaagtccagcacaGTGTCTCCCGTGGTCAACATCCTGCTGgtgectgaacag
cctatggccagcTCTGCCCTGGAATTCTGCCAGAAGATGggegetcccagaacactgacatggTC
CTCCGGCAGCTTCCAGACACCTCTGgccgatcctgacaaccctectgtgTACAGCCTGAAGC
GGTTCCTGAACATCctgacactgctgggcagagccagaAGCGCCCTGAGCTTTAGTCAGAGC
GTGtgcegtgtectttccaacaccagccGCTTCTCTGCTGCTCCTGAGCAACCTGagaaggetgga
agaagtggccgccACAGCCGCCTCTCACTCTCATAATCTGectctegtgggcettectacgtgtccGC
CATCATCCATCTGCACGTGACCCTGatgcagatcgcectggaagatcgtgGTGTCTCCACTGCA
CCCTATCCTGTTCtggaccagcctgaaagtgggcaccGTGCAGCCTCAGTTTGGAGCCCAACT
GcatctgeccagactgtttctgaagTCCAGCTTCAGCTCCTGGATGCACCTGggaagagagaagcet
ggcctctcagATCTCCCTGAAGCTGCTGGCTAGCC CTGatcectgtgtagegtgecccggaacaatgAG
CCCTCTGCTGATTCTGCGGCTGaactgctgectgtggacctgccacTCTAGCATCTGGCCCTTT
CTGCACCTGgtgtctttctgectgtttaccgacGTGCAGCTGACCCTGCTGTCCCACTTTetgacc
ttcatcTGATGA
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2. Protein sequence:

MDAMKRGLCCVLLLCGAVFVSASQEIHARFRRLHRPSAPLHPTPLSSTRRLRPSAFSPVD
NLAPRSDLLPSAFSPHFLLLQGPEELPSAYCVPLYLEASEEIMSSGFGMLSHLDRREIENG
SSPEIWLSMLKNLFYFLTIFGNFTHTISRVSYTTQYKIIHQIASHQLLMSSTFQMFVLILPRRV
YNSTSFHLNYTLCFVHELINASFDIGASLSARTHPACISLFLRQELVAPIQNKVSSGVLFNA
LTQVAKSSTVSPVVNILLVPEQPMASSALEFCQKMGAPRTLTWSSGSFQTPLADPDNPPV
YSLKRFLNILTLLGRARSALSFSQSVCVSFPTPAASLLLLSNLRRLEEVAATAASHSHNLPLV
GFYVSAIIHLHVTLMQIAWKIVVSPLHPILFWTSLKVGTVQPQFGAQLHLPRLFLKSSFSS
WMHLGREKLASQISLKLLASLILCSVPGTMSPLLILRLNCCLWTCHSSIWPFLHLVSFCLF

TDVQLTLLSHFLTFI--
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