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SUMMARY

Bladder cancer represents a high economic burden for the health systems since patients
frequently relapse. Most BC are urothelial tumors; these are clinically and molecularly
heterogeneous and are characterized by a high mutational burden, including mutations in
several genes coding for proteins involved in splicing. RBM10 was found by our laboratory
as a recurrently mutated gene in BC, although at low frequency (2-5%). RBM10 mutations
have also been reported in lung (7-9%), pancreatic, and colorectal cancers. RBM10 maps
to the X chromosome and encodes an RNA-binding protein involved in alternative splicing.
The majority of RBM10 somatic mutations lead to a premature stop codon and loss of
protein expression, supporting the notion that it is a tumor suppressor gene. In addition,
germline RBM10 mutations cause TARP syndrome, a severe developmental condition
with early male lethality.

To reveal how RBM10 loss contributes to development and cancer we have established
Rbm10 constitutive and conditional knockout mouse models and have analyzed
phenotypes at the organismal and cellular level. Constitutive inactivation of Rom10 in the
mouse germline results in partial male embryonic lethality and partially recapitulates TARP
syndrome, although some mutant mice survive into adulthood. Tissue-wide Rbm10
inactivation in young mice is well tolerated, indicating that the protein is dispensable in
adulthood. | have established normal urothelial organoids to induce Rbm10 inactivation in
vitro and show that, compared to their wild type counterparts, their growth is partially EGF-
independent. Rom10 KO organoids acquire more prominent cystic features, related to
urothelial differentiation. RNA-Seq analysis of the organoids in proliferative conditions
revealed significant up-regulation of luminal and stratified epithelium signatures. Down-
regulation of cell cycle and translation-related signatures were observed in proliferation,
while translation was up-regulated in differentiation conditions. Several splicing events
associated with RBM10 inactivation in bladder tumors have been validated using the
mouse organoids models. The analysis of human tumors reveals that RBM10 inactivation

is an early genetic alteration in bladder carcinogenesis.

| have also generated several tools to further analyze the molecular mechanisms through
which RBM10 loss-of-function contributes to bladder cancer. Altogether, the results
validate the newly developed strain as a valuable model to study TARP syndrome and
urothelial cancer, allowing the identification of RBM10-related splicing targets and

molecular mechanisms relevant to disease progression.
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RESUMEN

El cancer de vejiga representa una alta carga econdémica para los  sistemas de salud
debido a la alta frecuencia de recurrencias. La mayor parte de los tumores son
uroteliales, siendo clinica y molecularmente heterogéneos y caracterizandose por tener
una alta carga mutacional, incluyendo mutaciones en varios genes codificantes de
proteinas involucradas en el procesamiento del ARN . Nuestro laboratorio, identificd
mutaciones recurrentes de RBM10 en tumores uroteliales aunque con una
frecuencia relativamente baja (2-5%). Las mutaciones en RBM10 también han sido
descritas en cancer de pulmon (7-9%), pancreas y colorectal. El gen RBM10 se encuentra
en el cromosoma X y codifica una proteina de unién al ARN involucrada en procesamiento
alternativo. La mayoria de las mutaciones somaticas en RBM10 generan un codoén de
parada prematuro y la pérdida de la expresion de la proteina, apoyando la nocién de que
este es un gen supresor de tumores. Adicionalmente, las mutaciones germinales en
RBM10 causan el sindrome de TARP, una enfermedad rara que asocia anomalias

congénitas severas que conllevan a la muerte temprana en varones.

Para revelar como la pérdida de RBM10 contribuye al desarrollo embrionario y al cancer,
hemos establecido modelos de raton Rbm10 knockout condicionales y constitutivos, y
hemos analizado sus fenotipos a nivel celular y de organismo. La inactivacion constitutiva
de Rbm10 en la linea germinal resulta en letalidad embrionaria en machos y
parcialmente recapitula las malformaciones asociadas al sindrome TARP, aunque
algunos mutantes son capaces de sobrevivir hasta la etapa adulta. La inactivacion de
Rbm10 ubicua en ratones jovenes es bien tolerada, indicando que la proteina es
dispensable en la etapa adulta. También, he establecido organoides uroteliales normales
para inducir la inactivacién de Rbm10 in vitro y mostrar que, comparados a su contraparte
silvestre, su crecimiento es parcialmente independiente de EGF. Los organoides Rbm10
KO adquieren caracteristicas cisticas mas prominentes, relacionadas con la
diferenciacion urotelial. Nuestro andlisis de secuenciacion de ARN en estos organoides
en condiciones proliferantes revel6 la sobreexpresion de firmas genéticas de
diferenciacion luminal y de epitelio estratificado. Ademas, firmas genéticas relacionadas
con ciclo celular y la traduccion mostraban una menor expresion en organoides KO
proliferantes comparados con organoides WT, mientras que genes asociados a traduccion
y sintesis de proteinas estaban sobreexpresados en organoides KO en condiciones de
diferenciacién. Ademas, numerosos eventos de procesamiento alternativo asociados con
la inactivacion de RBM10 en tumores de vejiga han sido validados en estos modelos de

organoides de ratdén. Asimismo, el andlisis de los tumores humanos revel6 que la
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inactivacion de RBM10 es una alteracion genética temprana en la carcinogénesis de

vejiga.

Finalmente, he generado numerosas herramientas para continuar analizando los
mecanismos moleculares a través de los cuales la pérdida de funcion de RBM10
contribuye al cancer de vejiga. Estos resultados validan nuestros modelos para el estudio
del sindrome de TARP y de cancer de vejiga, permitiendo la identificacion de dianas de
splicing y mecanismos moleculares mediados por RBM10 relevantes para la progresion

de la enfermedad.
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INTRODUCTION

3.1. Bladder Cancer

Bladder cancer (BC) is the 10" most frequent cancer worldwide with an estimated
549,393 new cases in 2018. The highest incidence rates are observed in Southern and
Western Europe, North America, Northern Africa, and Western Asia (Bray et al., 2018;
GLOBOCAN, 2018; Antoni et al., 2017). It is the 7™ most common cancer in males
worldwide, having an incidence that is 3-7 times greater than in women. Women tend
to be diagnosed with more advanced disease and face less favorable outcomes after
treatment. This gender-bias might be caused by environmental/lifestyle factors,
hormonal, and enzymatic differences that impact carcinogen metabolism (Dobruch et
al., 2015).

BC ranks 14" in mortality rates according to GLOBOCAN 2018, with 200,000 estimated
deaths, most occurring in developing countries. The main risk factor associated with
BC is tobacco smoking, although many other factors contribute to the disease, including
occupational exposures to chemicals (e.g. aromatic amines and polycyclic
hydrocarbons), water contaminants (e.g. arsenic), obesity, age, and diet, among others
(Al-Zalabani et al., 2016; Bray et al.,, 2018; Knowles and Hurst, 2014). Familial
aggregation of BC is rare but there is strong evidence that inherited genetic factors
contribute to disease risk (Malats & Real, 2015) and it is a paradigm of cancer where

gene-environment interactions play a significant role (Garcia-Closas et al., 2005).

BC represents a high economic burden due to its relatively low death rate and frequent
recurrence of the disease, requiring continued and long-term follow-up, leading to the
highest cost among all cancer types on a per-patient basis (Hong and Loughlin, 2008;
Ploeg et al.,2009).

The tumor is commonly diagnosed due to the presence of blood in the urine
(haematuria). However, emergency admission is also usual and is associated with poor

prognosis (Knowles and Hurst, 2014).

BC is a heterogeneous disease: approximately 90% of tumors are urothelial carcinomas
(Warrick et al., 2019) and the remaining tumors are classified as squamous-cell

carcinomas, adenocarcinomas, and small cell carcinomas, among others (Willis &
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Kamat, 2015; Knowles and Hurst, 2015; Humphrey et al.,, 2016). According to
histopathology, urothelial cancers can be categorized as “conventional” or “variant”
(Kamat et al., 2016; Damrauer et al., 2014; Humphrey et al., 2016). Depending on the
level of invasion, tumors are classified as non-muscle-invasive bladder cancer (NMIBC)
or muscle-invasive bladder cancer (MIBC); the latter infiltrate the muscularis propria or

muscle wall (Fig. 1).

Table 1: TNM pathological classification of bladder cancer (modified from the International
Union Against Cancer, UICC in TNM, 2009).

Stage Substage Description
Ta Non-invasive papillary carcinoma
Tis Carcinoma in situ, “flat tumor”
T1 Tumor invades subepithelial connective tissue
T2 Tumor invades muscle
T2a Tumor invades superficial muscle (inner half)
T2b Tumor invades Deep muscle (outer half)
T3 Tumor invades perivesical tissue
T3a microscopically
T3b macroscopically (extravesical mass)
T4 Tumor invades prostate stroma, seminal vesicles, uterus, vagina, pelvic wall,

or/and abdominal wall

Tumor invades prostate stroma, seminal vesicles, uterus, or vagina

T4a
Tumor invades pelvic wall or abdominal wall
T4b
-
Gl Well-differentiated
G2 Moderately differentiated
G3- Poorly differentiated/undifferentiated

G4

The main histopathological parameters considered for patient management are stage
(T) and grade (G). There has been a lot of debate regarding the staging/grading of
urothelial carcinomas. The stage is determined by using the Tumor-Node-Metastasis
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system (TNM system) which describes the level of invasion of the bladder wall (Tis-T4);
grading is based on the nuclear morphology and cell differentiation (Table 1)
(International Union Against Cancer, UICC in TNM, 2009; Humphrey et al., 2016). The
International Agency for Research on Cancer from the World Health Organization
(WHO) has proposed classifications alternating between a three- (1-3) and two-grade
(low-high) system. Low-grade tumors generally include grade 1 and 2 tumors with well-
differentiated cells and few mitoses. High-grade tumors include grade 3 tumors -
displaying poor differentiation, aberrant nuclei, and frequent mitoses - and a subset of
grade 2 tumors (Humphrey et al., 2016). Nowadays, a combination of T and G is used
to classify BC patients in the clinic to determine the treatment.

BC can present two growth patterns: papillary and solid. Papillary tumors arise from
urothelial hyperplasia and represent 70-80% of NMIBC (Fig. 2). These are subclassified
as papillary urothelial proliferations of low malignant potential (PUNLMP) and low- or
high-grade papillary carcinomas. Low-grade papillary tumors have not yet penetrated
the basement membrane (stage Ta) whereas high-grade tumors have invaded the
basement membrane but not the muscle (stage T1) (Knowles and Hurst, 2015;
Humphrey et al., 2016).

A Non-muscle-invasive Muscle-invasive
-
-~ Ta T
- - lE\ - P L 13 T Bladder lumen
~ N — 4 .
T 4 N L ===—— Urothelium
A 30 Lamina
7 N propria
N\ .
/’ N Muscularis
S~o 4 \\ ___ propria_
,’ N Perivesica
’ > | fat
Urothelial TF and gene
Luminal Surface markers expression markers
Umbrella Cells Uroplakins FGFR3
KRT20 FOXA1
PPARg
i KRT8 GATA3
Intermediate Cells KRT18
CD44
Basal Cells/Stem Cells KRT14 o
KRTS STAT3
Basal Lamina EGFR

KRT6
Figure 1. Bladder cancer staging and grading. A. 1973 WHO classification and 2004

WHO/International Society of Urological Pathology (ISUP) classification. B. Urothelial cell layers
and markers of the various cell types (Modified from Knowles and Hurst, 2015).

The remaining 20 to 30% are urothelial tumors arising from carcinoma in situ (CIS), a
high-grade flat lesion that can progress to invade the lamina propria and further to

become muscle-invasive; 50% of patients with MIBC develop distant metastases
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(Knowles and Hurst, 2015; Cheng et al., 2009; Smith et al., 2014). Of note, 10 to 15 %
of NMIBC progress to become MIBC (NICE, 2017; Knowles and Hurst, 2015).

Patients with NMIBC tend to have a long life expectancy with a 5-year survival of
approximately 90% (Knowles and Hurst, 2015); they are usually treated by transurethral
resection of the tumor followed by intravesical chemotherapy. Regular cystoscopies are
required o identify recurrences (Woldu, et al., 2017). Patients with high-grade tumors
also receive immunotherapy with intravesical Bacille Calmette-Guérin (BCG) to avoid
recurrence/progression. Despite this treatment, approximately 70% of the tumors recur
and some patients eventually require a radical cystectomy (NICE, 2017; Babjuk et al.,
2017; Meeks & Lerner, 2017). The standard treatment for patients with MIBC is radical
cystectomy with perioperative cisplatin-based chemotherapy (either neoadjuvant or
adjuvant). There is an increasing interest in the use of bladder-preserving therapies.
Patients with distant metastasis require systemic therapy. However, 50% of them are
not eligible for cisplatin-based chemotherapy, exhibiting a five-year survival of less than
15%. Patients with metastatic BC have a poor prognosis with a 5-year survival of less
than 50% (NICE, 2017; Knowles and Hurst, 2015). Over the last 5 years, there has
been substantial progress in the treatment of metastatic BC through the introduction of
immune checkpoint inhibitor antibodies and targeted therapies (Wolacewicz et al.,
2020; Godwin et al., 2018).

Urothelial carcinoma has a high degree of mutational heterogeneity and a high
frequency of somatic mutations (7.7 per megabase) when compared to other solid
tumors. NMIBC is more genetically stable than MIBC, which commonly presents with
aneuploidy, gene copy number changes, and other alterations such as chromothripsis,
mediated by nonhomologous end-joining DNA repair (Morrison et al., 2014) (Knowles
and Hurst, 2015). Currently, two genetic pathways have been proposed to contribute to
bladder tumor initiation and progression, largely matching the two morphological

patterns (Fig. 2).
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Figure 2. Proposed genetic pathways of BC progression. Both pathways share losses of
chromosome 9 and mutations on the TERT promoter. A. The papillary pathway frequently
involves activating mutations in oncogenes, leading to the development of NMIBC low-stage
tumors. A small proportion of these tumors acquire additional genetic alterations, such as
CDKN2A loss and mutations in TP53, resulting in invasive high-stage tumors. B. The non-
papillary pathway involves predominantly inactivating mutations in tumor suppressor genes, with
a high frequency of mutations in TP53 and RB.

Tumors arising from both pathways share hotspot mutations in the promoter of TERT,
which encodes the telomerase catalytic subunit, conferring enhanced TERT
expression. TERT mutations are considered an early event during tumorigenesis since
they can be found in approximately 70% of the tumors regardless of stage and grade
(Hurst et al., 2014; Allory et al., 2014; Kinde et al., 2013). Moreover, both pathways
share chromosome 9 deletions (9p, 9q, or both) which occur in more than 50% of the
NMIBC and MIBC tumors (Knowles and Hurst, 2015; Platt et al., 2009).

3.1.3.1. The Papillary pathway

The papillary pathway involves mainly activating mutations in oncogenes, such as
FGFR3, PIK3CA, and the RAS oncogene family, being the most commonly altered
genes leading to the development of low-stage/grade tumors (Pietzak et al., 2017).
Papillary tumors that progress to MIBC are characterized by a high genomic instability
(Sjodahl et al., 2019), exhibiting the acquisition of CDKN2A homozygous deletions
(Rebouissou et al., 2012) and mutations in TP53 (Mitra et al., 2006; TCGA Network,
2014), likely causing this progression (Fig. 2B).
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FGFR3 mutations occur in up to 80% of Ta low-grade tumors, including activating point
mutations, gene translocations, and gene amplification (Zieger et al., 2005; Juanpere
et al.,, 2012; Marqués and Real, 2017). The frequency of FGFR3 mutations
progressively decreases from Ta to T1 tumors and MIBC, mutant tumors being
associated with an overall better prognosis (Hernandez et al., 2006; Billerey et al., 2001;
Zieger et al., 2005). FGFR3 mutations have been found to significantly co-occur with
PIK3CA mutations, which are present in 15 to 20% of low-grade bladder tumors
(Kompier et al., 2010; Juanpere et al., 2012; Lopez-Knowles et al., 2006). FGFR3, but
not PIK3CA, mutations are mutually exclusive with RAS mutations, probably due to the
redundancy in the RAS-MER-ERK signaling pathway. Conversely, combined PIK3CA-
RAS mutations are associated with high-grade tumors (Juanpere et al., 2012; Jebar et
al., 2005). RAS genes are mutated in approximately 13% of all bladder tumors (Kompier
et al., 2010).

In recent years, mutations in several novel tumor suppressor genes have been
described in BC, including ARID1A and STAG2 (Balbas-Martinez et al., 2013). This last
gene codes for a cohesin complex component that is frequently mutated in NMIBC
(40%) and its alterations are associated with an improved outcome (Balbas-Martinez
et al., 2013). Cohesin plays an important role in chromatid segregation (Carretero et
al.,, 2010), DNA double-strand break repair (Kong et al., 2014), and genomic
organization (Baranello et al.,, 2014), supporting the role of STAG2 as a tumor

suppressor.

3.1.3.2. The Non-Papillary pathway

The non-papillary pathway involves predominantly tumor suppressor genes, including
a high frequency of mutations in TP53, RB, PTEN, and genes involved in DNA repair
and chromatin remodeling (Fig. 2B). These tumors are high-grade, aggressive,
genomically unstable, and have a high likelihood of progression and muscle invasion
(Cordon-Cardo and Reuter, 1997; Puzio-Kuter et al., 2009)

TP53 is mutated in 24-56% of the MIBC exhibiting inactivating mutations and loss of
function (Esrig et al., 1994; Hartmann et al., 2002; Knowles and Hurst, 2015). P53,
known as the guardian of the genome, is a transcription factor involved in many cellular
processes, such as the cell cycle, stress response, senescence, DNA repair, and
induction of apoptosis, highlighting its role in tumor progression (Lane, 1992). The
PTEN tumor suppressor is inactivated in approximately 24% of MIBC bladder tumors,

generally exhibiting loss of heterozygosity, and its down-regulation is associated with
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TP53 mutations and poor outcomes in patients and aggressive tumors in mice (Aveyard
et al., 1999; Platt et al.,, 2009; Puzio-Kuter et al., 2009). The RB pathway is also
commonly altered in MIBC (Mitra et al., 2007) and is associated with aggressive tumors

with poor prognosis (Cordon-Cardo et al., 1992).

The advent of massive parallel sequencing has allowed identifying novel genes mutated
in many cancer types in an agnostic manner through several international consortia. In
BC, the Tumor Cell Genome Atlas (TCGA) focused on MIBC. The TCGA analysis
highlighted three main pathways as frequently dysregulated: cell cycle (93%), MAPK
and PI3K signaling (72%), and chromatin remodeling/histone-modifying genes (64%).
In MIBC, 76% of the tumors harbor mutations in genes coding for proteins involved in
chromatin function. Among them are KMT2D, ARID1A, KDM6A, and EP300.
Additionally, frequent mutations in DNA repair genes, including ERCC2 (Balbas-
Martinez, Sagrera, et al., 2013; Van Allen et al., 2014), a member of the nucleotide
excision repair pathway, ATM (Balbas-Martinez, Sagrera, et al., 2013), and FANCC,

involved in post replication repair, have been found in MIBC (Plimack et al., 2015).

Other important genetic alterations are found in receptors of signaling pathways and
include, besides FGFRs, the ERBB receptors (EGFR/ERBB1, HER2/ERBB2, and
ERBB3). High EGFR expression has been associated with non-papillary tumors;
overexpression of EGFR and HER2 has been reported in high-grade and invasive
tumors, having an impact on overall survival and recurrence-free survival (Kassouf et
al., 2008; Kruger et al., 2002). In addition, gene amplifications are more common in

metastases than in primary tumors (Fleischmann et al., 2011).

EGFR activation is mechanistically linked to PI3K and RAS pathways, which also have
been described as mutated in BC. Other receptor tyrosine kinases, including MET, and
RON (MST1R) are up-regulated in aggressive non-papillary tumors (Cheng et al., 2005;
Sanchez-Carbayo et al., 2006). Deregulated expression of downstream targets of these
pathways has been reported, where more than half of tumors exhibit high levels of
PERK1/2 and pAKT or PISK/AKT/mTOR pathway activation, independently of the stage
or grade (Juanpere et al., 2012; Hedegaard et al., 2016; Rebouissou et al, 2014).

Other pathways, such as PPARy signaling, are frequently altered with PPARy

amplifications occurring in 12-17% of MIBC and 10% of NMIBC (Biton et al., 2014,
Rochel et al., 2019; Lui et al., 2019).

31



3.1.3.3. Molecular Taxonomy

In the last decade, transcriptomics analyses using Next Generation Sequencing (NGS)
have allowed the establishment of molecular taxonomies highlighting the molecular
heterogeneity of BC. These subtypes are associated with distinct clinical outcomes and
response to treatment. One of the first studies was performed by Sjodahl and
colleagues (Lund cohort) in NMIBC and MIBC, identifying 5 major molecular groups:
Urobasal A (UroA), Urobasal (UroB), genomically unstable (GU), squamous cell
carcinoma-like (SCCL) and infiltrated (Sjodahl et al., 2012). In this classification, UroA
are mainly NMIBC tumors; UroB includes NMIBC and MIBC. Both UroA and UroB
express high levels of an FGFR3 associated signature and are related with good
prognosis and poor prognosis respectively. The majority of UroB tumors present
mutations in TP53 and FGFR3, suggesting evolution from UroA. These tumors also
harbor alterations in CDKN2A, which is associated with progression to MIBC (Fig. 2A).
The SCCL group exhibits basal-like features, expressing KRT5, KRT6, KRT14, EGFR,
and P-cadherin, and is associated with a poor prognosis. Finally, GU tumors express
low levels of FGFR3, CCDNL1, and p63, and high levels of HER2 and E-cadherin, being
associated with an intermediate prognosis (Sjodahl et al., 2012). Subsequent studies
have focused on MIBC or NMIBC selectively, the latter having been studied less

extensively.

All classifications of MIBC converge on the identification of two major tumor subgroups
having urothelial/luminal- or basal-like characteristics (Biton et al., 2014; Damrauer et
al., 2012; Choi et a., 2014; TCGA Research Network, 2014; TCGA Research Network,
2017; Tan et al., 2019; Kamoun et al., 2020). The TCGA Network and Kamoun and
colleagues (The Bladder Cancer Molecular Taxonomy Group) performed the most
extensive initiatives. The study performed by the TCGA Network proposed 5 clusters
according to gene expression profiles: luminal-papillary, luminal-infiltrated, luminal,
basal-squamous, and neuronal. The Bladder Cancer Molecular Taxonomy Group
reached an international consensus classification, proposing 6 tumor subtypes: Luminal
Papillary (LumP), Luminal Non-Specified (LUmNS), Luminal Unstable (LumU), Stroma-
rich, Basal/Squamous (Ba/Sq), and Neuroendocrine-like (NE-like). There are several

other classifications (Fig. 3) considering different clusters and subgroupings.
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Figure 3: Comparison of the 6 consensus classes of urothelial carcinoma and the derived
molecular subtypes. Major classifications of MIBC over the last decade (Modified from Kamoun
et al., 2020).

Most of the studies agree that luminal-like tumors are enriched in a papillary
morphology, having a higher rate of FGFR3 up-regulation/activating mutations and
expressing uroplakins, KRT20, HER2, FOXAL, GATA3, and PPARYy. Similarly, they
agree that basal-like tumors can be defined based on the expression of KRT5, KRT6,
KRT14, and CD44 and the lack of GATA3 and FOXA1 (Alifrangis et al., 2019; Lerner &
Robertson, 2016). It has been suggested that the molecular subgroups proposed are
relevant to the prediction of treatment response (Choi et al., 2014b; Damrauer et al.,
2014; TCGA Research Network, 2014; Kamoun et al., 2020).

Regarding NMIBC, the number of studies dealing with them is much lower than those
related to MIBC. For that reason, it is necessary to provide novel tools to generate a
deeper understanding of the behavior, progression, and treatment response of the
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early-stage disease. In the first large-scale study focused on NMIBC (n=406),
Hedegaard and colleagues (UROMOL consortium) classified these tumors into 3 major
groups with significant overlaps with the Lund cohorts: class 1 and 3 tumors overlapped
with UroA and class 2 fitted into the infiltrated or GU groups (Hedegaard et al., 2016;
Sjodahl et al., 2012). Class 3 tumors showed some basal-like features. More recently,
this classification has been expanded through a large integrative analysis of 834 tumors
from the UROMOL consortium (Lindskrog et al., 2020). In this study, 4 transcriptomic
classes are proposed: class 1, class 2a, class 2b, and class 3, analogous to the
previous classification from 2016. Interestingly, 91% of the tumors overlapped with the
UroA classification and 4% with the GU classification from the Lund cohorts (Sjodahl et
al., 2012). In agreement with this, and according to the classification of Kamoun and
colleagues, 93% of the tumors were classified as Luminal Papillary (LumP) (Kamoun
et al., 2020).

In this new classification, class 1 and 3 tumors exhibited similar regulon activity patterns
and high expression of early cell cycle genes, high FGFR3 expression, and alterations.
Specifically, class 1 tumors presented the best recurrence-free survival, showing high
expression of uroplakins and intermediate expression of cytokeratins, also displaying
alterations in RAS along with high HIF1A, KAT5, and HDAC3 regulon activity. Class 3
tumors were characterized by high KRT5/15 and low uroplakin expression, along with
high GATA3, KMT2E, KAT2A, HDAC10, and AR regulon activity, and overall these
tumors had less immune infiltration. On the other hand, class 2a tumors expressed
genes related to late cell cycle, DNA replication, cell differentiation, and uroplakins, with
high activity of FOXM1, RARB, STAT3, ERBB2, and ERBB3 regulons. These tumors
also showed alterations in the p53 pathway, copy number gains in PPARy and E2F3,
and losses in CDKN2A and RB1, displaying the worst recurrence-free survival and high
intra-tumoral heterogeneity. Finally, class 2b tumors were associated with high
expression of genes involved in epithelial-mesenchymal transition (EMT) and cancer
stem cell markers, low expression of genes related to cell proliferation, and high ESR1,
FGFR1, and PGR regulon activity, also exhibiting high immune cell infiltration and an

intermediate recurrence-free survival (Fig. 4) (Lindskrog et al., 2020).

In addition to a transcriptomic classification, Lindskrog and colleagues have proposed
tumor classes considering the genomic stability: genomic class (GC) 1, 2, and 3,
showing low, intermediate, and high instability, respectively. These subclasses were
significantly associated with the above mentioned transcriptomic classes, where class

2a included the highest fraction of GC3, whereas class 1 and 3 included nearly half of
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the tumors that belong to GC1, with smaller fractions of GC2. Finally, class 2b

presented similar fractions of tumors of the GC1, GC2, and GC3 subgroups (Fig. 4).
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Figure 4: NMIBC subtypes and association with mutational profile and clinical features.
Frequently mutated genes observed in urothelial carcinoma by Lindskrog and classified into four
transcriptomic and three genomic classes (Modified from Lindskrog et al., 2020).

Similarly, another study from Hurst and colleagues classified 140 NMIBC tumors in two
genomic subtypes, considering whether these are chromosomally stable or unstable.
The first group was characterized by a high frequency of mutations in chromatin
modifier genes. The second group was distinguished by up-regulated mTORC1
signaling and an altered metabolic profile, where females presented a higher frequency
of mutations in the KDM6A gene (Hurst et al., 2017). Another two studies identified 5
molecular subtypes across luminal tumors that were mainly NMIBC (Bernardo et al.,
2019) and 5 subtypes across stage T1 BC according to its transcriptomic profile; T1-
LumGU, T1-TLum, T1-Inflam, T1-Myc, and T1-Early (Robertson et al., 2020).
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3.2. Models to study bladder cancer

Different approaches have been used to study urothelial biology and BC development.
These models should recapitulate the diversity of this tumor.

The first attempts to culture human urothelial normal and cancer cells can be dated to
>40 years ago (Logethethou-Rellaa et al., 1988; Bubenik et al., 1973; Berky and
Zolotor, 1977; Rasheed et al., 1977; Elliott et al., 1974). More than 50 bladder cancer
lines, and a few non-tumoral lines, have been established over the last decades. One
of the main advantages of these models is that cells cultured in 2D are quite practical
to handle. They have proven useful to perform pharmacological screenings due to the
ease of performing large-scale experiments. However, cell lines do not reflect the
genetic and phenotypic diversity of BC and they show a strong bias toward aggressive
tumor subtypes (Earl et al., 2015). Cell lines undergo substantial changes as they are
passed in culture and the selection pressure on tumor cells can result in a
misrepresentation of the original tumor (Weeber et al., 2017). In addition, the standard
2D cultures do not include components of the tumor microenvironment such as

fibroblasts and inflammatory cells.

In the last decade, there has been a major interest in developing 3D models to
overcome some of the caveats of cell lines. While the first attempts to use such models
date back to the 80's, the Clevers laboratory has pioneered their study in recent times.
3D cultures originating from stem or progenitor cells proliferate and recapitulate some

of the features of the tissue they are derived from, thus receiving the name of organoids.

Using organoids as experimental models has many advantages. Organoids derived
from primary tissue have proven to better preserve the tumor identity than cell lines
after passing and they even provide the opportunity to culture strictly normal cells. Their
self-renewal and self-organizing capacities allow them to differentiate under specific
conditions, expressing markers of fully differentiated tissues (Pauli et al., 2017; Van de
Wetering et al., 2015; Weeber et al.,, 2017; Duarte et al., 2017; Lee et al., 2018).
However, their expansion is more cumbersome and is dependent on the use of natural
matrices and a variety of growth factors, making them more expensive and less
amenable to screenings (Weeber et al., 2017). Organoids tend to display greater
heterogeneity in growth patterns than 2D cultures. In addition, the microenvironment is

generally lacking, although there are several studies introducing co-cultures with
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stromal and immune cells to overcome this limitation (Bertaux-Skeirik et al., 2016;
Chakrabarti et al., 2018; Cattaneo et al., 2019; Neal et al., 2019).

The first experiments with organoids used intestinal cells and identified Wnt ligands, R-
spondinl, EGF, and Noggin as growth factors required to maintain a stem-like state
(Sato et al., 2009). Ever since, organoids have been established from healthy and
malignhant colon (Sato et al., 2011), prostate (Gao et al., 2014; Karthaus et al., 2014),
pancreas (Boj et al., 2015; Huang et al., 2015), stomach (Bartfeld et al., 2015), breast
(Pauli et al., 2017; Byrne et al., 2017), liver (Huch et al., 2013; Huch et al., 2015), and
- recently - bladder (Santos et al., 2019; Mullenders et al., 2018; Lee et al., 2018), using
different growth factors depending on the tissue of origin. The ability to expand
organoids uninterruptedly facilitates their use for gene editing (Nie and Hashino et al.,
2017; Drost et al., 2015), personalized medicine (i.e. living biobanks) (Van de Wetering
et al., 2015), ex vivo mouse xenografts, drug discovery, and screening (Fig. 5) (Jabs et
al., 2017; Lee et al., 2018; Byrne et al., 2017; Weeber et al., 2017), but also to
understand normal and tumor physiology, growth factor requirements, stem cell

characterization, and differentiation requirements.
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Figure 5: Organoid technology. Stem cells derived from human and mouse tissues are
isolated and embedded in Matrigel or hydrogels to generate organoids. Organoids can be used
for mouse xenografts, gene editing, co-culture, and drug screenings, among others.

Our laboratory has shown that normal mouse urothelial organoids depend on EGF and
Wnt activators and their growth in medium containing these factors results in the

deployment of a default squamous-like program that can be replaced by the activation
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of a urothelial program upon growth factor depletion, EGFR inhibition, and PPARy
activation. Under the latter conditions, luminal urothelial markers are expressed, and
organoids acquire barrier function. Additionally, these studies have demonstrated a role
of Notch signaling in urothelial differentiation since its inhibition resulted in increased

basal marker expression (Santos, et al., 2019).

As of BC, patient-derived organoid lines have been recently described and shown to
largely recapitulate the features of the original tumor. Most organoids were established
from low-grade NMIBC. Such organoids have been used for drug testing, gene editing,
and orthotopic xenografting to study tumor evolution and treatment (Lee et al., 2018;
Mullenders et al., 2018). Nevertheless, the field regarding BC organoids is just starting

to be exploited.

In summary, organoids are a powerful tool to perform functional assays since they
recapitulate better the genetic and morphological heterogeneity of tumors and there is

a promise that they will be more useful to predict response to therapy.

There are several ways in which the study of BC in mice has been approached:

a) Chemical carcinogenesis: chemical carcinogens have been used to induce
tumors in mice. The most commonly used carcinogen to induce BC is BBN (N-butyl-
N-4-hydroxybutylnitrosamine) which is considered a genotoxic molecule. BBN
belongs to the nitrosamine family of alkylating agents that can induce hyperplasia,
dysplasia, CIS, NMIBC, MIBC, and metastasis in mice. BBN is metabolized to N-
butyl-N-(3-carboxypropyl) nitrosamine, the main mutagen (Vasconcelos-Nébrega et
al., 2012). The lesions and tumors generated in the bladder are histologically and
genetically similar to basal human BC; tumors show a high mutational burden,
commonly exhibiting mutations in Trp53, the p53 pathway, Kmt2d and Kmt2c
(Fantini et al., 2018), and less frequently in Hras and Kras (Yamamoto et al., 1995).
The type of lesions observed in mice depends on the sex, strain, age, and time of

exposure to BBN (Vasconcelos-Nébrega et al., 2012).

b) Xenografts of cancer cell lines and tumors: both cancer cell lines and
patient-derived xenografts (PDXs) are commonly used to study the effects of the
tumor microenvironment on disease progression by using nude mice as recipients,
although the latter lack an immune system. Cancer cells can be injected
orthotopically into the bladder to investigate tumor growth and therapeutic effects in

the native tissue/hormonal environment. Cell take rate is variable, ranging from 50
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to 100% (Gunther et al., 1999; Dobek and Godbey, 2010). However, cells are often
undifferentiated, derived from aggressive tumors, and have a poor relation to the
tissue of origin (Park et al., 2013; Hidalgo et al., 2015).

On the other hand, PDXs are generated by orthotopically or heterotopically
implanting patient’s primary tumor cells or biopsies into immune-deficient or
humanized mice. Usually, PDXs retain better the genomic alterations, morphology,
and architecture of the original tumor, making them useful to study tumor
heterogeneity (Park et al., 2013; Ben-David et al., 2017). Some of the caveats of
PDXs are a relatively low tumor take, the long time required to establish and
propagate tumors, and the absence of an immune system. Nonetheless, PDXs are
useful for drug discovery and screening, predicting clinical outcomes, personalized
medicine, and biomarker identification (Hidalgo et al., 2015). There are few studies
in BC but these have proven to retain a good correlation with the patient tumor at
the genomic level and treatment response (Blinova et al., 2019; Lee et al., 2018; Pan
et al., 2015).

C) Genetically engineered models: the mouse is the most experimentally
tractable mammalian system to study cancer to date and the use of genetically
engineered mouse models (GEMMSs) has been one of the major breakthroughs in
this field. The basis of GEMMs consists of heritably modifying gene expression, by
either inserting extra DNA encoding a specific gene or sequence into the mouse
genome, or knockout/knock-in technology in which a specific sequence of the mouse
genome is altered. Models have evolved to become more and more sophisticated,
including multiple allele modifications, gene editing, and xenograft approaches,
adding up a wide range of possibilities (Kersten et al., 2017). One of the many
advantages of GEMMs is the ability to direct oncogene and/or tumor suppressor
gene activation/inactivation in a temporally and spatially controlled manner. The
ability to concomitantly express a reporter marker along with the selected cancer
gene modification facilitates lineage tracing, the isolation of transduced cell
populations, the identification of biomarkers and to reversibly control cancer gene
expression, allowing to assess tumor generation or regression, study the interactions
and cooperation between genes, and even, the discovery of cancer-associated

mutations (Kersten et al., 2017).

There has been relatively little research on BC GEMMs (Table 2), compared with

other tumor types. The earliest models were transgenic mice expressing SV40 large
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T antigen under the control of tissue-specific promoters, such as Upk2 and Krt19,
where the mice developed CIS, MIBC, and metastasis (Zhang et al., 1999; De la
Pefa et al., 2011; Grippo and Sandgren, 2000; Ruan et al., 2018). Among the
oncogenes tested in GEMMs are Hras, Egfr, and CyclinD1, which lead to urothelial
hyperplasia and - when combined with mutant p53 - promote the progression to
dysplasia and NMIBC (Zhang et al., 2001; Cheng et al., 2002; Garcia-Espafa et al.,
2005; Gao et al., 2004).

Tissue-specific conditional models have also been used, using gene targeting
combined with the Cre recombinase system. Studies that have used a urothelial-
specific promoter, the luminal marker Upk2, along with knock-in mutations in Ras,
Pten loss, or activating mutations in Fgfr3 and B8-catenin as driver mutations.
Individual alterations have not led to bladder tumors but combinations thereof have
led to a variety of urothelial phenotypes (Ahmad, Patel, et al., 2011; Ahmad, Morton,
et al., 2011; Ahmad, Singh, et al., 2011). Other approaches have used non-tissue-
specific promoters, for example, by constitutively activating B-catenin in Msx2
expressing cells with doxycycline-inducible transgenes or inactivation of Notch by
using a conditional line targeting Nctsn lead to the same outcome (Lin et al., 2013;
Rampias et al., 2014). A version of GEMMs has used Adeno-Cre delivery into the
bladder, leading to simultaneous inactivation of Pten and Tp53, promoting invasive
bladder cancer (Abate-Shen et al., 2009). In this regard, the generation of better
mouse models to study both non-invasive and invasive bladder cancer is needed,

particularly to deliver genetic alterations selectively to basal cells.

Table 2: Current mouse models of MIBC. Compilation of BC mouse models showing the
molecular subtype and markers that are promoted in each of them. PDX = patient-derived
xenograft; EET = earliest established time reported (after induction); BBN N-butyl-N-4-
hydroxybutyl nitrosamine. Adapted from Ruan et al., 2018.

Inductio Molecular Molecula Referen
n subtyp r ce

source e markers

Xenotransplant

Subcutaneo | Immunocompromis Human Depends Earl

us ed bladder on 2015

cancer inoculate
cell lines d cells
or PDX

PDX Immunocompromis Lee

ed 2018
Orthotopic Immunocompromis Jager

ed 2018

40



Humanised Severely Immune Gong
markers 2015
immunodeficient
Allograft C3H MBT-2 Basal- KRT5, KRT14, Huang
squamous HIFla 2017
C57/B6 MB49 Basal- CD44 Chade
squamous 2008
Autochthonous
Hedgehog GligCreErmT, 12 wk Basal- KRT14, SHH, Shin
Smo"ofox BEN squamous PTCHL, GLI1, 2014
BMP4,BMP5,
ID2, ID3, ID4
Notch R26rtTA,; tetO-Cre; 2 wk Basal- KRT5, pERK, Rampia
squamous Ki67, s 2014
Nestnflox/flox (2 mo)
cyclin D1, p63
STAT3 K5-Stat3C BBN 2 wk Basal- STAT3,KRT14 | Ho 2012
squamous
p53 and UPII-Cre; BBN 10 wk Basal- KRT5, KRT14, He 2009
others sguamous Ki67
psaflox/floxreaflox/fl
0x 6 wk Neuronal? KRT19 Grippo
2000
CK19-Tag
UPII-SV40Thigh 12 wk Neuronal? UPK2 Cheng
2003
UPllla-Cre;
~58 wk Luminal UPK3 Saito
psaflox/floxptenflox/fl 2018
ox
p53*- BBN 16 wk Basal- Ki67, KRT20 van
squamous Batavia
2015
Carcinogen- C57/B6 20 wk Basal- CD44, CDH3, Fantini
induced squamous KRT14, KRT5 2018

Most of the available bladder cancer GEMMs have perturbed the "classical" cancer
genes. However, the genomic projects described above led to the identification of novel
BC genes whose function in tumorigenesis has not been studied. Our laboratory
discovered mutations in STAG2 and RBM10 in BC and set out to explore the role of
these genes by generating GEMMSs through their conditional inactivation. In this work,
| will focus on the study of RBM10.
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3.3. The RBM10 gene

3.3.1.1. Constitutive and alternative splicing

In 1978, Walter Gilbert first described that the DNA sequence of protein-coding genes
contains regions that will be ultimately translated into protein (i.e. exons), interrupted by
“silent”, non-translated, DNA (i.e. introns). Coding sequences that are found between
introns are called exons and are defined by two main sequence elements: the 5’ splice
site and the 3’ splice site (Kelemen et al., 2013). RNA polymerase Il transcription leads
to a pre-mRNA that contains introns that will later be excised to generate the mature
MRNA, a process designated as "splicing" that takes place in the nucleus. Intronic DNA
has been roughly estimated to be 5-10 times more abundant than exons (Gilbert, 1978).

Two types of splicing events have been described: constitutive and alternative (Fig. 6).
Constitutive splicing involves intron removal and joining of exons from pre-mRNA
transcripts. In alternative splicing, exons are differentially included or excluded leading
to a variety of mature mRNA isoforms (Wang et al.,, 2015). Alternative splicing
generates protein diversity, with >95% of human genes undergoing some level of
splicing (Pan et al., 2009; Wang et al., 2008). In this manner, alternative splicing is
considered to be one of the main sources of proteomic diversity in multicellular
eukaryotes (Nilsen & Gravaley, 2010). Alternative splicing is a very complex molecular
process that is regulated through multiple mechanisms, including the concentration or
activity of splicing regulatory factors, depending on diverse physiological or pathological
conditions (Wang et al., 2015). Alternative splicing plays a key role in almost every
aspect of protein function; from protein binding to proteins, nucleic acids, and ligands
to enzymatic properties, having profound functional effects (Irimia et al., 2007; Kelemen
etal., 2013; Wang et al., 2015). Notably, distinct alternative splicing patterns have been
observed in different cell types, suggesting this process can be tissue-specific, dictated
by developmental (Sanchez, 2008) or differentiation-specific cues (Makeyev et al.,
2007).

Although most changes caused by alternative splicing are structurally subtle, at a
functional level the protein isoforms derived from a given gene can have different or
even opposing functions (Kelemen et al., 2013; Leoni et al., 2011; David and Manley,
2010). Of note, splicing is subject to multiple levels of regulation and can vary in
response to multiple environmental cues. The outcome of this process generates

diverse transcripts that are involved in many cellular processes, such as cell
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proliferation and cell survival, highlighting the importance of understanding alternative

splicing and how its disruption can eventually lead to disease (Kelemen et al., 2013).
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Figure 6. Constitutive and alternative splicing. A. Constitutive splicing takes place by
removing intronic sequences from the pre-mRNA transcripts leading to the mature mRNA. B.
Alternative splicing takes place in diverse ways by including or excluding exons, using alternative
5’ or 3’ donor sites, and intron retention.

Alternative splicing is achieved by the interaction between cis-acting mRNA elements
and trans-acting factors. Cis-acting elements consist of 3" and 5°- splice sites and
intronic or exonic enhancer or silencer splicing sequences. These sequences also
participate in constitutive splicing, where enhancer sequences play a more dominant
role (Wang et al., 2015). Trans-acting factors are mainly RNA binding proteins that
constitute the spliceosome and its regulators and can have both positive and negative
effects (Wang et al., 2015; Nilsen & Gravaley, 2010). The spliceosome is a large and
specialized machinery of approximately 170 proteins that will be discussed below.
Besides the spliceosome, the other best-known regulators of alternative splicing are the
SR proteins (serine/arginine-rich family of nuclear phosphoproteins) and
heterogeneous nuclear ribonucleoproteins (hnRNPs). SR proteins recruit the
components of the core splicing machinery (the spliceosome) by binding to exonic
sequences (Zhou & Fu, 2014). By contrast, hnRNPs can either repress or promote

splicing by binding to exonic or intronic sequences. The collaboration of both types of
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regulators results in the promotion or inhibition of spliceosome protein binding to splice
sites (Wang et al., 2015).

3.3.1.2. The spliceosome

The main regulator of alternative splicing is the spliceosome, a large macromolecular
complex that recognizes exons, assembles in a stepwise manner, and removes introns
from the pre-mRNA. The spliceosome is composed of approximately 170 proteins and
5 snRNA (small nuclear RNAs) complexes (U1, U2, U4, U5, and U6). The U1l snRNP
is the first protein to bind the pre-mRNA recognizing the &’ splice sites (Fig. 7). Then,
splicing factor 1 (SF1) binds to the branch point, allowing the binding of the U2AF factor
in the 3’ splice site and generating the early complex. Later, SF1 is substituted by U2
snRNP leading to the pre-spliceosomal A complex. After this step, a series of
exchanges and recruitments of more factors take place to transform the A complex into
the spliceosomal B complex where introns are removed and exons joined in a trans-
esterification reaction (Kelemen et al., 2013).

pre-mRNA
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Figure 7: Spliceosome function. The U1 snRNP binds the pre-mRNA by recognizing the 5’
splice sites. Then, splicing factor 1 (SF1) binds to the branch point, allowing the binding of non-
snRNP associated factors as the U2AF1 and 2 factors in the 3’ splice site and generating the
early complex (E complex). Later, U2 snRNP and SF3B1 bind to the branch region by interacting
with the U2AF proteins leading to the pre-spliceosomal A complex. Then, U4, U5, and U6 tri-
snRNP are recruited to transform the A complex into the spliceosomal B complex, after which
U6 is removed and the intronic region forms a laureate and forms the complex C. This intronic
laureate is then removed and exons joined in a transesterification reaction to form mature
MRNA.
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3.3.1.3. Splicing factor alterations in cancer

The wide role played by alternative splicing in cell proliferation, differentiation,
metabolism, apoptosis, motility, invasion, and angiogenesis accounts for the fact that
changes in splicing occur during tumorigenesis. There is evidence that altered
alternative splicing is a hallmark of cancer and has been implicated in almost all aspects
of the disease, with substantial variation among tumor types (Wang et al., 2014; Cooper
et al., 2009; David and Manley, 2010; Seiler et al., 2018).

The first studies supporting the role of alternative splicing in cancer described a wide
number of cancer-associated changes leading to increased cell proliferation, survival,
EMT, and invasion (Venables et al., 2008; Klinck et al., 2008; He et al., 2009; Shapiro
et al., 2011). This led to the question of which specific protein isoforms are cancer-
associated and which mechanisms are responsible for their generation. Among the
main cancer-associated splicing events reported are those affecting transcripts coding
for proteins involved in apoptosis such as Caspase-3 (Vegran et al., 2006), BCL2L1
(BCL-X) (Xerri et al., 1996), FAS (Izquierdo & Valcarcel, 2007; Corsini et al., 2007), and
BIRC5 (Sampath & Pelus, 2007), genes involved in the ubiquitination of TP53 tumor
suppressor as MDM2 (Sigalas et al., 1996; Manfredi et al., 2010), genes related to
immortality as TERT and angiogenesis (VEGF-A) (Biselli-Chicote et al 2012; Lapuk et
al., 2014).

Some of these alterations result from somatic mutations in genes coding for trans-acting
splicing regulatory genes. They were first described in SRSF1 (Serine/Arginine-rich
splicing factor 1), which encodes a protein affecting alternative splicing of many
transcripts that are known to contribute to tumorigenesis (Ghigna et al., 2005).
Additional mutations were reported in SRSF3 (Serine/Arginine-rich splicing factor 3)
(Kurokawa et al., 2014; Tang et al., 2013) and in SRSF2 (Serine/Arginine-rich splicing
factor 2), SF3B1, U2AF1, and ZRSR2, all involved in U2 complex function (Yoshida et
al., 2011). These core machinery factors are involved in the recognition of 3’ splice sites
of introns and, therefore, mutations therein lead to defects in RNA recognition/splicing
(Hicks et al 2010).

Importantly, splicing factor gene alterations occur in a wide range of tumors (Makishima
et al.,, 2012; Papaemmanuil et al., 2013; Haferlach et al., 2014; Lindsley et al., 2015;
Jeromin et al., 2013; Ferreira et al., 2014; DeBoever et al., 2015; Darman et al., 2015)

and the genome sequencing consortium studies have highlighted their prevalence
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across tumor types (Seiler et al., 2018; Obeng et al., 2019). Mutations can be either
gain- or loss-of-function. Hotspot mutations in SRSF2, SF3B1, and U2AF1 have been
described in a wide variety of cancer types. Other genes are RBM10, encoding an RNA-
binding protein (RBP), and FUBP1 which encodes a DNA-binding protein; the first
presents loss-of-function mutations in lung adenocarcinoma, bladder cancer, among

others; the latter, in low-grade glioma (Seiler et al., 2018).

RBM10 is an RNA-binding motif-containing protein that belongs to the RBP family,
regulating the nature, quantity, and function of transcripts (Tessier et al., 2015; Loiselle
etal., 2017; Glisovic et al., 2008). RBM10 is located on Xp11.23 (Thiselton et al., 2002).
The gene contains 24 exons and is subject to alternative splicing, yielding two
transcripts: the predominant transcript leads to a protein of 930 residues and the second
to a protein of 835 amino acids (Johnston et al., 2011). The long and short isoforms
differ in the inclusion of exon 4. Recently, a GTC RNA triplet located at the end of
RBM10v1 exon 10 was identified as encoding a Val residue, thus generating further
variation in the structure in both RBM10v1l and RBM10v2. Hence, 4 main alternative
splice variants have been reported: 1) RBM10vl (V354); 2) RBM10vl (V354del),
lacking the GTG RNA triplet; 3) RBM10v2 (V277), lacking exon 4 of RBM10v1; and 4)
RBM10v2 (V277del), lacking exon 4 of RBM10vl and the GTG RNA triplet (Fig. 8)
(Sutherland et al., 2005; Loiselle et al., 2017).

RBM10 is expressed in most, if not all, human cells (Human Protein Atlas,

https://www.proteinatlas.org/) and it regulates its own alternative splicing (Sun et al.,

2017). As expected, one of the RBM10 alleles is silenced in somatic cells of females
through X chromosome inactivation (Thiselton et al., 2002). RBM10 contains
characteristic domains that confer regulatory features on RNA metabolism and pre-
MRNA splicing (Fig. 8). Its functional domains include two RNA recognition motifs
(RRM) on the N-terminus, a RanBP2-type zinc finger motif, a C2H2 Zn finger that binds
to 5’- splice sites, an arginine/serine-rich domain, an OCtamer REpeat (OCRE) domain
that regulates its interaction with other molecules of the spliceosomal complex, three
nuclear localization signals (NLSs) (NLS2 and NLS3 are within the RRM1 and OCRE
regions, respectively), and a C-terminal glycine(G)- patch domain (Sutherland et al.,
2005); most of these features are also found in snRNPs and hnRNPs (Glisovic et al.,
2008).
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Figure 8: RBM10 structure and functional domains in reported variants. Principal RBM10
alternative splice variants, where yellow line represents the absence of a GTG RNA triplet at the
end of exon 10 which leads to two additional variants having or lacking a Val residue (Modified
from Sutherland et al., 2017).

The first studies on the spliceosome revealed that RBM10 is part of the pre-
spliceosomal A and B complexes (Behzadnia et al., 2007; Bessonov et al., 2008;
Deckert et al., 2006; Hegele et al., 2012) and that it preferentially binds to G- and U-
rich RNA sequences (Inoue et al. 1996). Later, thousands of RBM10 new binding sites
were discovered near 3’- and 5’- splice sites both upstream and downstream introns,
where the main role of RBM10 was revealed: promoting exon skipping (Fig. 9) (Wang
et al., 2013; Rodor et al., 2017). Importantly, RBM10 was found to have antagonistic
effects to RBM5 and RBM6 on the alternative splicing of a wide range of transcripts
related to apoptosis and proliferation (Bechara et al. 2013).
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Figure 9: RBM10 function. A. RBM10 preferential binding sites on pre-mRNA, B. RBM10
binding to splicing sites in the flanking regions of introns, delaying the splicing choice, and
promoting exon skipping.

The first RBM10-mediated splicing events identified were in the pre-mRNA of the

apoptosis-related genes Fas receptor, and Bcl-x (Inoue et al. 2014). Later, the splicing
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of Dlg4 (Zheng et al., 2013), NUMB (Bechara et al., 2013), RBM5 (Sun et al., 2017),
and SMN2 (Sutherland et al., 2017) were discovered, highlighting its importance in the

regulation of essential cellular processes.

The TCGA studies have reported somatic mutations in RBM10 in lung adenocarcinoma
(7-9% of the tumors), bladder, pancreatic, colorectal, and kidney cancer (2-5%), among
others (Collison et al., 2014; Brooks et al., 2014, TCGA consortium). In BC, RBM10
mutations occur in 16% of NMIBC (cBioportal, MSK Eur Urol, 2017; Pietzak et al., 2017)
and 5% of MIBC (cBioportal, TCGA PanCancer Atlas, Hoadley et al., 2018), in both
papillary and non-papillary pathways.

RBM10 somatic mutations are distributed across the gene, following the pattern of a
tumor suppressor (Fig. 10) (cBioportal, TCGA 2014). Approximately, 30% of the
mutations described in the TCGA are predicted to lead to premature stop codons,
causing protein-truncating loss-of-function variants. The remaining mutations are
mainly missense (>50%) and synonymous (14%) mutations (TCGA, 2014); their effect
on splicing depends on the type and location of the alteration and its effect on protein
structure or RNA binding (Wang et al., 2013; Tessier et al., 2015).
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Figure 10: RBM10 somatic mutations. Schematic lollipop representation of somatic mutations
across the RBM10 gene in TCGA pan-cancer studies (data retrieved from cBioportal).
Truncating mutations are represented in black, missense mutations in green, and in-frame
mutations in red.

So far, few studies have tried to shed light on the role of RBM10 in cancer, with some
paradoxical results. Several reports have proposed a tumor suppressor role in lung
(Bechara et al., 2013; Yin et al., 2018), ovarian (Bechara et al., 2013; Hernandez et al.,
2016; Wang et al., 2013), liver (Kunimoto et al., 2019), breast cancer (Martinez-Arribas,
et al., 2006; Wang et al., 2012), and lymphoblastic leukemia (Wang et al., 2012) by
reducing proliferation, cell colony formation, and decreasing xenograft tumor growth in
mice. In lung adenocarcinoma. RBM10 mutations are associated with decreased

expression (Zhao et al., 2017) and an increased proliferative and colony formation
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capacity of cancer cells, by regulating alternative splicing of NUMB, a component of the
Notch signaling pathway that is frequently altered in lung cancer (Hernandez, et al.,
2016; Bechara et al.,, 2013). On the other hand, some studies have suggested
oncogenic activity in small cell lung cancer (Loiselle et al, 2017) and lung
adenocarcinoma (Sun et al.,, 2018), promoting proliferation or representing poor
prognosis in patients. These contradictory findings might result not only from the
specific effects of different mutations but also from different tissue-contexts,
physiological expression levels, or the cooperation of RBM10 with other splicing factors,
such as RBM5 (Loiselle et al., 2017).

RBM10 also has splicing-independent functions, for instance, it interacts with histone
modifiers (e.g. 2A-DUB) (Zhu et al., 2007), centriole duplication regulatory proteins (e.g.
the PLK4-STIL complex) (Kunimoto et al., 2020), and cellular localization of proteins
(e.g. FilGAP) (Yamada et al., 2016). These interactions can translate into functional
effects such as aberrant chromosomal division (Kunimoto et al., 2020) and cell
spreading (Yamada et al., 2016). However, the mechanisms through which RBM10

affects tumorigenesis remain largely unknown.
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3.4. RBM10 and TARP syndrome

Using massively parallel sequencing, inactivating germline mutations in RBM10 were
identified associated with TARP syndrome (Talipes equinovarus, Atrial septal defect,
Robin-sequence, and Persistence of the left superior vena cava, OMIM, #311900)
(Johnston et al., 2010). TARP is a developmental disease that leads to an early death
before or soon after birth (Kurpinski et al., 2003; Johnston et al., 2010; Gripp et al.,
2011).

TARP syndrome is a rare developmental disease with a low incidence, with less than 1
in 10° persons worldwide (Orphanet) and a diverse phenotype, that is almost invariably
lethal, affecting males who either die prenatally or soon after birth. The first clinical
studies reported that the affected children do not survive beyond 4 years (Johnston et
al., 2010; Gripp et al., 2011; Johnston et al., 2014; Powis et al., 2017). However, later
studies have reported 4 individuals surviving beyond infancy thanks to intensive care
and effective management (Wang et al., 2013; Niceta et al., 2018; Hojland et al., 2018).

TARP is an X-linked recessive disease. Several missense and nonsense mutations in
RBM10 have been described, for example, ¢.del159C (Gripp et al., 2011), ¢c.1235G>A
(Johnston et al., 2010), c¢.1893 1893insA (Johnston et al., 2010), and
€.273_283delinsA (Hojland et al., 2018), suggesting that this disease has a diverse
mutational spectrum and variable phenotypes. It is not known whether cells from TARP
syndrome patients exhibit alterations in alternative splicing, raising the question that the

role of RBM10 may go beyond alternative splicing (Niceta et al., 2019).

TARP syndrome was first described by Gorlin and colleagues in 1970, receiving the
name of “Robin’s syndrome” since the affected newborns presented Pierre Robin
syndrome in association with congenital heart malformations and clubfoot as main
hallmarks. After the study of a 4-generation family with the disorder, the designation of
TARP syndrome was proposed as an acronym after the four main features of patients
(Talipes equinovarus, Atrial septal defect, Robin Pierre sequence) (Fig. 11) (Kurpinski
et al., 2003):
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Figure 11: TARP syndrome main features. A. Talipes equinovarus or clubfoot. B. Atrial Septal
Defect. C. Robin Sequence. D. Persistence of the left superior vena cava.

Atrial septal defects (ASD). The heart regulates blood flow through the coordinated
contraction (systole) or relaxation (diastole) of its 4 chambers (2 atria, left and right and
2 ventricles, left and right) and through the opening or closing of the valves that connect
the atria with the ventricles (atrioventricular valves) and the valves that connect the
ventricles with the arteries (semilunar or sigmoid valves). In a normal heart cycle,
deoxygenated blood is received into the right atrium from the superior vena cava and
the inferior vena cava. At the same time, oxygenated blood from the lungs is received
in the left atrium through four different pulmonary veins. Blood from the atria flows to
the ventricles initially passively and finally actively by contraction of the atria (atrial
systole). Deoxygenated blood flows into the right ventricle by crossing the opened
tricuspid valve. Oxygenated blood flows into the left ventricle through the bicuspid or
mitral valve. Tricuspid and mitral valves are known as atrioventricular valves. After this,
blood is pumped out of the heart by the contraction of the ventricles (ventricular systole).
From the right ventricle, deoxygenated blood is pumped into the pulmonary trunk
through the pulmonary valve. The pulmonary trunk divides into two pulmonary arteries
to reach the lungs, where the blood picks up oxygen. From the left ventricle, oxygenated
blood is pumped into the aortic artery through the aortic valve to reach the different
body tissues and supply them with oxygen. Both pulmonary and aortic valves are known
as semilunar or sigmoid valves. Importantly, normal blood flow is allowed by the proper
closure between the chambers and the function of the valves (Fig. 12). The standard
techniques used to assess heart function are electrocardiogram, echocardiography,

and Magnetic Resonance Imaging (MRI).
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Figure 12: Normal heart structure and blood circulation. Blood is delivered into the right
atrium by the superior and the inferior vena cava where it moves into the right ventricle by
crossing the tricuspid valve. In the right atrium, blood is pumped into the pulmonary artery to go
into the lungs to oxygenate. After this, oxygenated blood returns to the heart through the
pulmonary veins into the left atrium where it is pushed into the left ventricle by crossing the mitral
valve. Finally, blood is pumped out to the rest of the body through the aorta.

During development, there is a physiological communication between the atria, called
Foramen Ovale, that allows blood to detour away from the lungs since blood is
oxygenated in the placenta (Naqvi et al., 2018; Jensen et al., 2019). After birth this
opening is no longer needed and, in the final stages of intrauterine development, it
closes and generates a structure called Fossa ovalis, a remnant of the Foramen Ovale.
If a small opening remains, it may not cause symptoms: many healthy adults have a
leftover, called Patent Foramen Ovale, and live normally. However, larger defects in the
upper heart chambers lead to ASD: the pressure difference between the two atria varies
depending on the degree of the defect. When the ASD is small, the pressure in the left
atrium is greater than in the right atrium, causing a left-to-right shunt (Dexter, 1956).
When the septal defect is large, there is free communication between both atria and
their respective venous systems and, during diastole, in their respective ventricles
(Dexter, 1956). In patients with large (>2 cm?) defects, the pressure difference is
practically abolished. Large shunts generate a reduction in left ventricular filling
pressures that will increase the left-to-right shunt, systemic venous congestion and will
lead to a volume overload of the right ventricle, which gives rise to enlargement of right-
sided cavities. This results in altered left ventricular geometry. On the other hand,
reducing right ventricular filling pressures may decrease the left-to-right shunt and can
lead to shunt reversal, causing cyanosis or low oxygen saturation (Le Gloan et al. 2018).
In children with a large ASD (>10 mm), blood can move across the upper chambers
from the left to the right atrium and out into the lung arteries, leading to a reduced life

expectancy (Le Gloan et al. 2018). Significant ASD is associated with pulmonary

52



hypertension, congestive heart failure, and age-related increased mortality (Le Gloan
et al. 2018; Campbell, 1970).

ASD is classified according to its location and nature of the embryological defect (Fig.
13). If found in the middle of the atrial septum, it is called Secundum ASD; it represents
75% of all ASD. If found at the base of the wall, it is called Primum anomalies and it
represents 15% of the cases; this is more common in congenital diseases such as
Down’s syndrome. ASD can also be found in the sinus venosus and coronary sinus,
representing the remaining 10% (Lindsey and Hillis, 2007).

Confines of true

C Superior sinus atrial septum

venosus defect

B Atriovenricular septal
defect (ostium primum)

A Oval fossa
(ostium secundum)

C Inferior sinus

venosus defect D Coronary sinus defect

Figure 13: ASD classification according to its location. A. ASD in the middle of the septum
of the ostium secundum. B. In the base of the septum of the ostium primum. C. In the sinus
venosus. D. in the coronary sinus (Modified from Carabuena, 2018).

Persistence of the left superior vena cava (PLSVC). PLSVC refers to a rare
anomalous pulmonary venous return present in 0.3-0.5% of individuals of the general
population and 4.5% of individuals with congenital heart diseases (Tyrak et al., 2017;
Zhong et al., 2015). Itis a persistent remnant of a vessel that is present as a counterpart
of the normal right-sided superior vena cava that, in general, disappears after birth
(Saha et al., 2012). The PLSVC commonly drains into the right atrium through a dilated
coronary sinus; when it drains directly to the left atrium, it causes a right-to-left cardiac
shunt. Most individuals with PLSVC are asymptomatic. Only patients with unusual
drainage and right-to-left shunting present with clinically significant disease. This
drainage and anomalous venous return may lead to cardiac arrhythmias, decreased
exercise tolerance, progressive fatigue, chest discomfort, palpitations, syncope, or
cyanosis (Goyal et al., 2008). Importantly, almost 40% of patients with PLSVC have
associated cardiac anomalies, such as ASD (Sarodia & Stoller, 2000) suggesting that

both conditions can result from common causes.
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Robin sequence. Also known as the Pierre Robin sequence, it is characterized by a
set of abnormalities affecting the head and face: a smaller lower jaw (micrognathia), a
tongue that is placed further back than normal (glossoptosis), and a soft, high-arched
palate with an opening (cleft palate). It is believed that an underdeveloped lower jaw
sets off the rest of the conditions, affecting the placement of the tongue, leading to a
blockade of the airways and the formation of the palate during development. The
combination of these features can lead to breathing and eating difficulties after birth. An
isolated Pierre Robin sequence affects one in 14,000 persons (Cote et al., 2015;
Giudice et al., 2018). In approximately 37% of the cases, the Robin sequence occurs
as part of a syndrome with multiple malformations (Genetic and Rare Diseases

Information Center, NIH, https://rarediseases.info.nih.gov/diseases).

Other clinical features. More recent studies have described a diverse range of signs
and symptoms in subjects with TARP syndrome, suggesting that it is a pleiotropic

condition with a wide phenotypic spectrum:

Table 3: Described features of TARP syndrome. Modified from Human Phenotype Ontology
(https://hpo.jax.org/app/) and the Genetic and Rare Diseases Information Center (Genetic and
Rare Diseases Information Center, NIH, https://rarediseases.info.nih.gov/diseases).

Medical Terms Other Names

80%-99% of people present these features

Atrial septal defect An opening in the wall separating the top two chambers of the
heart

Persistent left superior vena cava

Pierre-Robin sequence

Talipes equinovarus Clubfeet

30%-79% of people present these features

Cleft palate Cleft roof of the mouth
Cyanosis Blue discoloration of the skin
Failure to thrive Faltering weight
Generalized hypotonia Decreased muscle tone

Global developmental delay

Glossoptosis Retraction of the tongue
Hypertelorism Wide-set eyes
Intellectual disability Mental deficiency
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Intrauterine growth retardation Prenatal growth deficiency

Micrognathia Little lower jaw

Rocker bottom foot Rocker bottom feet

Sloping forehead Inclined forehead

Underdeveloped supraorbital ridges Flattened bony protrusion above eyes
Wide nasal bridge Broad nasal bridge

5%-29% of people present these features

Abnormal corpus callosum morphology

Anteverted nares Nasal tip, upturned

Apnea

Broad-based gait Wide based walk

Cerebellar hypoplasia Small cerebellum

Clinodactyly Permanent curving of the finger
Cryptorchidism Undescended testes

Extramedullary hematopoiesis

Finger syndactyly

Hand polydactyly Extra finger
Hearing impairment Deafness
Horseshoe kidney Horseshoe kidneys
Hydronephrosis

Hypoplasia of proximal radius

Low-set, posteriorly rotated ears

Myopia Close sighted

Optic atrophy

Pectus excavatum Funnel chest

Postaxial polydactyly

Prominent antihelix

Scoliosis
Seizures Seizure
Short palpebral fissure Short opening between the eyelids

Short sternum

Single transverse palmar crease

Small earlobe Small earlobes

55




Tetralogy of Fallot

Thick eyebrow

Bushy eyebrows

Tongue nodules

Widely patent fontanelles and sutures

1%-4% of people present these features

Abnormal hair pattern

Abnormal distribution of hair

Abnormality of the duodenum

Alveolar ridge overgrowth

Overgrowth of the gum ridge

Athetoid cerebral palsy

Pulmonary hypoplasia

Small lung

Percent of people who present these feat

ures is not available through HPO

Abnormality of cardiovascular system

morphology

Cerebellar vermis hypoplasia

Cutaneous syndactyly

Deep palmar crease

Deep palm line

High palate

Elevated palate

Hypoplasia of the radius

Underdeveloped outer large forearm bone

Large fontanelles

Wide fontanelles

Low-set ears

Low set ears

Microtia

Small ears

Posteriorly rotated ears

Ears rotated toward the back of the head
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OBJECTIVES

RBM10 inactivating mutations have been reported recently in TARP syndrome - in the
germline - and in BC - at the somatic level. However, little is known on how the mutations

disrupt normal tissue homeostasis and contribute to tumor development.

| set out to study the role of Rbm10, in homeostatic conditions at the organismal level and
in urothelial biology and tumorigenesis, leveraging on the generation of a new genetic

mouse knockout model. My aims were:

1) To determine whether Rbm10 is required for normal mouse development and

whether Rom10 inactivation recapitulates TARP syndrome.

2) To assess the effect of Rom10 inactivation on adult tissue homeostasis.

3) To analyze how Rbm10 inactivation affects urothelial biology.

4) To use the Rbm10 conditional knockout mouse to model bladder cancer

development.
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MATERIALS AND METHODS

5.1. Mouse strains and in vivo experiments.
The KOMP ES cell line Rbm10tmla(KOMP)Mbp RRID:MMRRC_061232-UCD was

obtained from the Mutant Mouse Resource and Research Center (University of California
at Davis), an NIH-funded strain repository, donated by The KOMP Repository, originating
from Kent Lloyd, UC Davis Mouse Biology Program. Positive clones were infected with
adeno-FLP to remove the selection cassette and create the conditional allele. Cells were
microinjected into C57BL/6BrdCrHsd-Tyrmorulae. Germline transmitting chimeras were
screened by PCR (primers: forward (1) CCTGGTGTACAAAGTGAGTTCCAGC, reverse
Q) CCACTATCTCCGCTCCTTCCTAACC, and reverse 2
CTACCTACATGGGACTGACTTCCCC) and selected to generate the colonies. Mice
carrying the Robm10 conditional (c) KO allele were crossed with mice carrying a tamoxifen-
inducible Cre-ERT2 allele [Tg. Ubiquitin C promoter (Ubi)-CreERT2] to isolate murine
embryonic fibroblasts (MEF) and perform viability studies upon deletion in adult mice or
with a constitutively active Cre [Tg. CMV immediate-early/enhancer chicken B actin hybrid
promoter (CAG)-Cre], to assess embryonic lethality. Additionally, both strains were later
crossed with Rosa26_ACTB-tdTomato EGFP (Rosa26 mT/mG) strains to incorporate a
reporter allele in heterozygosis. To induce recombination in adult animals, 6 week-old mice
were fed for variable periods with a diet containing tamoxifen (TMX), as specified. For the
experiments of embryo development or in adult mice, only males were used unless
otherwise specified in the text. Using these strategies, the following mouse strains were
generated:

Table 4. Mouse models used in this study

Name Type of
Model alleles model
constitutive
Rbm10 KO Rbm10 lox/y; Tg. CAG-Cre
conditional
Rbm10 KO Rbm10 lox/y; Tg. Ubi-CreERT2; Rosa26 mT/mG
Rbm10 lox/y; KRas+/LSL-G12Vgeo (Guerra et al., 2003); conditional
Kras* Rom10 KO Tg. Ubi-CreERT2; Rosa26 mT/mG
Rbm10 loxly; Pik3ca +/FLneoLH1047R-IRESGFRIucF (Renner  conditional
Pik3ca* Rbm10 KO & Carnero, 2009); Tg. Ubi-CreERT2; Rosa26 mT/mG
Rbm10 loxly; Trp53lox/lox (Jonkers et al., 2001); conditional

Trp53 KO Rbm10 KO Tg. Ubi-CreERT2; Rosa26 mT/mG

All strains were generated at the CNIO animal facility and mice were housed in a specific
pathogen-free environment according to institutional guidelines. All crosses were

maintained in a predominantly C57BL/6 background and littermates were used as controls
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in the studies. All experiments were performed following the guidelines for Ethical Conduct
in the Care and Use of Animals as stated in The International Guiding Principles for
Biomedical Research involving Animals, developed by the Council for International
Organizations of Medical Sciences (CIOMS), and approved by the institutional Ethics and
Animal Welfare Committee (Instituto de Salud Carlos Ill, Madrid, Spain) and the

Comunidad Auténoma de Madrid.

5.1.1. Echocardiography.
Studies were performed on E18.5 (embryonic days) embryos of Rbm10 KO pregnant

mothers. Embryos/fetuses were imaged through the maternal abdominal wall with a Vevo
2100 ultrasound machine (VisualSonics, Canada) using a 40 MHz high-resolution linear
transducer. All echocardiographic recordings were stored and analyzed offline in a blinded
manner. To acquire images, hair was removed from the dam’s abdomen and, afterwards,
pregnant mice were lightly anesthetized using isoflurane (3% induction dose, 2.0-1.5%
maintenance dose) plus oxygen (1 L/min). During the ultrasound recordings, the two
laterally located uterine horns were manually palpated and scanned to determine the
presence and position of the embryos/fetuses. In each individual embryo/fetus, the left and
right side were established to detect the position of the heart. For morphological and
functional assessment, bidimensional and M-mode echocardiography in short axis (SAX)
and long axis (LAX) views of the left ventricle (LV) were performed. From the bidimensional
SAX view, the end-systolic and end-diastolic ventricular internal area were traced to
calculate fractional shortening. From the M-mode in LAX view, the end-systolic and end-
diastolic ventricular internal diameter were measured and the ejection fraction was
calculated. Afterwards, embryos were sacrificed by beheading according to ethical
guidelines, fixed in 10% formalin, and decalcified. In addition, transthoracic
echocardiography was performed blinded in mice of ages 6 and 10 months by an expert
operator using a high-frequency ultrasound system (Vevo 2100, Visualsonics Inc.,
Canada) with a 40-MHz linear probe. Two-dimensional (2D) and M-mode (MM)
echography were performed at a frame rate above 230 frames/sec, and pulse wave
Doppler (PW) was acquired with a pulse repetition frequency of 40 kHz. Mice were lightly
anesthetized with 0.5-2% isoflurane in oxygen, adjusting the isoflurane delivery trying to
maintain the heart rate in 450+50 bpm. Mice were placed in a supine position using a
heating platform and warmed ultrasound gel was used to maintain normothermia. A base
apex electrocardiogram (ECG) was continuously monitored. Images were transferred to a
computer and were analyzed off-line using the Vevo 2100 Workstation software.

Standard bidimensional (2D) and M-mode (MM) parasternal long and short axis views
(LAX and SAX, respectively) were acquired for at least 10 cardiac cycles. Guided M-mode

SAX imaging at the level of the papillary muscles was used to measure LV anterior wall,
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internal diameter and posterior wall at the end of the diastole (LVAW,d; LVID,d and
LVPW,d, respectively) and at maximum systole (LVAW,s; LVID,s and LVPW,s,
respectively). From these parameters, LV systolic function was assessed by automatic
calculation of fractional shortening (FS) using the equation: [(LVID,d — LVID,s) / LVID,d]x
100. Cardiac mass was also automatically obtained using the formula [1.053 x {(LVID,d +
LVPW.d +IVS,d)3- LVID,d3}} x 0.8. A 4-chamber apical view was acquired to estimate
right ventricle (RV) systolic function using the tricuspid annular plane systolic excursion
(TAPSE), obtained from a MM view, measuring maximum lateral tricuspidal annulus
movement.

The mitral valve inflow pattern was acquired using PW Doppler echography in the 4-
chamber apical view to assess diastolic function. Early and late diastolic velocity peak
waves (E and A, respectively), the E/A ratio, and the isovolumetric relaxation time (IVRT)
were measured.

To evaluate pulmonary pressures, pulmonary artery (PA) flow was measured from the
SAX, at the level of the aorta, optimized to visualize the PA valve crossing the aorta, and
parallel to the ultrasound beams. Pulse wave Doppler was displayed at the beginning of
the PA. The PA acceleration time (AT) and ejection time (ET) were measured, and the

ratio was calculated (AT/ET).

5.1.2. Magnetic Resonance (MR) imaging analysis.
Decalcified-formalin-fixed Rbm10 KO E18.5 embryos were sent to Hospital Gregorio

Marafion (Madrid) to perform an MRI. 3D T2-weighted MR images were acquired with a
Biospin 7T (Bruker, Germany) with a Turbo RARE (Rapid Acquisition with Refocused
Echoes) sequence with the following parameters: TR/TE = 1800/43.5 ms, rare factor = 16,
6 averages, matrix size 256 x 256 x 256, field of view 15 x 15 x 24 mm and a resolution of
0.059 x 0.059 x 0.094 mm with a total scan time of 13h 26min.

The size of the different regions of interest (ROIs) (e.g. whole body, eyeball, skull, sternum)
were measured using the distance tool present in the Multimodality Workstation software
(Pascau et al., 2006).

5.1.3. Micro Positron Emission Tomography-Computerized Tomography Scan (micro
PET-CT scan).
Rbm10 KO adult mice were subject to CT scans at 60 weeks of age. In addition, Kras *

Rbm10 KO having been with adenovirus-Cre were subjected to CT scans every two weeks
until 50 weeks of age. Mice were anesthetized with a continuous flow of 1% to 3%
isoflurane/oxygen mixture (2 L/min) and the chest area was imaged using the GE eXplore
Locus micro-CT scanner (GE Healthcare, London, Canada). The isotropic resolution of
this instrument is 45 um. The micro-CT image acquisition consisted of 400 projections

collected in one full rotation of the gantry in approximately 10 min. The image acquisition
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was not respiratory-gated. The X-ray tube settings were 80 kV and 450 pA. The resulting
raw data were reconstructed to a final image volume of 875 x 875 x 465 slices at (93 um)

3 voxel dimensions.

5.1.4. TMX treatment of mice.
Conditional Rom10 KO, Kras* Rbm10, Trp53 KO Rbm10 KO and Pik3ca* Robom10 KO mice

of 6 weeks of age were fed ad libitum with a TMX-containing diet to induce recombination
of the indicated floxed alleles for 8 weeks. Mice were sacrificed at 80 weeks of age by CO

inhalation unless humane endpoint criteria were met at an earlier age.

5.1.5. Blood cell count.
Blood samples were collected in EDTA-tubes and blood cell numbers counted by

LaserCell (CVM).

5.1.6. Adenovirus titration and infection.
All adenoviruses used in this study are serotype 5 adenoviruses with E1 deletion,

Ad5CMVCre (the University of lowa, VVC-U of lowa-5). Stock titrations were used at 1x10’
pfu/ml. Viral stocks were aliquoted and stored at -80 °C. Kras* Rbom10 KO mice of 8-10
weeks of age were infected intranasally with 60 puL of AdA5CMVCre and tumor development
was followed up by CT scan. Mice were sacrificed at 50 weeks of age by CO. inhalation
to perform tumor analysis, unless humane endpoint criteria were met at an earlier age.

5.2.  Mouse urothelial organoids

5.2.1. Establishment of mouse urothelial organoids.
Mice of 8- to 12- weeks age were sacrificed by CO; inhalation; the bladder removed and

turned inside-out to expose the surface. The urothelium was enzymatically digested with
collagenase P (0.5 pg/mL) (Roche,11215809103) in Hank’s Balanced Salt Solution
(HBSS) (Life Technologies,14025050) in a thermaoblock at 350 rpm at 37 °C for 20 min.
Collagenase P was later inactivated with 2mM EDTA and 50% FBS. The urothelium was
scraped and the cell suspension was collected and filtered through a 70-um strainer. The
cell suspension was then centrifuged at 1200 rpm for 5 min at 4 °C; the cell pellet was
washed 2x with washing medium [Advanced DMEM F12 medium (Gibco, 12634010) + 1x
HEPES (Gibco, 15630080) + 1x Glutamax (Gibco, 35050061)], and embedded in growth
factor-reduced and phenol red-free Matrigel (Corning, 356231). Matrigel-cell suspensions
(20 pl drops) were plated onto six-well plates and let solidify for 6 min in a humidified
incubator at 37 °C/5% CO.. Wells were replenished with 2 mL of Complete Medium (CM)
[Advanced DMEM/F12 medium (Gibco, 12634010), 1x penicillin/streptomycin,1x HEPES
(Gibco, 15630080), 1x Glutamax (Gibco, 35050061), 50% WNT3A conditioned medium,
5% human RSPO1 conditioned medium, 1x N2 (Gibco, 17502048), 1 x B27 (Gibco,
12587010), 50 ng/ mL human recombinant EGF (Invitrogen, PHG0311L), 1 mM N-
acetylcysteine (Sigma-Aldrich, 616-91-1), 50 ug/mL human Noggin (Peprotech, 120-10C)
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and 1 yM LY2157299 (AxonChem, 700874-72-2), The ROCK inhibitor Y-27632 (10 uM)
(Sigma-Aldrich, 129830-38-2)]. Cultures were expanded every 7-9 days to a 1:4 ratio.
Matrigel was washed with phosphate-buffered saline (PBS). Afterwards, Matrigel was
removed with 200ul/well of Cell Recovery solution (Corning, 354253) and chemically
digested for 30 min at 37 °C with 300 uL/well of Dispase Il (10mg/mL) (Gibco, 17105041).
The reaction was neutralized with 2 yM EDTA and 1 mL of washing medium and organoids
were disaggregated with a syringe with a 21 G needle. The cell suspension was washed
2x with washing medium and centrifuged at 1200 rpm for 5 min at 4 °C. Afterwards, the
single cell pellet was embedded in ice-cold Matrigel to be plated onto six-well plates as
previously described.

Table 5. List of reagents used for organoid culture

Reagents Concentration Source
Collagenase P 0.5ug/mL Roche

Hank's Balanced Salt Solution 1x Life Technologies
Advanced DMEM F12 medium 1x Gibco

HEPES 1x Gibco
GlutaMAX 1x Gibco
Matrigel, growth factor-reduced and phenol 1x Corning
red-free

Cell Recovery Solution 1x Corning
Dispase Il 10mg/mL Gibco

WNT3A conditioned medium 50% Homemade
RSPO1 conditioned medium 5% Homemade
N2 1x Gibco

B27 1x Gibco
Recombinant human EGF 50ng/mL Invitrogen
N-acetylcysteine 1mM Sigma-Aldrich
Recombinant human Noggin 50pg/mL Peprotech
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LY-2157299 1uM AxonChem
Y-27632 10uM Sigma-Aldrich

TryplE Express, no phenol-red 1x Gibco

5.2.2. TMX treatment in vitro.

Organoids were treated with 2uM 4-OH-TMX in CM for 48h to induce recombination of
floxed alleles. Recombination was assessed through the analysis of expression of mGFP
or mTomato at the indicated time points.

5.2.3. FACS sorting.

At passage 4-5, organoids exposed to TMX and controls were disaggregated into single-
cell suspensions as described previously. After centrifugation at 1200 rpm for 5 min,
urothelial cells were resuspended (in 0.1% BSA/3mM EDTA + 100mg/mL normocin in

PBS), filtered with FACS filters, and stained with DAPI to exclude dead cells. All samples
were sorted to separate mGFP- and mTomato-expressing cells using a FACS ARIA llu

sorter (BD Biosciences); at least 10,000 events were acquired.

5.2.4. Growth Factor dependency experiments.
After organoid dissociation, 2000 single cells were embedded in Matrigel (160 pL/well) and

plated in 6-well plates. Growth was assessed by adding CM, CM-EGF, CM-
WNT3A/RSPO1, and CM-EGF/WTN3A/RSPOL1 for 7 days. Images were acquired at 1.25x
magnification with a bright-field DMI600B microscope (Leica Microsystems). Cells were
maintained at 37 °C in a humidified environment in the presence of 5% CO during
imaging. Mosaic pictures of the entire well were taken and image stitching and

guantification were done using ImageJ software.

5.2.5. Differentiation experiments.
After organoid dissociation, 4000 single-cells were embedded in Matrigel (160 pL/well)

and plated in 6-well plates in CM for 7-9 days to generate new organoids. Later, Matrigel
was removed with Dispase and Cell Recovery Solution, as described above, and
organoids were replated in fresh Matrigel at a 1:2 ratio and Differentiation Medium (DM)
[Advanced DMEM/F12 medium (Gibco, 12634010), 1x penicillin/streptomycin,1x HEPES
(Gibco, 15630080), 1x Glutamax (Gibco, 35050061), N2 (Gibco, 17502048), 1 x B27
(Gibco, 12587010), 1 mM N-acetylcysteine ((Sigma-Aldrich, 616-91-1), The ROCK
inhibitor Y-27632 (10 uM) (Sigma-Aldrich, 129830-38-2)] was added every 2-3 days for

another 7 days. Images were acquired, and organoids were counted, as described above.
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5.3.  Human urothelial organoid experiments.

5.3.1. Establishment of human urothelial organoids.
Normal and tumor tissue samples were obtained from patients with BC undergoing

transurethral resection (TUR) at Hospital Universitario “12 de Octubre” and Hospital
Universitario “La Paz” (Madrid). Cell suspensions were generated by mincing tissue with
a sterile blade and enzymatic digestion with 1:10 collagenase/hyaluronidase (StemCell
Technologies, 7912) for 15 min at 37 °C. Cell suspensions were washed with PBS,
centrifuged at 1200 rpm for 5 min at 4 °C, and resuspended in 1 mL of TryplE by pipetting
up and down for 1 min. TryplE was later inactivated with Human Washing Medium
[Hepatocyte Medium + 10% CS-FBS + 1x HEPES (Gibco, 15630080) + 1x Glutamax
(Gibco, 35050061)] and filtered through a 100-um strainer. The cell suspensions were
centrifuged at 1200 rpm for 5 min at 4 °C. Finally, cell pellets embedded in Matrigel (300
uL) were plated onto Matrigel pre-coated six-well plates and let solidify for 30 min at a
humidified incubator at 37 °C/5% CO.. Wells were replenished with the organoid culture
medium (2 mL) reported by the laboratory of Michael Shen (Columbia University, New
York) (Lee et al., 2019) [Hepatocyte Medium (Corning, 355056) + 5% CS-FBS
(Thermofisher Scientific, 12676029) + 1x HEPES (Gibco, 15630080) + 1x Glutamax
(Gibco, 35050061) + EGF (Corning, 355056) + ROCK inhibitor Y-27632 (10 uM) (Sigma-
Aldrich, 129830-38-2] and this was replaced every 2-3 days. Cultures were expanded
every 2-3 weeks to a 1:2 ratio. Matrigel was washed with PBS and chemically digested for
30 min at 37 °C with 300 pL/well of Dispase Il solution (40mg/mL) (Gibco, 17105041). Cell
suspensions were washed with PBS, centrifuged at 1200 rpm for 5 min at 4 °C, and
resuspended in 1 mL of TryplE by pipetting up and down for 1 min. TryplE was later
inactivated and washed 2x with Human Washing Medium. Finally, cell pellets embedded
in 300 L of Matrigel were plated onto Matrigel pre-coated six-well plates and let solidify
for 30 min at a humidified incubator at 37 °C/5% CO2. Wells were replenished with 2 mL

of human organoid culture medium every 2-3 days.

Table 6. List of reagents used for the culture of human organoids

Reagents Concentration

Collagenase/Hyaluronidase 1:10 STEMCELL
Technologies

Hank's Balanced Salt Solution 1x Life Technologies

Hepatocyte medium 1x Corning
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HEPES 1x Gibco

GlutaMAX 1x Gibco
Matrigel, growth factor-reduced and phenol 1x Corning
red-free
Cell Recovery Solution 1x Corning
Dispase Il 40mg/mL Gibco
Recombinant human EGF 10ng/mL Invitrogen
Normocin 100mg/mL
Y-27632 10uM Sigma-Aldrich
DBz 2.5uM Tocris
Heat-inactivated, charcoal-stripped FBS 5% Thermofisher
Scientific
TryplE Express, no phenol-red 1x Gibco

5.3.2. Generation of an inducible RBM10 expression system.
5.3.4.1. RBM10 lentiviral cloning. The RBM10 cDNA was amplified and Flag-tagged by

PCR using the CloneAmp HiFi PCR Premix (Takara, 639298) and the following primers:
CAGTTTAAACGATACGCGTATATGCGGCCGCACCATGCATATGGAGTATGAAAGAC
GTGGTG and
TAGAATCGAGACCGAGGAGAGGGTTAGGGATAGGCTTACCCTACTTGTCATCGTCA
TCCT. The pLVX-Induc-Cherry-M2rtTA (kindly provided by Raul Torres, Molecular
Cytogenetics Unit, CNIO) was amplified by PCR by using the same system with the
following primers: ATGCATGGTGCGGCCGCATA and GGTAAGCCTATCCCTAACCC.
Both PCR products were column purified and ligated by homologous recombination by
using the Gibson Assembly Cloning Kit (New England Biolabs, E5510S). Then, 2 pl of
ligation products were used to transform One Shot Stbl3 chemically competent cells
(ThermoFisher Scientific, C737303) using standard transformation protocols. The identity
of the inserts was confirmed by enzymatic digestion with Xhol and Sanger sequencing.
5.3.4.2. RBM10 lentiviral production and cellular transduction. HEK293 -FT cells (ATCC,

Rockville, MD) were used to produce lentiviral particles. In brief, cells were allowed to
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reach 60% of confluence and transfected with the RBM10-pLVX-Induc-Cherry-M2rtTA
plasmid (21 pg) together with psPAX (14 pg) and pCMV-VSVG (7 ug) helper plasmids
using CaCl; 2 M HEPES Buffered Saline (HBS, pH 7.04). After 12 h, the supernatant was
replaced with fresh medium. The supernatant was collected at 48 h and 72 h after
transfection, filtered (0.45 um), and added (1.5 ml) to the disaggregated cells at 50-60%
confluence together with polybrene (hexadimethrine bromide, Sigma-Aldrich 107689) (5
pag/ml). Cells were incubated in the plate for 15 min at 37 °C and centrifuged for 90 min at
1800 rpm The medium was replaced after overnight incubation at 37 °C and after one
week, cells were FACS-sorted to select mCherry-positive cells using a FACS ARIA llu
sorter (BD Biosciences); at least 10,000 events were acquired. A week later, cells were
trypsinized and embedded in Matrigel to generate new organoids.

5.3.4.3. RBM10 induction. To induce RBM10 expression, doxycycline (Sigma-Aldrich,
D9891) (1pg/ml) was administered to mCherry-positive organoids. Pellets were collected
24-48h after induction. Expression of endogenous and ectopic RBM10 was assessed
using western blotting with antibodies detecting RBM10 (Sigma-Aldrich, HPA034972) or
FLAG (Sigma-Aldrich, F3165).

5.4. Human bladder cancer cell lines.

5.4.1. Cell lines.
ScaBER, RT4, and 96-1 urothelial BC cells were cultured in Dulbecco’s modified Eagle’s

medium (DMEM) (Sigma-Aldrich, D5671), supplemented with 10% FBS (HyClone, Logan,
UT, USA), 1% sodium pyruvate (Life Technologies, 11360070), and 1%
penicillin/streptomycin (Gibco, 15140122). LWnt3a-producing cells - transfected with the
Wnt3A cDNA (kindly provided by E. Battle, IRB Barcelona) - were used to produce Wnt3A
conditioned medium. RSPO1 was obtained by isolating the conditioned medium of
Expi293 (Life Technologies, A14527) cells transfected with a pOPINE-G-RSPO1-His6
plasmid (kindly provided by E. Battle) using the ExpiFectamine™ 293 Transfection Kit
(ThermoFisher, A14525). The activity of both conditioned media was confirmed by

analyzing the expression of Axin2 in HelLa cells using RT-qPCR.

5.4.2. Generation of RBM10 CRISPR/Cas9 KO cells.
RT4 urothelial cells were infected with a Cas9-expressing vector along with pspPAX

packaging and pCMV-VSV-G envelope plasmids as described earlier; the transduced
population was selected with blasticidin (1 ug/ml). After one week of selection, cells were
allowed to grow for another week to pick Cas9-expressing clones. To target exon 3 of
RBM10, guide RNAs (sgRNA) were designed (Table 7) to be introduced in a pKLV-
U6gRNA-EF(Bbsl)-PGKpuro2ABFP vector (Addgene, 62348). Cas9-expressing cells
were infected with sgRBM10- pKLV-U6gRNA-EF(BbsI)-PGKpuro2ABFP plasmid,
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pspPAX, and pCMV-VSV-G helper plasmids, and the infected population was selected
with puromycin (2 ug/ml). After one week of selection, cells were allowed to grow for

another week, trypsinized, FACS sorted into 96-well plates, and clonally expanded.

Table 7. Primers used to design sgRNAs

Primer Name Forward sequence Reverse sequence

sgRBM10 1 CACCGCGTTCATATCCTCGCGAGTAGT TAAAACTACTCGCGAGGATATGAACG
sgRBM10 2 CACCGAGACCACGACTACCGGGACAGT TAAAACTGTCCCGGTAGTCGTGGTCT
sgRBM10 3 CACCGCAGCCGAGACCACGACTACCGT TAAAACGGTAGTCGTGGTCTCGGCTG

Table 8. Primers used to sequence RBM10

Primer Name Primer Sequence (5'- 3)
1F_cDNA_RBM10 ATGAAAGACGTGGTGGTCGT
2F_cDNA_RBM10 ATGCGGAACAAATCTTCAGG
3F_cDNA_RBM10 AGGACAAGCAGACCCAACTG
4F_cDNA_RBM10 GTGCTGCTCCTGGCATCTAC
5F_cDNA_RBM10 ATAGCTTCCAGCCTATCAGCTC
6F_cDNA_RBM10 AGAGCCCAAGAGGAGGAAGT
1R_cDNA_RBM10 CGATAGTCCTGGTCCCGATA
2R_cDNA_RBM10 CAGTGGCAGTGTCTGCTGAT
3R_cDNA_RBM10 CATAGCCCTCATCCTGTTGG
4R_cDNA_RBM10 TGCTGGCTCTGAGCATTGTA
5R_cDNA_RBM10 AGAGCAGACAGGCCAGCTT
6R_cDNA_RBM10 AAGCGGGTCACCATTGTCT

5.4.3. Colony formation assays.
RT4 sgRBM10 KO isogenic cells were seeded (3x10%well) in 6-well plates in triplicates.

After one week, cells were washed with PBS and fixed with PFA 4% o/n at 4 °C. The day
after, plates were washed with PBS, and stained with crystal violet/methanol for 5 min.
After drying for 24h, plates were destained for 15 min with 10% acetic acid. The total
volume was collected and diluted to 1:4 to measure absorbances at 590 nm.
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5.5.  Histopathology techniques.

5.5.1. Hematoxylin and eosin (HE) staining.
Samples from E18.5 embryos were embedded in paraffin and 3 pm sections were cut.

Sections were deparaffinized, rehydrated in graded xylol and ethanol (70 to 100%), H-E
stained, hydrated, and mounted.

5.5.2. Immunofluorescence (IF) and immunohistochemistry (IHC).
Organoids embedded in Matrigel were collected at day 7 days, fixed in 10% formalin, and

embedded in paraffin. Immunofluorescence and immunohistochemistry analyses were
performed using 3 um sections. After deparaffinization and rehydration in xylol and
ethanol (70 to 100%), antigen retrieval was performed by boiling in citrate buffer pH 6 for
10 min. For IF, sections were blocked with 3% BSA/0.1% Triton in PBS for 45 min at room
temperature. Then, sections were incubated with primary antibodies overnight at 4 °C.
After washing with 0.1% Triton/PBS, specific secondary antibodies were added [Alexa
Fluor 488-labeled goat anti-mouse Ig (A-11001), Alexa Fluor 555-labeled goat anti-rabbit
lg (A-21428); Alexa Fluor 488-labeled goat anti-chicken Ig (A-11039); Alexa Fluor 680-
labeled goat anti-rabbit Ig (A-27042); all from Life Technologies] for 45 min (Table 9).
Sections were washed 2x with PBS for 10 min and nuclei were counterstained with DAPI.
Finally, sections were mounted in Prolong Gold Antifade Reagent (Life Technologies,
P36930). Images were acquired using a confocal microscope (Leica, SP5) with a x20 lens
and x40 immersion oil lens. For IHC, endogenous peroxidase was blocked with 3% H,0,
in methanol for 30 min at room temperature. Non-specific binding was reduced by blocking
with 2% BSA in PBS for 45 min. Sections were incubated with primary antibodies overnight
at 4 °C . After washing with PBS x2, the secondary antibodies (Envision kit for mouse
K4001 or rabbit K4003 Ig, Dako) were added for 45 min, washed, and 3,30-
Diaminobenzidine tetrahydrochloride (DAB, Dako, K3468) was added as a chromogen to
develop the reactions. Sections were lightly counterstained with hematoxylin for 4 min,
dehydrated, and mounted. The antibodies used in this study are shown in Table 9.
Histological images were acquired with a Nikon TE2000 microscope.

Table 9. List of primary and secondary antibodies used for IF and IHC.

Alexa Fluor 488-labeled goat anti-mouse Ig 1:200 Life Technologies
Alexa Fluor 555-labeled goat anti-rabbit Ig 1:200 Life Technologies
Alexa Fluor 488-labeled goat anti-chicken Ig 1:200 Life Technologies
Alexa Fluor 680-labeled goat anti-rabbit Ig 1:200 Life Technologies
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Rabbit monoclonal anti-RBM10 1:200 Sigma-Aldrich

Rabbit monoclonal anti- PPARy 1:100 Cell Signalling
Rabbit polyclonal anti-Ki67 1:400 Novocastra
Rabbit monoclonal anti-FOXA1 1:100 Abcam

Mouse monoclonal anti-E-Cadherin 1:700 BD Biosciences
Rabbit monoclonal anti-Cleaved-caspase3 1:300 Cell Signalling
Rabbit polyclonal anti-KRT5 1:3000 BioLegend
Rabbit polyclonal anti-KRT14 1:3000 BioLegend
Mouse monoclonal anti-UPK3a 1:100 Santa Cruz
Mouse monoclonal anti-UPK1b 1:3000 Dr. A. Garcia-Espafia
Mouse monoclonal anti-KRT20 1:100 Invitrogen
Rabbit monoclonal anti-GATA3 1:300 Sigma-Aldrich

5.6.  Molecular biology experiments.

5.6.1. Western blotting.
Cells were pelleted and washed with PBS. Whole cell extracts were prepared using RIPA

buffer [0.05M Tris-HCI pH 7.5, 0.1% SDS, 0.15M NacCl, 1% Triton X-100, and 1% sodium
deoxycholate] containing protease and phosphatase inhibitors (leupeptin, 10 pg/mL;
aprotinin, 10 yg/mL; PMSF, 1 mM; orthovanadate, 1 mM; NaF,1 mM) (all from Sigma-
Aldrich). Protein quantification was performed by the standard Bradford protocol and
proteins (20ug) diluted in Laemmli buffer 1X were loaded onto polyacrylamide gels,
fractionated by electrophoresis, and transferred to nitrocellulose membranes. After
blocking, membranes were incubated with rabbit monoclonal anti-RBM10 and mouse
monoclonal anti- B-Actin (Table 9) overnight at 4 °C. After washing with 0.1% TBST in
PBS, HRP-conjugated secondary antibodies were added, and incubated for 45 min at
room temperature. The enhanced chemiluminescence system Luminata Classico HRP

substrate (Merck-Millipore) was used to develop the reactions.

5.6.2. DNA extraction.
Genomic DNA was extracted from cells (1x10°) using the Gentra Puregene Cell kit

(Quiagen, 158388) following the manufacturer’s guidelines. To extract genomic DNA from

organoids, Matrigel was removed by adding dispase (500ul/well, 10mg/mL) (Gibco,
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17105041) and incubating for 30 min at 37 °C. Organoids were pelleted, the supernatant
was removed and lysis buffer [100 mM Tris PH 8.0, 20 mM NacCl, 0.2% SDS, 5 mM EDTA,
200 pl/ml Proteinase K (PanReac AppliChem, A3830)] (500ul/well), was added for 3h at
56 °C. After lysis, Phenol chloroform-isoamyl (500 pl) was added and mixed by vortexing,
followed by a centrifugation for 15 min at 12000 rpm at 4 °C. The supernatant was collected
and 3M Na acetate (1:10 dilution) was added. Then, ethanol 100 % was added, mixed
thoroughly, and centrifuged for 20 min at 12000 rpm The supernatant was removed by
decantation and 1 ml of ethanol 70% was added, mixed, and samples were centrifuged
for 10 min at 12000 rpm at 4 °C. Ethanol was removed by decantation and tubes were
spun-down 30 sec at 12000 rpm at 4 °C to remove remaining ethanol.

5.6.3. RNA extraction and Real-Time quantitative PCR (RT-qPCR).
TRI Reagent ® (Sigma-Aldrich, T9424) and PureLinkTM RNA Mini Kit (Life Technologies,

12183020) were used to extract total RNA from cells/organoids. All samples were treated
with DNase (Life Technologies, AM1906) before reverse transcription. Reverse
transcription was performed with 200-1000 ng of RNA using the TagMan® Reverse
Transcription Reagents (Life Technologies, N8080234). Controls for genomic
contamination were set with reaction mixes without RT. Real-time PCR was conducted
using the 7900HT Real-Time PCR System (Applied Biosystems, Life Technologies) using
GoTag® qPCR Master Mix (Promega, TM318). Normalization was performed by using the
AACt method using Gapdh expression as reference. Primer pairs were designed to

achieve inter-exon amplicons of 200-250 bp (Table 10).

Table 10. List of primers used for RT-qPCR

Foxal TGGAGTTCATAGAGCCCAGG CATGAGAGCAACGACTGGAA
Ki67 ATCATTGACCGCTCCTTTAGGT GCTCGCCTTGATGGTTCCT

Krt5 ACATTAACAACCTCCGTAGACAG CGCTTGTTGATCTCATCCTC
Krt10 GGGTAAAATCAAGGAGTGGT CTGCCCCTTAAGGTCCTCGA
Krt14 AGGTGAAGATTCGGGACTGG GCTCCGTCTCAAACTTGGTC
Krt20 CCTTGGAGATCAGCTTCCAC CCTGCGAATTGACAATGCTA
PPARy CGCTGGGGTATTGGGTCG TTCAAATCTTGTCTGTCACACAGT
Upkla GGCCTGACAGCAAAATAATGA GAGAAGCAGGAAGATGGCTT
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Upk1lb AATCAACAGGCCCTGGAAG GAAGAAGGCAGAGGAGACCA

Upk2 GACAGCAGACCAGAGAGGCT ACACTGCCTGTCCAGACCTT
Upk3a AGTAGTGCTCAGTGGGACGC AGCGGCTCTTACGAGGTTTA
Gapdh CCATGCCATCACTGCCAC GGGTAGGAACACGGAAGG

5.6.4. Bulk RNA-sequencing.
Three paired samples of Rom10 cKO and WT organoids cultured in proliferation and

differentiation conditions were analyzed. The quality of RNA was assayed by laboratory
chip technology on an Agilent 2100 Bioanalyzer. PolyA+ RNA was isolated from total RNA
(1 g, RIN>9), randomly fragmented, converted to double-stranded cDNA for library
preparation with the lllumina QuantSeq 3° mMRNA-Seq Kit.

5.6.5. RNA-sequencing analysis.
Raw images generated by the sequencer were submitted to analysis, per-cycle base

calling, and quality score assignment with lllumina's RTA (Real Time Analysis) integrated
primary analysis software. Conversion of BCL (base calls) binary files to FASTQ format
was subsequently performed with the Local Run Manager Generate FASTQ Analysis
Module (lllumina). The Nextpresso version 1.9.2.2 analysis pipeline (Bioinformatics Unit,
CNIO) was used to process the data with the version MGSCv376/mm8 of the mouse
genome50.

Tophat was used for alignment (tophat-2.0.10.Linux_x86_64) using the following
parameters: useGTF=" true", nTophatThreads="4", maxMultihits="20"
readMismatches="3", segmentLength="25", segmentMismatches="1",
spliceMismatches="0", reportSecondaryAlignments="false", bowtie="1", readEditDist="3",
readGapLength="2", referencelndexing="false", --no-coverage-search. Gene expression
was quantified using cufflinks (version 2.2.1) using the following parameters:
useGTF="true" nThreads="4" fragBiasCorrect="true", multiReadCorrect="false" library
Normalization Method= "classic-fpkm"”, max Bundle Frags="500000", normalization=
"compatibleHits", noEffectiveLengthCorrection="true", noLengthCorrection="false".
Htsegcount was performed with the following settings: minaqual="0" featuretype= “exon”
idattr= “gene_id”. BBDuk preprocessing was performed for fastq files in *fastq; do echo
$fq; outFastq=${fg/fastq/CLEAN.fastq}; /local/ljmartinezv/ibbmap/bbduk.sh  in=$fq
out=${outFastq}
ref=/local/ljmartinezv/ibbmap/resources/polyA.fa.gz,/local/limartinezv/bbmap/resources/tr

useq.fa.gz k=13 ktrim=r useshortkmers=t mink=5 gtrim=r trimgq=10 minlength=20; done
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Differential expression analysis was done using Deseg?2 using the following parameters:

useCuffmergeAssembly="false", nThreads="2", fragBiasCorrect="true",
multiReadCorrect="false", library Normalization Method="geometric® FDR="0.05"
minAlignmentCount="10", seed="123L" FPKMthreshold="2",
maxBundleFrags="5000000000", noEffectiveLengthCorrection="true",

noLengthCorrection="false" dispersionMethod="pooled".

Normalized expression across all samples was calculated using Deseq using the following
parameters: useCuffmergeAssembly="false", nThreads="2", outputFormat="simple-table"
library Normalization Method="geometric", seed="123L" normalization="compatibleHits".
BEDTools-Version-2.16.2 and samtools-0.1.19; bowtie-1.0.0 were also used to execute
the software shown above.

Lists of differentially expressed genes (DEG) are provided in Table 11 and 12 for Rom10
KO and WT organoids. Genes were ranked using the FDR g-value statistic to identify
significant genes (g < 0.05) and then by fold change expression. Venn diagrams were used
to assess any significant overlaps. GSEA (GSEA Pre-ranked) was performed with
MsigDB GO terms, BIOCARTA, KEGG, C6 Oncogenic signature and Reactome
databases, using the standard settings, and with 1,000 permutations for Kolmogorov—
Smirnoff correction for multiple testing. GSEA enrichment data were obtained and ranked
according to FDR g value (significance threshold, q < 0.25). Heat maps of expression data

were generated using R and GenePattern.

5.6.6. Additional bioinformatics analysis
Co-mutated gene analysis. Available data from the BLCA patients in TCGA database

(2017) in cBioportal was used to determine RBM10 significant co-ocurrent genes
according to adjusted p-value (q<0.05) and was later filtered by using NIH ClinvVar

annotations (https://www.ncbi.nlm.nih.gov/clinvar/) to asses clinical significance.

Heatmap of co-occurrence was generated using R.

Single cell data analysis. Single cell RNAseq data from 10X Genomics Chromium was
preprocessed using Cell Ranger software. Features, barcodes and matrix files generated
were loaded into Seurat v3 R toolkit for dowstream analysis using Read10X function. Low
quality cells were filtered out according to their mitochondrial genes expression. Data
normalization was carried out using sctransform function. Dimensionality reduction was
performed by selection of significant principal components according to the stabilization of
the elbow plot. Clustering analysis on these principle components was done by means of
KNN graph construction (FindNeighbors function) and Louvain algorithm (FindClusters
function) for different resolution levels. Cluster stabilization and consequent resolution

level selection for downstream analysis was established according to clustree analysis.
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Markers for every cluster compared to all remaining cells were found using FindAllIMarkers
function with Wilcoxon Rank Sum test. Visualization of the data was done by means of

non linear dimensional reduction using RunUMAP function.

5.7.  Quantification and statistical analysis.
All quantitative data are presented as mean * standard error of the mean from 23

experiments or samples per data point. Comparisons of quantitative data between groups
were performed using a non-parametric two-tailed Mann-Whitney U test to assess
significance. For more than 2 groups, ANOVA was used. Violin plots represent the median
and first and third quartiles (interquartile range) of the data; error bars were generated by
GraphPad Prism version 6 software and represent the highest and lowest data within 1.5%
interquartile range. All statistical analyses were performed with Excel, GraphPad Prism
version 6 software, and R software. The Log-rank (Mantel-Cox) test was used to compare
survival distributions. The Fisher exact test was used in the analysis of the distribution of
categorical values within two groups. For in vitro and in vivo experiments, the sample size
required was determined on the basis of prior pilot experiments. No formal sample size
estimation analysis was conducted and the experiments were not randomized. Whenever

possible, analyses were conducted blinded, as indicated in the text.
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6.1. Role of Rbm10 in normal mouse development

6.1.1. Rbm10 inactivation during embryo development leads to a male-lethal phenotype
with partial penetrance

To determine the effect of Rbm10 inactivation on mouse development, we used a
constitutive knock-out allele making use of a Cre recombinase that is activated in the
zygote (Rbm10 null) (Sakai, et al. 1997). It is predicted that, upon recombination and
excision of exon 3 of Rom10 (Fig. 14A), cells would lack RBM10 protein expression. We
envisioned that this model might recapitulate human TARP syndrome since germline
RBM10 mutations are predicted to cause loss of expression in patients. We confirmed that
adult Rbm10 null mice display extensive loss of RBM10 expression in a wide variety of
tissues, where the residual protein was detected only in a few cells. Mice born with
widespread RBM10 loss did not have reduced survival compared to control mice (Fig.
14B, C). Nonetheless, the proportion of male adult Rbm10 null mice born was lower than
the expected mendelian rates, suggesting that some Rbm10 null mice die during

development, while in females this proportion was normal (Fig.14D).

We then collected embryos at E18.5 and found the expected WT:null and male:female
ratios (Fig. 14D), demonstrating that Rbm10 inactivation during embryo development
leads to a male-lethal phenotype with partial penetrance. Therefore, we performed a
comprehensive analysis of the Rbm10 null embryos, focusing first on a search for TARP

syndrome-associated defects.
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Figure 14: Generation of constitutive Rom10 null mice and survival analysis. A. Transgenic
mouse line used to obtain homozygous Rbm10 null mice. B. Representative images of RBM10
immunostaining of formalin-fixed paraffin-embedded tissues from 16 week-old Rom10 WT and null
mice (scale bar, 50um). C. Kaplan-Meier survival analysis of Rom10 null (n=24) and Rbm10 WT
(n=17) mice. D. Percentage of Rbm10 WT and null male and female mice that were alive at E18.5
(n=50) and at 30 weeks of age (n=56) (p-value < 0.001). The number of embryos/mice analyzed is
annotated inside the bar graphs (*p<0.05, **p< 0.01; Fisher’s exact test).

6.1.2 Embryonic Rbm10 inactivation causes a wide variety of heart defects

We designed a pipeline to characterize the defects leading Rbm10 null embryos to early
death and to find out their relatedness to the main features of TARP syndrome: atrial septal
defect, cleft palate, and clubfoot. Persistence of the left superior vena cava was not
assessed because the development of this anatomic structure differs in humans and mice,

remaining patent only in the latter.

First, we assessed the heart function of E18.5 embryos by performing abdominal and
uterine (not shown) echocardiography on the mothers in collaboration with Dr. M. Villalba
(CNIC, Madrid) to measure the following parameters: heart rate, diastole, and systole area,
blood flow ejection fraction, and fractional shortening. We could not detect significant
differences between Rbm10 WT and null embryos, although a few individuals with outlier
measurements of the abdominal heart area in diastole (p-value = 0.763), systole (p-value
= 0.733), and heart rate (p-value = 0.110) were identified in the Rbm10 null group (Fig.
15A).

We then performed MR imaging analysis of Rom10 null (n=15) and Rbm10 WT (n=11)
embryos in collaboration with the team of Dr. M. Desco (CNIC, Madrid), and did not find
any major abnormalities in vital organs nor were we able to detect heart septal defects

(Fig. 15B). The results derived from this analysis will be discussed in the next section.
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Figure 15: Echocardiography analysis of E18.5 Rom10 WT and null embryos. A. Abdominal
echocardiography findings showing normal diastole and systole displacements, blood flow injection
(LV FS), blood flow ejection (LV EF), and heart rate. WT embryos (n=6) are represented in blue
and null embryos (n=22) represented in red (Mann-Whitney test, dotted lines represent SD and
mean) B. 3D T2-weighted MR images were acquired of Rbm10 WT (n=11) and null (n=15) E18.5
embryos showing no differences in the heart or other vital organs including liver, lung kidney, and
brain.

To further examine the heart phenotype, we performed a histological analysis of serial
heart sections in collaboration with Dr. S. Martin-Puig (CNIC, Madrid). Fig. 16 shows all
the identified alterations. Forty-three percent of the Rbm210 null embryos analyzed (13/30)
presented severe heart septal defects (Fig. 17B), compared to 1 out of 16 Rbm10 WT
embryos (p-value = 0.016) (Fig. 17A, 18A). Interventricular septal defects were detected
in 2/30 Rbm10 null embryos compared to 1/16 WT embryo (p-value = 1) (Fig. 18B). Among
other heart abnormalities, right atrium dilation was observed in 17/30 of the null versus
4/16 of the WT embryos (p-value = 0.062) (Fig. 18C); right atrial hemorrhage and

88



communication were found exclusively in Rom10 null embryos with a frequency of 8/30
(p-value = 0.037) and 4/30 (p-value = 0.282), respectively (Fig. 18D, E).

In addition, 3/30 and 4/30 of the Rbm10 null embryos had valvular defects (p-value = 1)
and a slimmer dorsal mesenchyme protrusion (p-value = 0.645), respectively, compared
to 1/16 WT embryos; the differences were not statistically significant (Fig. 18F, G).
Occasional Rbm10 null embryos (1/30) had deformed and hypomorphic ventricles,
absence of the left atrium cavity, additional hemorrhages in the ventricles and valves,
thinner apical sept, incomplete septum secundum, or filled ventricular chambers (data not
shown). These occasional alterations were not observed in any of the WT embryos (Fig.
16).

Severe IAS

VS defects

Dilated RA

Valvular defects

Thinner DIVI

RA communication

LA absent cavity

Hepatic lobules present

RA hemorrhage

Deformed hippororfic ventricle
Thinner apical sept
Incomplete septum secundum
IAin dorsal postion

Filled ventricular chambers

Thinner lung stemwall

Figure 16: Contingency table of heart defects in E18.5 Rbm10 WT and null embryos.
Summary of reported heart defects detected by histopathological analysis in Rom10 WT (n=16)
and null embryos (n=30).
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Figure 17: Histopathological analysis of the heart of E18.5 Rom10 WT and null embryos.
A. and B. Transversal heart sections of WT and null embryos. DMP (Dorsal Mesenchymal
Protrusion), RPA (Right Pulmonary Artery), LPA (Left Pulmonary Artery), LCV (Left Vena Cava),
MtrV (Mitral Valve), TrcV (Tricuspid Valve), RV (Right Ventricle), LV (Left Ventricle), LA (Left
Atria), RA (Right Atria), Ao (Aorta), PA (Pulmonary Artery), RCV (Right Vena Cava). Atrial defects
are shown with ** inside red circles, Interventricular defects are shown with blue triangles (scale
bar, 500um).
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Figure 18: Quantification of histopathological analysis of the heart of E18.5 Rbm10 WT and
null embryos. Summary quantification of heart defects in Robm10 WT (n=16) and null embryos
(n=30): A. Severe IAS defects (p-value = 0.016) B. IVS defects (p-value = 1) C. Dilated RA (p-
value = 0.062) D. RA hemorrhage (p-value = 0.037) E. RA communication (p-value = 0.282), F.
valvular defects (p-value = 1) and G. thinner DMP (p-value = 0.645) (*p<0.05; **p< 0.01; Fisher’s
exact test).

We found that 23/30 of Rbm10 null E18.5 embryos presented heart defects (n=30). Eight
of 18 male showed more than two severe heart defects and 6/18 presented more than
three severe heart defects, compared to 3/12 and 2/12 of the Rbm10 null females, (p-
value = 0.715 and p-value = 0.683) respectively, indicating a slightly higher phenotype

penetrance in males.

In summary, Rbm10 null embryos presented a variety of heart abnormalities with a
frequency higher than that of WT embryos. Some of them affect essential structures
required for proper heart function, which have been described to be incompatible with

survival and therefore are likely responsible for embryonic lethality.

6.1.3. Embryonic Rbm10 inactivation causes craniofacial abnormalities

We also investigated the occurrence of the main craniofacial abnormalities reported in
TARP syndrome by MR imaging. First, the size of Rom10 null (n=15) and Rbm10 WT
(n=11) embryos was determined, along with sternum bone size since this tends to be
smaller in TARP patients, showing no significant differences in both cases (Fig. 19A, B).
The size of the head was also normal, as determined by measuring the circumference
from the occipital to frontal bones (Fig. 19C). To rule out optic atrophy, the distance

between the eyes and retinas and the volumes of both eyes were measured. While the
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eye to retina distance was normal, eyes had significantly higher volume than those in
WT embryos (p-value = 0.006) (Fig. 19F). Finally, the distance between jaws and the
distance between the jaw and tongue were measured to assess micrognathia; both
appeared normal in both WT and null embryos (Fig. 19H, I).

A Embryo B sSternum C Head
24- 10 1.5+
8- ' _11.0
__ 221 _ . =
£ I E ¢~ Q £ 1054
e 20 % X E’
i N 4+ £ 10.0
[ o ©
184 24 © 95
16-—a—a— o+ 9.04——7
WT  null WT  null WT  null
D Retinas E Eye to eye F Eyeballs
5.8 4.0- 0.0025- -
o s Y o 0.0020
E E 3.5+ t
= = £ 0.0015+
8 5.4+ 8 =
§ S £ 0.0010 c
° 3 3.0- 2
o - el
82 > 0.0005-
5.0 : . 25 - . 0.0000 : T
WT null WT null wT null

G Jawto tongue H Jaw to jaw

1.0 0.8+
£ 0.8 £ 0.64
E o6 &
& 0.4+ i)
2 2
° 0.2 A T 0.2 l
0.0- A 0.0- ‘
WT null wWT null

Figure 19: E18.5 Rbm10 WT and null embryos measurements by MR. Measurements
acquired by 3D T2-weighted MR images of Rom10 WT (n=11) and null (n=15) E18.5 embryos.
A. Embryo size (p-value = 1) B. Sternum size (p-value=0.683) C. Occipital to frontal bone distance
to determine head size (circumference) (p-value=0.111) D. Distance between retinas (p-value =
0.749) and E. Eye to eye distance (p-value = 0.618) F. Volume of both eyes (p-value = 0.006)
and G. jaw to tongue distance (p-value = 0.9080) and H. the distance between the jaws (p-value
= 0.388). WT embryos (n=11) are represented in blue and null embryos (n=15) represented in
red. s stands for size, d for distance and v for volume (Mann-Whitney test, dotted lines represent
SD and mean).

The occurrence of subtle craniofacial abnormalities was investigated at the histological
level in Rbm10 null (n=14) and Rbm10 WT (n=8) embryos in collaboration with Dr. M.C.
Martinez (UCM, Madrid). The most prominent abnormalities occurred in the palate. We
found that 9/14 Rbm10 null embryos presented abnormal palate formation, compared to
3/8 Rbm10 WT embryos (p-value = 0.378) (Fig. 20A). We also observed an increased
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incidence of a primary cleft palate of 5/14 compared to 1/8 in WT embryos (p-value =
0.351). While these differences were not statistically significant, the cleft is considered
to exist when it is greater than 20um and in some of the Rbm10 null embryos, we found
clefts over 200 um (Fig. 20B).

Abnormal palate

WT null

Primary cleft palate
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WT  null
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Figure 20: Histopathological analysis of the craniofacial region of E18.5 Rbom10 WT and
null embryos. Coronal head sections of WT (n=8) and null (h=14) embryos showing A. Abnormal
morphology of the palate (p-value = 0.378) B. The presence of >20 um clefts in the primary palate
(p-value = 0.351) (red arrow points a cleft of 200um) C. Epithelial remnants in the mesenchyme
of the palate (p-value = 1) and D. Absence of palatal holes (p-value = 0.204). Head defects are
shown with black arrows (scale bar 500um) (*p<0.05; **p< 0.01; Fisher’s exact test).
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Moreover, 3/14 of Rbm10 null and 2/8 of WT embryos showed epithelial remnants which
usually disappear at E15 (Fig. 20C) and 2/8 of Rbm10 null embryos displayed abnormal
palatal holes, compared to 8/14 of WT embryos that exhibit it (p-value = 0.2043) (Fig.
20D).

Given the variable penetrance of the phenotypes described above, we assessed whether
the heart and craniofacial abnormalities co-occurred in the same embryos. For this
comparison, 14 Rbm210 null and 8 WT embryos were analyzed. All of the Rbm10 null
embryos presenting heart defects also presented with head abnormalities, such as
anterior cleft palate, epithelial remnants, abnormal palate, or absence of palatal holes
(p-value< 0.001). By contrast, a few of the 8 Rom10 WT embryos analyzed presented
mild palate abnormalities - such as epithelial remnants or abnormal palate (mentioned
above) - and only one of them presented a right atrium dilation. These findings are in
agreement with the fact that 30% of Rbm210 null male mice were lost before or during
birth, as determined by the analysis described above, possibly due to the presence of
multiple developmental abnormalities such as the ones described here. Overall, we
conclude that the heart and head pathologies described in TARP syndrome are largely

reproduced in Rom10 null embryos.

6.1.4 Rbm10 null adult males present mild, non-lethal, alterations in heart function
Considering that a fraction of the Rbm10 null males survived into adulthood, we
assessed their health status. We followed mice closely by general CT scan bone CT
scans and did not find any abnormalities (Fig. 21A). Given the embryonic heart
phenotype, heart function was assessed by performing echocardiography in 3 month-old
Rbm10 WT and null male mice (Fig. 21B-J).
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Figure 21: Health assessment of adult mice at 3 months of age. A. Bone CT of 16 week-old
Rbm10 WT and null male mice (n=5/group). Graphs represent measurements mean +/- SD of B.
Heart rate registered by beats per minute (BMP) (p-value = 1) C. Left ventricle internal diameter
at the end of diastole (p-value = 0.546) D. Left ventricle posterior wall diameter at the end of
diastole (p-value= 0.155) E. Corrected mass of the left ventricle (p-value = 0.270) F.
Interventricular septum thickness in diastole (p-value = 0.0878) G. Isovolumic relaxation time (p-
value = 0.984) H. Pulmonary pressures evaluation determined by pulmonary artery flow;
acceleration (PAT) and ejection time (ET) (p-value = 0.272) I. Right ventricle systolic function
determined by tricuspid annular plane systolic excursion (TAPSE) (p-value = 0.116) and J. Mitral
valve function determined by early (E) and late (A) diastolic velocity peak waves (p-value= 0.756).
WT mice (n=9) and null mice (n=14) (Mann-Whitney test, dotted lines represent mean and SD).

95



As shown in Figure 19, from a large series of cardiac parameters analyzed (heart rate,
left ventricle internal diameter in diastole and systole, left ventricle posterior wall
diameter, mass, and volume of the left ventricle, left ventricle ejection fraction and
fractional shortening, interventricular septum thickness, isovolumic relaxation time,
pulmonary artery flow, right ventricle systolic function, and mitral valve function), the only
notable differences in Rbm10 null mice were: 1) the occurrence of a slimmer, more
dilated, left ventricle wall (Fig. 21C-F); 2) the right ventricle presented an alteration
related to systolic function by means of the measured variation during the cardiac cycle
in the situation of the lateral portion of the annulus of the tricuspid valve without
compromising mice survival (Fig. 211). The mitral valve and the pulmonary vein function
had no significant alterations (Fig. 21H & J). Overall, these differences did not affect the

well-being of the mice.

6.2. Role of Rbm10 in tissue homeostasis

6.2.1. Rbm10 is dispensable during mouse adulthood

To determine whether Rbm10 is required in adulthood, recombination and gene
inactivation was induced using Rbm10 KO mice. Exon 3 of Rbm10 was excised upon
tamoxifen administration (Fig. 22A). As controls, we used Rbm10 WT mice. In some
experiments, the Rosa26mTmG allele was introduced to indirectly report on Cre
recombinase activity. We administered a TMX-containing diet to 8 week-old mice for 2
months to induce systemic Rbm10 recombination and avoid the potential outgrowth of
unrecombined cells. We confirmed that adult male mice displayed extensive loss of
RBM10 expression in a wide variety of tissues that appeared as histologically normal at
11 and 16 weeks of age. Few groups of cells were found to express RBM10 in the liver,
pancreas, bladder, and lung (Fig. 22B). In addition, we confirmed that RBM10 loss was
maintained in 67 week-old mice, several weeks after treatment, where recombination
levels were similar to recently treated mice (data not shown). Interestingly, we observed
RBM10-expressing cell patches in the intestine in males and females, consisting of
unrecombined clones. Females showed diverse levels of recombination, similar to our
constitutive Rom10 KO model that looked histologically normal as well. Considering this,
we performed all additional experiments in male mice. Rom10 inactivation did not affect
survival: both Rbm10 KO (n= 24) and WT (n=30) mice survived up to 80 weeks of age
without any detectable pathology resulting from Rbm10 inactivation (Fig. 23A). We
followed a smaller cohort of TMX-treated mice (6 Rbm10 KO and 4 Rbm10 WT mice) for
10 weeks starting at 20 weeks of age with bi-weekly weight and monthly blood cell
counts. We did not observe significant differences in either of these parameters between
WT and KO mice (Fig. 23C).
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Figure 22: Generation of a conditional Rom10 KO mouse model. A. TMX inducible Rom10
KO mouse strain B. Representative images of RBM10 immunostaining of formalin-fixed paraffin-
embedded tissues from 11 week-old Rom10 WT and KO mice after 3 weeks of TMX treatment
showing extensive loss of RBM10 expression, more so in male than in female mice (scale bar,
50um).
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Figure 23: Effect of Rom10 inactivation on the health status of adult mice. A. Kaplan-Meier
survival analysis of Rom10 KO (n=24; red line) vs. Rom10 WT (n=30; blue line) male mice
showing no significant difference in survival B. Weight (Median +/- SD) of Robm10 KO (n=6; red)
and WT (n=4; blue mice) was determined every two weeks, measurements started at 20 weeks
of age during 10 weeks C. Blood cell counts of Rbm10 KO (n=6) and WT (n=4), determined on a
monthly basis (Median +/- SD) month in TMX-treated mice, measurements started at 20 weeks
of age during 8 weeks (blue circles represent WT mice and red squares KO mice).

Because our main interest is to assess the role of RBM10 in urothelial homeostasis and
in bladder cancer, we analyzed the expression of RBM10 in the urothelium of TMX-
treated mice with antibodies detecting a panel of urothelial markers. The expression of
markers of stem cells (KRT14), basal/intermediate cells (KRT5), and umbrella cells
(KRT20) in 16 week-old mice were similar in WT and KO mice (Fig. 24). KRT14+ cells
were found in the basal layer in both WT and KO mice; KRT5 was highly expressed
across the basal/intermediate layers; KRT20 was found selectively in umbrella cells in

the uppermost luminal layer.
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Figure 24: Urothelial marker expression in Rbm10 WT and KO mice. Representative
brightfield microscopic images of immunohistochemical stainings of RBM10 and urothelial
differentiation markers. Antibodies detecting KRT14 14, KRT5, and KRT20 label a subset of basal
cells, the basal/intermediate layers, and the luminal layer, respectively (scale bar, 50um).

Altogether, these results indicate that Rom10 inactivation in adult mice does not have a
major impact on the well-being and histology of mice, suggesting that the gene is
dispensable in adult homeostatic conditions.
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Role of Rbm10 in urothelial
mouse biology

100



6.3. Role of Rbm10 in urothelial mouse biology

6.3.1. Rom10 KO mouse urothelial organoids show reduced proliferation and undergo
differentiation in the absence of growth factors

Our laboratory has recently reported methods for the culture of mouse urothelial
organoids and has demonstrated both their growth factor requirements and their ability
to recapitulate the in vivo urothelial differentiation program (Santos et al., 2019). To
determine the functional effects of Rbom10 inactivation, | have generated organoids from

urothelial cells of Rbm10 KO and control Rom10WT male mice.

In these studies, TMX (2uM) was added at passage 4 to induce recombination, which
was tracked by the Rosa26mTmG reporter: unrecombined cells express Tomato, and
recombined cells express GFP. After 48 h, TMX was removed from the medium and the
expression of GFP was assessed in the organoids: Tomato expression was detected in
a small proportion (5-30%) of organoids across the samples analyzed by fluorescence
microscopy; within an organoid, all cells were homogeneous regarding reporter
expression. Organoids were dissociated and cells were FACS-sorted to isolate enriched
GFP-expressing and Tomato-expressing cells from both TMX-treated and control (-TMX)
conditions. This allowed generating populations of only recombined or unrecombined
cells: after sorting, a population of close to 100% GFP-positive cells was isolated (Fig
25A). We then assessed RBM10 protein loss by immunofluorescence and western blot
in Robom10 WT and Rbm10 KO organoids and confirmed that, 12 days after TMX
treatment, RBM10 protein expression was lost concomitantly to GFP expression (Fig.
25B, C).
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Figure 25: Establishment of Rom10 WT and KO mouse urothelial organoids. A. Brightfield
and fluorescent microscopy images of passage 6 FACs sorted Rbom10 KO and Rbm10 WT
organoids after tamoxifen (2uM) or control DMSO addition onto urothelial cells for 48 hours,
inducing GFP expression or maintaining Tomato expression, respectively (scale bar, 500um) B.
Immunofluorescence staining of sections of paraffin-embedded organoids 12 days after TMX or
DMSO treatment, highlighting the nuclear expression with anti-RBM10 in Rbm10 WT organoids
and with anti-GFP in membrane in Rom10 KO organoids (n=4). DAPI staining is shown in blue
(scale bar, 50pm) C. Western blot analysis of RBM10 and (-Actin on Rbm10 WT and KO
organoids protein extracts.

102



We then investigated whether Rbm10 inactivation had an effect on the proliferative
capacity of urothelial cells from 3 independent mice used to derive paired Rom10 WT
and Rbm10 KO organoids. We assessed proliferation by plating cells at 2000 cells/well
in CM and quantified the number of organoids formed after 7 days by imaging analysis.
Rbm10 KO organoids showed a significantly reduced capacity to proliferate despite the
fact that they could be maintained uninterruptedly for >20 passages, suggesting that
Rbm10 inactivation is well tolerated by normal urothelial organoids (Fig. 26A, B).

Sample 2

Proliferation
150 *

Rbm10 WT

50

organoids/well

Rbm10KO

WT KO

Figure 26: Growth capacity of Rom10 WT and KO mouse urothelial organoids. Brightfield
images of passage 8 Rbom10 WT and Rbm10 KO organoids (n=3) (Scale bar, 500um) and
corresponding quantification after 7 days in culture to determine proliferation potential (2000
cells/well) (p-value = 0.034). (Two-way ANOVA and paired T-test) *p<0.05.

To assess the differentiation potential of Rbm10 KO organoids, we induced
differentiation by depleting all growth factors (medium without EGF, LY2157299, Noggin,
WNT3A, and RSPO1), as previously described (Santos et al., 2019). Three independent
organoid lines were cultured for 7 days in proliferative (P) or differentiated (D) conditions.
Control WT organoids displayed an increase in size and lumen formation, as well as a
thinner cell layer (Fig. 27). To better characterize the phenotype in differentiation
conditions, we quantified the proportion of cystic organoids and determined their area
compared to differentiated WT conditions (Fig. 28). In proliferation, the proportion of
cystic organoids - compared to solid organoids - was significantly higher in Rbom10 KO
cells when compared to WT (p-value = 0.009) (Fig. 29A). There were no significant
differences in the proportion of cystic Rbom10 KO vs. WT organoids in differentiation
conditions (p-value = 1) (Fig. 29A). Moreover, Rbom10 KO organoids were significantly
larger in proliferative conditions (p-value < 0.001) (Fig. 29B). A similar trend was
observed in differentiation conditions but the differences did not reach statistical
significance (p-value = 0.053) (Fig. 29C).
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Figure 27: Rom10 WT and KO mouse urothelial organoids in proliferative and differentiated
conditions. Brightfield microscopy images of Rbm10 WT and RBM10 KO urothelial organoids
plated in Matrigel in Complete Medium (CM) to promote proliferative conditions. After 7 days,
differentiation was induced by changing the medium to differentiation medium (DM) (n= 3 WT &
n= 3 KO), where images show size increase and lumen formation for the 3 different samples
(scale bar, 500um).

104



(=)
A
S n
o =2
o)
= ~ ™ 8
g
o0 - |
o)
X
(=) 0
Ao
5 .
@ Q@
g O Ex e
(=)
v~
b5 O
g 3 @
®
- , E. % g
=
£
=
o)
<
()
A
&
Q
©

Figure 28: Rom10 WT and KO mouse urothelial organoids HE staining in proliferative and
differentiated conditions. Representative hematoxylin and eosin (HE) staining of Robm10 WT
and RBM10 KO organoids highlighting the increased size and cystic formation in differentiated
organoids (n=3) (scale bar, 100um).

In addition, we determined the diameter of the whole organoid, the thickness of the layers
of cells forming the cystic structure, and the size of the lumen in cystic organoids found
in both Rbm10 WT and KO organoids in P and D conditions (Fig. 29C, D). In proliferation
medium, we confirmed that Rbom10 KO organoids not only presented significantly larger
diameter (p-value = 0.000) and lumen (p-value = 0.0034) but also that these occurred
more frequently than in Rom10 WT organoids (Fig. 29D) without showing significant
differences in the thickness of cell layers (Fig. 29E). In differentiation medium, the

differences were more subtle and non-significant (Fig. 29D).
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Figure 29: Quantification of differentiation capacity of Rom10 WT and KO mouse urothelial
organoids. A. Quantification showing the formation of cystic organoids in P and D both in WT
and KO organoids, represented by the fold change when compared to the total number of
organoids B. Quantification showing the area of cystic organoids in P and D both in WT and KO
organoids, represented by the pixels occupied by the organoids C. Image of organoids displaying
the features quantified in panel D; lumen (l), layers thickness (t) and diameter (d) (scale bar,
50um) D. Signal distribution acquired by confocal microscopy displaying organoids features in P
and D conditions; color code indicates the intensity of the signal: dark blue; high, light blue;
intermediate and white; low E. Quantification of organoid features; diameter, lumen size and
thickness (Mann-Whitney test) *p<0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001
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6.3.2. Growth factor dependency assays reveal that Rom10 KO mouse urothelial cells
are less dependent on EGF and show higher EGFR expression

In order to determine whether Rbom10 KO and WT cells differ in their growth factor
dependency, we performed organoid formation assays in medium depleted of one or
more growth factors. We assessed growth as the number of organoids per well and the
area occupied by organoids (Santos et al., 2019). Rbm10 KO and WT organoids were
cultured in CM depleted of EGF, WNT3A/RSPO1, or all of them (Fig. 30A). Rbm10 KO
organoids were significantly less EGF dependent than WT organoids when both
parameters were considered (Fig. 30B, C). In contrast, WNT3A/RSPO1 depletion did
not significantly affect proliferation of Rom10 KO organoids when compared to WT (Fig.
30B, C). We observed dramatically reduced growth in both types of organoids when all
3 factors were absent (Fig. 30A, B). To explore the observed less EGF-dependent
phenotype, we analyzed EGFR expression using IHC: signal quantification showed that

higher expression in Rbom10 KO organoids (p-value = 0.328) (Fig. 30D).
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Figure 30: Growth factor dependency and EGFR expression in Rom10 WT and KO mouse
urothelial organoids. A. Brightfield images of passage 8 Rom10 WT and Rbm10 KO urothelial
organoids (n=3). Left panel shows organoids in CM as a control; central panel shows organoids
in EGF-depleted medium; the right panel shows organoids in WNT3A/RSPO1-depleted medium
(scale bar, 500pum) B. Quantification showing Rbm10 KO organoid growth in CM depleted from
EGF, WNT3A/RSPO1, and both, represented by the fold-change compared to its paired WT
control (n=4). C. Raw count (left panels) and area (right panels) of Rom10 WT and KO organoids
in CM without EGF and WNT3A/RSPO1 (n=4) (Student’s T-test). *p<0.05, **p< 0.01, ***p< 0.001,
****p< 0.0001 D. Immunohistochemical analysis of EGFR in Rom10 WT and Rbm10 KO urothelial
organoids (n=5) (scale bar, 500um) and its corresponding quantification (p-value = 0.328, Mann-

Whitney test).
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6.3.3. Transcriptomic analysis indicate that Rbm10 KO mouse urothelial organoids
differentiate efficiently

To investigate whether Rbm10 inactivation had a transcriptomic effect, we performed an
RNA-Seq to acquire paired-end reads using two independent Rbm10 WT and Rbm10
KO paired organoids treated, or not, with TMX at passage 8 to induce Rbm10
recombination (n=2/group). Therefore, the experiment consisted of two Rbm10 KO
samples and 6 Rbm10 unrecombined WT samples (Fig. 31A).

Principal component analysis (PCA) showed that Rbm10 KO organoids clustered
separately from Rbm10 WT organoids (Fig. 31B). The normalized counts of Rbm10
transcripts decreased when compared to WT (Fig. 31C). Differential expression analysis
using DESeq?2 failed to show significantly differentially expressed genes (DEG) in Rbm10
WT organoids treated - or not - with TMX, indicating that TMX administration did not
translate into major transcriptomic effects in urothelial cells. DEG analysis of Rbom10 KO
(n=2) vs WT (n=6) organoids showed only 2 genes the expression of which was
significantly different in both conditions, possibly as a result of reduced statistical power.
For this reason, we performed an additional RNA-Seq experiment using Rom10 WT and
Rbm10 KO paired samples.
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Figure 31: Preliminary RNA-Seq analysis of Rbm10 KO vs. WT organoids treated with or
without TMX. A. Experimental design showing genotypes of the mice used to generate urothelial
organoids and the corresponding treatment used to induce Rbm10 recombination B. PCA
analysis showing the distribution of and Rbm10 WT (n=6) and Rbm10 KO (n=2) samples C.
Normalized counts of Rbm10 transcripts in WT (n=6) and KO (n=2) samples.
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In order to gain statistical power and to determine whether Rbm10 inactivation had an
effect on organoids under P and D conditions, we performed a 3’-end RNA-Seq of 3
independent pairs of Rom10 WT and Rbm10 KO organoids at passage 8 (Fig. 32A). To
evaluate inter and intragroup variability, we assessed the correlation of RPKM values of
all samples. Pearson correlation matrix showed that Rom10 WT organoids exhibited a
higher correlation coefficient and were less heterogeneous than Rbm10 KO organoids
(Fig. 32B). We then asked the following questions: 1) do Rbm10 KO organoids undergo
a similar differentiation program than WT organoids, 2) how Rbm10 KO organoids differ
from Rbm10 WT organoids in proliferative conditions, and 3) how Rbm10 KO organoids
differ from Rbm10 WT organoids in differentiated conditions (Fig. 32C).
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Figure 32: RNA-Seq analysis of Rbm10 WT and KO organoids in proliferative and
differentiation conditions. A. RNA-Seq was performed using Rbm10'%;UbiCreERT2+/T;
Rosa26mTmG*K organoids with or without TMX, to induce Rbm10 recombination, both in P and
D conditions B. Heatmap showing Pearson correlation among Rbm10 WT and KO organoids in
P and D conditions C. Graphic representation of the comparisons.
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To identify DEGSs, | used DESeq2. In the P vs. D comparison of WT organoids, we
observed that 249 genes were differentially expressed, 125 genes of which were up-
regulated and 124 were down-regulated (Fig. 33A). Sixty-eight percent of these genes
(169/249) overlapped with those reported in normal urothelial organoids in D conditions
by Santos et al., 2019. We then generated a signature with this 249 DEG (hereafter, WT
Differentiation signature) and evaluated the enrichment scores of the up-regulated and
down-regulated genes in this signature in Rbm10 WT and KO P and D organoids (Fig.
33B). Rbm10 WT D organoids followed the expected trend, with significantly higher
enrichment scores in the genes up-regulated of the WT Differentiation signature (p-value
= 0.017) and a significantly decreased enrichment score of the down-regulated genes
when compared with WT P organoids (p-value = 0.014). (Fig. 33B). In differentiated
Rbm10 KO organoids, a similar trend was observed for both the up-regulated and the
down-regulated genes but the differences did not reach statistical significance (p-
value=0.164 and p-value = 0.065, respectively), possibly due be due to the variability of
the biological replicas (Fig. 33B).
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Figure 33: Rom10 WT D DEGs compared to Rom10 WT and KO organoids. A. Volcano plot
representing significantly DEGs (blue) in Robom10 WT organoids upon induction of differentiation
(n=3) (adjusted p value <0.05) B. ssGSEA enrichment score of up-regulated genes (left) and
down-regulated genes (right) from the WT Differentiation signature in Rbm10 WT and KO

samples in P and D (n=3/group) (Paired T-test), *p<0.05.
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GSEA was also performed on the pre-ranked lists generated as an output from the first
comparison: Rom10 WT P vs. D conditions and Rbm10 KO P vs. D. We determined the
enrichment scores for the urothelial differentiation signatures described by Robertson et
al 2017, Tan et al 2019, and the signatures corresponding to DEGs of the three cell
clusters identified by our group in a single cell RNA-Seq experiment using differentiated
normal urothelial organoids. We observed significant (FDR <0.025) enrichment of
Robertson and Tan et al signatures in both Rbm10 WT and KO upon induction of
differentiation, with similar NES scores and FDR values, suggesting an efficient urothelial
differentiation (Fig. 34A). We also observed significant enrichment of the signatures of
the three cell clusters of differentiated organoids in Rom10 KO samples (Fig. 34A). We
also checked the gene expression levels (normalized counts) of a panel of
basal/intermediate and luminal markers in Rbom10 WT and KO organoids (Fig. 34B): the
expression pattern of basal/intermediate and luminal markers was similar in both
conditions (Fig. 34B). Of note, in Robm10 KO P organoids, the basal levels of Gata3,
Upkla, Upklb, and Upk2 luminal markers were non-significantly higher than in WT P

organoids, suggesting a more luminal-like phenotype (Fig. 34B).
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Figure 34: GSEA analysis of luminal signatures and expression of basal/intermediate and
luminal markers in Robm10 WT and KO organoids. A. Enrichment plots showing the up-
regulation of luminal signatures in Rbm10 WT (top) and KO (bottom) D organoids. B. Graphs
showing the expression (normalized counts) of a panel of basal (top) and luminal (bottom)
urothelial markers in Rom10 WT and KO organoids in P and D conditions. (Paired T-test) *p<0.05.
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To validate these findings, we determined the expression of selected differentiation
markers (Upk1a, Upk2, Gata3, Ppary, and Foxal) using RT-gPCR and
immunofluorescence. In agreement with the RNA-Seq analysis, the relative expression
(fold-change when compared to WT) of luminal markers in proliferative conditions was
higher in Rbm10 KO organoids, compared to WT organoids (Fig. 35). In differentiation
conditions, Rbm10 KO organoids showed less differences in the expression of Upkla
and Upk2, and higher expression of Upk3a, Gata3, Ppary, and Foxal (Fig. 35).
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Figure 35: RNA luminal and basal/intermediate markers expression in Rom10 WT and KO
mouse urothelial organoids. RT-gPCR relative expression of Krt5, Upkla, Upk2, Gata3, Ppary,
and Foxal represented as fold change comparing paired Rbom10 KO Vs WT organoids in P and
D (n =3/each group) (Two-way ANOVA) *p=<0.05.

By immunofluorescence, detection of basal/intermediate markers (KRT5, KRT6, and
KRT16) was similar in proliferative conditions and decreased upon differentiation (Fig.
36). Protein expression quantification showed decreased levels of KRT5 upon
differentiation in both P and D, similar levels of UPK1A in all samples, and significantly
increased levels of UPK3A in Rom10 KO D organoids (Fig. 36).

In summary: 1) the urothelial differentiation program was efficiently activated both in
Rbm10 WT and Rbm10 KO organoids and 2) Rbm10 KO organoids expressed higher

levels of luminal markers in proliferative conditions.
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Figure 36: Luminal and basal/intermediate marker expression in Rbm10 WT and KO
urothelial organoids. IF analysis of the expression of KRT5 and UPK1A (right), KRT6 and
KRT16 (middle), and KRT10 and UPK3A (left) in 3 independent pairs Rbom10 KO and WT
organoids in P and D (scale bar, 250um); quantification of KRT5, UPK1A, and UPK3A by the IF
intensity per pixel in 10x confocal microscope (Mann-Whitney test). *p<0.05, **p< 0.01, ***p<
0.001, ****p=< 0.0001.
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6.3.4. Rbm10 KO urothelial organoids display a luminal-like phenotype with features of

stratified epithelia

In the P KO vs. P WT comparison, 7 genes were significantly up-regulated, and 5

significantly down-regulated, in Rom10 KO organoids (Fig. 37A). The function of these

genes and their qualitative expression in human urothelium is summarized in Table 11.
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Figure 37: Differentially expressed genes in Robm10 KO vs. WT organoids in proliferative
conditions (DESeg2 analysis). A. Volcano plot of DEGs (blue) in Rbm10 KO organoids
(adjusted p-value<0.05) (n=3) B. Heatmap representing normalized expression levels of DEG.

Gene Function Human urothelium
Gstml Glutathione S-transferase luminal (high)
Serpinbla Proteinase inhibitor that protects against damage caused by inflammation low
Cnfn Is part of the insoluble cornified cell envelope of stratified squamous epithelia very low
Krt10 Intermediate filament that composes cytoskeleton low
Gsdmc3 N-terminal moiety promotes pyroptosis very low
Sprrla Cross-linked envelope protein of keratinocytes very low
Sprr2f Cross-linked envelope protein of keratinocytes not detected
Sp8 SP transcription factor family, essential for limb development not detected
Cyp2f2 Xenobiotic metabolism very low
Zcche3 Involved in nucleic acid recognition and innate immune response very low
Fam129a Phosphorylation of proteins involved in translation regulation medium
Prdm16 Zinc-finger transcription factor that displays histone methyltransferase activity not detected

Table 11: Differentially expressed genes in Robm10 KO vs. WT organoids in proliferative
conditions. Functional information and qualitative RNA expression levels in human urothelium
extracted from the Human Protein Atlas (https://www.proteinatlas.org/). Up-regulated genes
shown in red and down-regulated genes shown in blue.
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In the third comparison, we compared D KO vs. D WT organoids: 2 and 12 genes were

significantly up- and down-regulated, respectively, in Rbm10 KO D organoids (Fig. 38A).

The function of these genes and their qualitative RNA expression in the human

urothelium is summarized in Table 12.
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Figure 38: Differentially expressed genes in Rom10 KO vs. WT organoids in differentiation
conditions (DESeg2 analysis). A. Volcano plot of DEGs (blue) in Rbm10 KO organoids
(adjusted p-value<0.05) (n=3) B. Heatmap representing normalized expression levels of DEG.

Gene Function urgtjhrgﬁﬂm
BC100530
(CstaA) Protease inhibitor that is also related to keratinization very low
Dapll Related to epithelial differentiation and apoptosis very low
Spsbl Involved in mediation of ubiquitination and proteasomal degradation low
Prdm1 Repressor of beta-interferon gene expression low
Rbpms2 RNA binding protein involved in the regulation of smooth muscle cell differentiation very high
Col5a3 Collagen type part of the structure of the ECM very low
DpysI3 Involved in cell signaling for cytoskeleton remodeling low
Scx Plays an essential role in mesoderm formation very low
Akap2 Regulatory subunit of protein kinase A involved in cCAMP signaling medium
Gasl Involved in the regulation of cell growth low
Lgr6 Receptor of R-spondins that potentiate the canonical Wnt signaling pathway very low
Mylk Kinase that phosphorylates myosin regulatory light chains very high
Nkainl Sodium/potassium-transporting ATPase interacting protein very low
Rab6b Member of the RAS oncogene family involved in protein metabolism very low

Table 12: Differentially expressed genes in Rom10 KO vs. WT organoids in differentiation
conditions. Functional information and qualitative RNA expression levels in human urothelium
extracted from the Human Protein Atlas (https://www.proteinatlas.org/). Up-regulated genes
shown in red and down-regulated genes shown in blue.
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To overcome the limitations resulting from the low number of DEGs in the comparisons
described above, we performed GSEA using the pre-ranked gene list with the
BIOCARTA, KEGG, REACTOME, and GO collections as well as selected gene
signatures related to urothelial cancer. In the P KO vs. P WT comparison, our analysis
showed significant up-regulation of urothelial luminal signatures (FDR <0.05) including
genes such as Upkla, Upk2, Gata3, Foxal, and Ppary, along with cornification and
keratinization signatures, including genes as Krt6éb, and Egfr, suggesting the enrichment
of a luminal-like profile with stratified epithelium features in Rbm10 KO P organoids when
compared with WT organoids (Fig. 39). In agreement with these observations, KO P
organoids displayed more cystic structures when compared to WT and at the same time,
at a protein level, they exhibited higher EGFR levels (Fig. 30D), which has been related
to basal-squamous/squamous cell carcinomas subtypes (Sjodahl et al., 2012;
Rebouissou et al., 2014). For this reason, we specifically assessed BIOCARTA, KEGG,
and REACTOME gene signatures related to EGFR pathway activation in Rom10 KO P
organoids, where these were significantly enriched (FDR <0.25) (Fig. 41). In parallel, in
the P KO vs. P WT comparison, we observed the down-regulation in pathways related
to cell cycle, DNA replication, RNA transcription, and translation with the significant
down-regulation of several proteasome subunits and Origin Recognition Complex
Subunit genes along with Cdknla and E2F1 expression (Fig. 39), which is in agreement
with our previous observations in the proliferation assays (Fig. 26).

In our D WT vs. D KO comparison, we observed the significant enrichment of urothelial
luminal signatures in Rbm10 KO organoids, including the up-regulation of luminal
markers such as Upklb, Foxal, Upk2, Ppary, and Gata3. However, the Ppary signature
was significantly down-regulated and reduced expression of Collal, Tcf4, Tpm2, Cebpb,
and ActaZ2 transcripts contributed to this pathway (Fig. 40). Some of these genes code
for proteins involved in differentiation (Tcf4 and Cebpb) and others are related to the
extracellular matrix (ECM) (Collal), intermediate filaments (Vim), or actin microfilaments
(Tpm2 and Acta2). We also observed a positive enrichment of signatures related to RNA
translation and transcription, where genes related to DNA and RNA biology were
significantly up-regulated (Fig.40). By contrast, Rbom10 KO differentiated organoids
show a negative enrichment in signatures related to the ECM structure and organization,
as well as integrin interactions, where several collagen family member genes and

integrins were significantly down-regulated (Fig.40).
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Figure 39: Enriched pathways identified by transcriptome analysis in Rom10 KO vs. WT
organoids in proliferation. Enrichment plots showing the up-regulation and the down-regulation

of different pathways (top) and forest plot showing top 30 significantly enriched signatures
(bottom) in Rbm10 KO organoids in proliferative conditions. FDR<0.05.
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Figure 40: Enriched pathways identified by transcriptome analysis in Rom10 KO vs. WT

1
4

Enrichment plots showing the up-regulation and the down-

regulation of different pathways forest plot showing top 30 significantly enriched signatures
(bottom) in Rbm10 KO organoids in differentiation conditions. FDR<0.05.

Enrichment plot: BIOCARTA_EGF_PATHWAY
: R
o S 141
-value: 0.05

TN

N FD

Enrichment score (ES)

H
H
s
5o
L
g

R
1

Enrichment plot: KEGG_ERBBE_SIGNALING_PATHWAY

Enrichment plot: REACTOME_SIGNALING_BY_EGFR

Ranked it mec Pretaniedy

i WTTINANT i

Figure 41: Enriched EGFR signaling pathways observed by transcriptome analysis in
Rbm10 KO organoids. Enrichment plots related to EGF signaling pathway enrichmentin Rbm10

KO organoids in proliferation conditions. FDR<0.25.
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To acquire a deeper understanding of the changes described above in Rbm10 KO
organoids, we investigated the expression of the DEGs with higher resolution taking
advantage of the single cell RNA-Seq data from normal urothelial organoids reported by
our group (Santos et al. 2019). In that study, dimensionality reduction and unsupervised
clustering revealed 4 cell clusters in proliferative conditions (basal, basal proliferative,
intermediate-low, and intermediate-high) and 3 cell clusters in differentiated conditions
(basal, intermediate, and luminal) (Fig. 42A). We observed that the DEG from our
second comparison, Rbm10 KO Vs WT in P, were expressed across all the identified
intermediate high, low, basal, and basal proliferative cell clusters. All the transcripts that
were significantly up-regulated in Rbm10 KO P organoids, and detected in this
experiment, were selectively enriched in the intermediate and luminal clusters, further
supporting the enhanced urothelial differentiation in P organoids resulting from Rbm10
inactivation (Fig. 42A, B).
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Figure 42: DEG of Rbm10 KO vs WT P organoids in scRNA-Seq data from normal urothelial
organoids in proliferation (A) and differentiation (B) conditions.
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In contrast to the above findings, the genes differentially expressed in Rom10 KO vs WT
organoids in differentiation conditions did not reveal consistent patterns of expression in
the scRNA-Seq dataset (Fig. 43).
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Figure 43: DEG of Rom10 KO vs WT D organoids in scRNA-Seq data in normal urothelial

organoids in differentiation.

To further assess the meaning of the DEG, we took advantage of the scRNA-Seq data
of mouse normal urothelium published by Yu et al., 2019. Similar to the previous
analysis, we compared the DEG of Rbm10 KO organoids in P and D to identify the
clusters where these genes were expressed. Among the DEG in P, Gstm1 and Sprrla
were highly expressed in all urothelial cell clusters (Fig 44A). Similarly, Krtl0 was
expressed in all clusters but at lower levels. Cyp2f2 and Gsdmc3 (not shown) were
expressed in basal/intermediate clusters, as opposed to Sprr2f, found in luminal clusters.
The other genes were expressed at low levels, precluding further analysis (data not
shown). Among the DEG in D, most genes were expressed at low levels in urothelial
clusters, except for Dapll, found in basal/intermediate cells (Fig. 44B). DpysI3, Akap2,
Gasl, and Milk were found mainly in mesenchymal cell clusters and at low levels in a

subcluster of basal urothelial cells.
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Figure 44: DEG of Robm10 KO vs WT P and D organoids in scRNA-Seq data from mouse
normal urothelium. A. DEG in Rbm10 KO organoids in proliferation B. DEG in Rbm10 KO

organoids in differentiation.

In summary, Rbom210 KO organoids exhibit an enhanced luminal-like stratified epithelium
phenotype, when compared with WT organoids, both under P and D conditions. The up-
regulation of keratinization and cornification genes under proliferative conditions is
suggestive of a differentiation process that is specific to stratified squamous epithelium,
that has been previously described in normal urothelial organoids in proliferative
conditions, which is also accompanied by a strong activation of the urothelial

differentiation program in these organoids. These findings need to be validated at the

gene and protein level.
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CHAPTER Il
RBM10 in bladder cancer
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6.4. Role of RBM10 in bladder cancer

6.4.1. RBM10 is recurrently lost in bladder cancer, independently of stage or grade

A whole-exome sequencing experiment performed by our group identified recurrent
mutations in several oncogenes and tumor suppressor genes in BC samples (Balbas-
Martinez et al., 2013). In that study, RBM10 mutations were found in tumors from both
the papillary and non-papillary pathways. RBM10 mutations have also been reported
subsequently in 16/105 (16%) NMIBC tumors (cBioportal, MSK Eur Urol, 2017; Pietzak
et al., 2017) and in 20/402 (5%) of MIBC tumors (cBioportal, TCGA PanCancer Atlas,
Hoadley et al., 2018). Moreover, RBM10 mutations have been reported in 3 to 6% of the

cases in several other BC studies (Fig. 45).
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Figure 45: RBM10 mutations in patients from different BC studies. Alteration frequency is
represented by the percentage of reported RBM10 mutations in BC studies in cBioportal
(https://www.cbioportal.org/).

At the outset of my project, there was very little information on the prevalence of RBM10
mutations in BC. Therefore, we used IHC to assess the prevalence of loss of protein
expression in 266 tumors covering the full spectrum of the disease, in collaboration with
G. Sjodahl (U. Lund, Lund, Sweden) (Fig. 46A). We identified 17 cases with
undetectable RBM10, for a global frequency of 6.4%. This is likely an underestimate of
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RBML10 alterations since missense mutations may not lead to loss of immunoreactivity.
There were no significant differences in the prevalence of tumors showing RBM10 loss
stratified by stage or grade (Fig. 46B). Tumors were classified as UroA, UroB, GU, and
infiltrated, according to the work of the Lund group (Sjodahl et al., 2012). Interestingly,
the RBM10-null tumors were more frequent in the UroB group and there were no RBM10-
negative tumors in the SCCL subgroup (0/25 SCCL tumors). These results suggest that
RBM10 is inactivated in a modest fraction of bladder tumors and that it is an early event
during bladder cancer development.

These results are the foundation for the study of how RBM10 inactivation contributes to
BC development.
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Figure 46: RBM10 loss of expression in bladder cancer TMAs. A. Representative images of
RBM10 immunostaining in full sections from a bladder tumor harboring an RBM10 truncating
mutation (scale bar, 50um) B. Frequency of loss of RBM10 expression in relationship with stage,
grade, and tumor subgroup.
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6.4.2. Co-occurrence of mutations in RBM10 and other cancer genes in bladder cancer
To identify genes that might cooperate with RBM10 inactivating mutations in BC, we
performed a co-occurrence and mutual exclusivity analysis using the information
available from the TCGA database (BLCA TCGA study, 2007). We focused on cases
harboring RBM10 inactivating mutations and filtered according to clinical relevance and
pathogenicity scores according to ClinVar. Fig. 47 shows the list of the top 10 genes co-
mutated with RBM10. Some of these genes are frequently altered in BC (KMT2C, TP53,
ARID1A, STAG2, and PIK3CA), either in NMIBC or in MIBC.
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Figure 47: Data analysis to identify RBM10 co-mutated genes. Top 10 co-mutated genes
obtained from the 22 patients with RBM10 inactivating mutations (TCGA Database) according to
clinical relevance and pathogenicity scores and mouse strain generation.

6.4.3. Establishment of GEMMs to assess the functional cooperation of Robm10
inactivation with other BC genes
Based on the findings of genes co-mutated with RBM10 in BC, we generated 3 additional

conditional mouse strains to assess the functional cooperation with Trp53, Kras, and
Pik3ca.

To assess cooperation between Rbm10 and Trp53, we inactivated both genes in the
urothelial luminal cells by using an allele driving CreERT2 expression from the Upk3a
promoter. In addition, we generated two pan-cancer models with ubiquitous inducible
activation of Kras* or Pi3kca* mutated alleles, along with Rbm10 inactivation. In all
cases, 6 weeks-old mice were fed a TMX-containing diet for 8 weeks. Fig. 48 shows the
Kaplan-Meier survival curves corresponding to the mice included in the three mouse

experiments.
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Figure 48: Survival curves of mice with Rom210 KO in cooperation with Tp53, Pi3kca and
Kras. Survival of TMX-induced Trp53 KO Rbm10 KO (n=7) and Trp53 KO mice (n=3), Pi3kca*
Rbm10 KO (n=5) and Pi3kca* mice (n=7), and Kras* Rbm10 KO (n=20) and Kras* mice (n=10).

The preliminary analyses of cooperation of Rbm10 and Trp53 inactivation, based on a
very small number of mice, do not provide evidence that inactivation of the two genes in
the urothelium is sufficient for bladder tumor initiation. We observed similar results with
Rbm10 inactivation and Pik3ca activating mutations, although the number of mice is too

low to reach a conclusion.

Mice in which ubiquitous inactivation of Rbm10 was induced together with ubiquitous
activation of mutant Kras* showed a dramatic decrease in survival compared to mice
with Kras* activation alone (p-value = 0.022) (Fig. 49A). Histopathological evaluation
revealed that 2/3 Kras* and 12/12 Kras* Rbm10 KO mice exhibited lung lesions. All mice
showed stomach/oesophageal papillomas regardless of Rbm10 status, which was likely
the main cause of death. Regarding the lung, we observed a non-significant increase in
the number (p-value = 0.1748) and size (p-value =0.1633) of tumors, as determined by
the diameter, in Kras* Rbm10 KO mice compared to Kras* mice (Fig. 49B). Interestingly,

2 out of 12 Kras* Rbm10 mice exhibited grade 2 adenomas.
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Figure 49: Histological assessment of the lung of Kras* Rbm10 KO mice. A. Representative
images of RBM10 immunostaining in formalin-fixed paraffin-embedded tissues and HE staining
of the oesophageal and lung sections from Kras* (n =3) and Kras* Rbm10 KO mice (n=12)
(arrows, papillomas; asterisks, lung lesions) (scale bar, 50um) B. Number and size of lung tumors
in Kras* and Kras* Rbm10 KO mice (Mann-Whitey Test).

To bypass the mortality caused by the stomach/oesophageal papillomas and assess
more precisely the cooperation of Rbm10 inactivation with mutant Kras in the lung, | have
induced recombination by administering adeno-cre intranasally. These mice are being
followed using CT scan. In addition, | have generated urothelial organoids from these
strains to assess how Rbm10 inactivation and Kras activation cooperation at a functional

level.
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6.4.4. RBM10 KO in bladder cancer cells

To explore the role of RBM10 inactivation in BC, we have used two different approaches:
we have generated RBM10 KO clones derived from RT4 cells with the CRISPR/Cas9
system and we have obtained patient-derived RBM10-mutant BC organoids. In our first
approach, we targeted the exon 3 of the human RBM10 gene to generate a protein-
truncating variant, as in our mouse models. We identified the stop codon introduced in
the RBM10 sequence in the three KO clones by Sanger sequencing and confirmed
RBM10 protein loss by IHC and western blotting (Fig. S0A-C).
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Figure 50: RT4 RBM10 KO clones establishment with CRISPR/Cas9 system.
A. Representative images of RBM10 immunostaining in paraformaldehyde-fixed RT4 cell
suspensions of RBM10 control (Scrambled), and RBM10 KO clones (scale bar, 100um) B.
Western blot analysis of RBM10 and -Actin on Rbm10 controls and KO clones protein extracts
C. Sanger sequencing showing RBM10 WT sequence compared to RBM10 KO clone 1 where a
premature stop codon was identified.

To investigate the effect of RBM10 inactivation on cell growth, we performed clonogenic
assays and determined the proliferation curves of the KO clones. We observed a
decreased clonogenic potential in the RT4 KO clones when compared to the empty

vector (EV) control (Fig. 51A), however, we did not observe a significant difference in
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the proliferation curves of these when compared to control (Fig. 51B). Further analyses
of these clones are being carried out in collaboration with T. Hoffmann and Dr. J.

Valcarcel.
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Figure 51: RBM10 KO clones clonogenic and proliferative potential. A. Representative
image of the clonogenic assays performed with RT4 RBM10 control and RBM10 KO clones B.
Graph showing cell proliferation every 24 hours as determined by the emitted normalized
bioluminescence in RT4 control and KO clones.

In our second approach, | have also generated a doxycycline-inducible system to
reconstitute RBM10 expression (Fig. 52A) and assess the cellular and molecular effects
of exogenous expression of wild type RBM10 in mutant organoids. | have confirmed the
suitability of the system by performing western blotting (Fig. 52B). Finally, we are
currently assessing the effects on proliferation, invasion, differentiation, growth factor
dependency, and transcriptomic changes to identify and validate other altered splicing
events that could help elucidate the role of RBM10 in tumorigenesis. These experiments

are also being conducted in close collaboration with T. Hoffman and Dr. J. Valcércel.
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Figure 52: Establishment of an RBM10 inducible expression system. A. Representative
imagines of HEK293FT cells (scale bar, 100pum) and patient-derived RBM10 mutant organoids
(scale bar, 200um) infected with an RBM10 inducible lentiviral plasmid and mCherry expression
as an infection reporter B. Western blot analysis of endogenous RBM10, exogenous FLAG-
tagged RBM10 and B-Actin on Rbm10 controls and KO cell protein extracts after 48h of
doxycycline induction in vitro.
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7.1. Germline Rbm10 inactivation in mice leads to a male-lethal
phenotype with partial penetrance

7.1.1. A new genetic mouse model to study the function of the splicing factor RBM10

As mentioned in the Introduction, Rbm10 is one of many regulators of alternative splicing.
While the general mechanisms of splicing are conserved across species, only 20% of
the alternative splicing events of specific transcripts are conserved between humans and
mice (Nurtdinov et al., 2003; Thanaraj et al., 2003). The cause of this low conservation
has not been fully elucidated and likely results from the fact that many variables affect
the regulation of splicing, including splicing factor structure and function, the sequence
of the target exons, and the sequence of the introns, among others. Conservation of
splicing events between mice and humans related to disease has been described in
psoriasis, where disruption of several genes coding for splicing factor (e.g. U2AF1,
SRRM4, and DDX5) has been linked to the disease (Li and Yu, 2018).

Genetic mouse models are powerful tools to study mechanisms of disease, provided
functional conservation across species. Several strains have been generated with
transgenic overexpression of genes coding for splicing factors, or with targeted deletions
or knocked-in mutations. Most of the constitutive KO models generated present early
embryonic lethality or severe defects in organogenesis, highlighting the essential
functions of these proteins, known to be strictly hon-redundant in certain cell types and
developmental stages while in others they are dispensable (Moroy and Heyd, 2007).
Knock-in models of other genes coding for splicing factors, such as Prpf3/8/31, have
proven useful to recapitulate the main degenerative features found in retinitis pigmentosa
patients (Graziotto, et al., 2011). Similarly, conditional mouse models with mutations in
Sf3bl, Srsf2, and U2afl recapitulate - to a variable extent - the myelodysplastic
syndromes associated with mutations in these genes in humans (Xu et al., 2019).
Conditional knockout in the heart of Sc35 and Asf/Sf2, two genes coding for SR proteins,
has shown that - while not essential for cardiogenesis - they are crucial for heart function
during adulthood (Xu et al., 2005; Ding et al., 2004).

TARP syndrome is a rare condition and the formal proof of the relevance of the
pathogenic gene mutations/inactivation using genetic mouse models has not been
acquired until now. A major question we posed at the beginning of my work was whether
the differences in AS across species might hinder recapitulating TARP syndrome in our

mouse model, based on the known lack of conservation of most splicing events between
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mice and humans. The data presented in this study strongly suggest the conservation of
Rbm10 function in humans and mice. This might not be surprising considering that the
murine RBM10 protein is 96% identical to the human RBM10 protein and the high
conservation of intron-exon structure of the gene in both species (Johnston et al., 2010)
(Fig. 53). This finding strongly suggests that either the splicing events responsible for
TARP syndrome are largely conserved or that the mechanism(s) through which RBM10
mutations contribute to the developmental syndrome are not related to the function of
the protein in splicing. In situ hybridization analysis of Rbm10 at early stages of mouse
embryo development (E9.5 and E10.5) shows high expression in branchial arches 1 and
2 and lower expression in the limbs (partially overlapping with the apical ectodermal
ridge) and tail. These observations point to an important role of RBM10 in the
development of structures derived from these regions and is consistent with the reported
developmental defects resulting from loss of function RBM10 mutations observed in
TARP patients (Johnston et al., 2010).
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Figure 53: Intron-exon structure of the RBM10 gene in human and mouse genomes and
derived splicing isoforms. Schematic representation of the RBM10 locus and comparison of
human and mouse reported protein-coding isoforms. Modified from Ensembl
(http://www.ensembl.org/).

It is important to take into account that in our mouse model, Cre recombinase leads to
the deletion of exon 3 of Rbm10, generating a premature stop codon. The resulting
Rbm10 transcripts are expected to undergo nonsense mediated decay (NMD), which in
turn will lead to degradation of the mutant RNA and loss of RBM10 protein. We show
that upon recombination, expression of RBM10 is widely lost in tissues of Rbm10 KO
mice. The fact that we have used an antibody against the N-terminus of the protein could
be a limitation to our findings if an internal translation initiation site could give rise to a

protein encompassing the C-terminus of the wild type species. Interestingly, to our
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knowledge, there have been no reports on the loss of protein expression in tissues from

patients with TARP syndrome.

In TARP syndrome, multiple non-sense and frameshift mutations predicted to be
deleterious have been described (Johnston et al., 2010; Johnston et al., 2014; Wang et
al., 2013; Powis et al., 2017; Hojland et al., 2018; Keappler et al., 2018), these alterations
might be modeled in the Rbm10 KO mouse. Nevertheless, in described missense
mutations, the functional impact on the annotated structure has not yet been described
and might constitute a source of phenotypic variability no recapitulated in our KO mouse

model.

The diversity of the mutations reported in patients could explain the substantial diversity
in transcript variants, where the structural changes in the RBM10 protein can interfere
with its normal functions. The functional impact of truncating mutations on RBM10 protein
structure has been described in a few studies. In the study by Wang et al, the reported
deleterious mutation of 1292 nt (ChrX: 46929367—46930658 bp, UCSC genomebrowser
hg18), led to a loss of 239 amino acids, including the zinc finger domain, a portion of
the G-patch domain, and a region with a nuclear localization signal, causing its
mislocalization in the cytoplasm and leading unpaired splicing functions. A second study
reported a deleterious mutation (c.1352_1353delAG. ChrX:47040717-47040718 bp,
UCSC genome browser hg18) that resulted in the loss of several regions of the protein,
including the OCRE, zinc finger, and G-patch domains (Powis et al., 2017). Of note,
these domains are important for spliceosome assembly and recruitment of pre-mRNA
(Bonnal et al., 2008). A third study revealed a frameshift mutation that led to a premature
stop codon only for RBM10 isoforms which include exon 4, leading to a loss-of-function
in these variants. This exon is skipped in three out of five of the RBM10 isoforms, hence
the remaining transcripts that were unaffected may explain the survival of this patient
into adulthood (Hojland et al., 2018). However, few studies have focused on the
molecular and cellular impact of these mutations on disease pathogenesis. Therefore,
increasing our knowledge and understanding of the mechanisms behind these
alterations could shed light on the prediction of its clinical impact, having implications for

prognosis and helping improve preventive diagnosis.

7.1.2. Rom10 constitutive KO embryos partially recapitulate human TARP syndrome

Gender-bias: penetrance in male and female mice. We first set out to generate
hemizygous KO males since TARP syndrome is an X-linked inherited disease affecting

males. Our initial observations pointed to a decrease in the expected KO:WT and
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male:female ratios in adult mice, despite the fact that males were normal upon
examination by CT Scan. We also generated Rom10 homozygous KO female embryos
to evaluate phenotypic penetrance of gene inactivation in both genders, which was found
to be lower. Male embryos presented a higher number of severe heart defects which
could account for the decreased KO:WT and male:female ratios. We observed a 30%
reduction of the Rbm10 KO male mice population, while the remaining 70% survived. In
humans, survival into adulthood has been achieved, with multiple medical interventions,
in a 28-year-old patient presenting ASD (Hojland et al., 2018) and in two teenage patients
with a phenotype overlapping TARP syndrome (Wang et al., 2013). Nevertheless, the
incidence of RBM10 germline mutations in the adult population has not been reported to
date. An in silico analysis of exome sequencing data from the gnomAD browser

(https://gnomad.broadinstitute.org/) reveals that RBM10 truncating mutations in healthy

subjects must occur only exceptionally, although a variety of missense mutations have
been identified. Their significance and/or association with milder forms of disease remain
to be studied.

Males are more vulnerable to pathologies derived from mutations in genes on the X
chromosome. Females who carry mutations are mosaic, having cells expressing one of
the two sets of X-linked genes as a result of random chromosome inactivation by
epigenetic silencing, serving as a mechanism of protection from severe clinical
manifestations (Migeon, 2008). Different levels of mosaicism by X-inactivation have been
reported in the heterozygous mothers of TARP patients without further clinical
manifestations in them or their daughters (Johnston et al., 2014; Gripp et al., 2011;
Hojland et al., 2018). In agreement with this notion, we have observed a mosaic pattern
of RBM10 expression in various tissues from female mice, which could explain the milder

heart and craniofacial phenotypes and the normal expected Mendelian ratio.

Cardiac phenotype. The constitutive Rbm10 KO strain developed here has proven
useful to recapitulate in E18.5 embryos two of the main features of TARP syndrome: the
ASD - considered the main cause of lethality (Gripp et al., 2011). A detailed analysis of
heart abnormalities has disclosed several other cardiac abnormalities that have been
reported in clinical cases: heart chamber dilation (16%), atrial enlargement (12%),
tricuspid and mitral valve abnormalities, and hemorrhages (Johnston et al., 2010;
Johnston et al., 2014). In our model, the right atrium was dilated in >50% of the embryos,
and hemorrhages occurred in 20% of individuals. Although we could not measure the
function of the mitral valve in embryos due to technical limitations, we observed

alterations in the lateral portion of the tricuspid valve in adult male mice. These
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similarities with the human patients are remarkable, especially considering the

phenotypic variability in cardiac phenotypes observed both in mice and in humans.

Craniofacial phenotypes. Craniofacial defects were also found with a higher incidence
in Rom10 KO embryos, mainly in the palate. However, the frequency of the abnormalities
identified was often not significantly higher, possibly again due to the phenotypic
variation. The absence of palatal holes, abnormal palate formation, and primary cleft
palate highlights a certain level of conservation of Rbom10 function in the development of
the head region, as in humans. This was also reflected in the variable size of the cleft
palate observed in Rom10 KO embryos. An extended analysis of mutant embryos is

warranted to reach more robust conclusions.

Other phenotypes. We did not observe the presence of talipes equinovarus (clubfoot)
or bone malformations in adult mice by CT scan or during embryonic development by
MR imaging. Of note, talipes equinovarus has been observed in other genetic mouse
models with mutations in Pitx1 (Dobbs et al., 2017). In our study, several explanations
could account for this fact: 1) the mentioned variability, 2) the technical difficulties derived
from sample fixation for visualization using MR imaging, 3) the relatively small number
of analyzed animals, and 4) the fact that some of these features might be secondary -
rather than primary - developmental defects. Of note, the absence of talipes equinovarus
has been reported in TARP patients in three families (Johnston et al., 2014). In this
report, some of the affected individuals also lacked the complete Robin sequence and
some even lacked the cleft palate and ASD, emphasizing the intrinsic variability of the
clinical phenotype which has been confirmed in more recent studies (Powis, et al.2017;
Hojland et al. 2018).

We could not assess PLSVC, the fourth cardinal feature reported in 50% of TARP cases
(Niceta et al., 2018), due to developmental differences between humans and mice.
Normally, the right superior vena cava persists into adulthood in both species. However,
in humans the left superior vena cava disappears after birth, whereas it persists
postnatally in mice and both vena cavae independently empty into the right atrium
(Manousiouthankis et al., 2014; Kaufman et al., 2004). As mentioned above, this feature

is also subject to variability in human TARP patients.

Over the period of my thesis work, several reports have underscored that patients with
TARP syndrome present additional abnormalities and that the phenotypes are
pleiotropic. Therefore, the availability of the genetic mouse model described here offers
the possibility of exploring in greater depth the developmental role of RBM10 given the

very low incidence of TARP syndrome and the obvious ethical limitations related to
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studies in patients. For these reasons, we are currently exploring whether milder, non-
lethal, phenotypes may have been unnoticed in our analyses of embryos. In addition, in
collaboration with J. M. Redondo (CNIC), we have set out to induce cardiac hypertrophy
in 3 month-old knockout mice to reveal more subtle defects that might not have been
detected without stress. This could be relevant to identify patients who are carriers of
RBM10 mutations who might present subtle congenital heart defects or altered cardiac
function. Finally, in collaboration with E. Puelles (Instituto de Neurociencias, Alicante) we
are currently assessing the occurrence of histological alterations in the central nervous

system of Rbom10 KO male embryos.

In summary, we have generated the first genetic mouse model of TARP syndrome which
largely recapitulates the features identified in patients and the variability of phenotype
penetrance. This strain should be a valuable tool for the study of TARP syndrome and it
should provide an improved understanding of the molecular basis of this condition.

7.1.3. On the molecular mechanism(s) involved in the developmental alterations

resulting from Rbm10 inactivation

Here, | have not addressed the cellular and molecular mechanisms responsible for the
developmental abnormalities observed in Rbm10 KO mice. This is, in part, due to the
fact that our laboratory’s main focus is on cancer. However, this is an important question
that will need to be tackled in future studies. Embryonic development is a complex
process and many of the genes/processes involved are conserved across species. It s,
thus, conceivable that if the molecular processes are conserved, the models may provide
clues for a better understanding of the pathogenesis of the defects and - possibly lead

to improved therapeutic strategies.

Several observations made during our study have led us to consider the possibility that
alterations in the processing of Fgf8 transcripts might contribute to the phenotype of
TARP syndrome. FGF8 alterations have been linked to pathological conditions similar to
those reported for TARP syndrome and in this study (Lewandoski et al., 2010; Moon and
Capecchi, 2000; Frank et al., 2002; Hao et al., 2019; Trumpp et al., 1999; Becic et al.,

2018; Imaizumi et al., 2018). A number of arguments are considered below:

- Rbm10 and Fgf8 have overlapping expression patterns in primary structures during

development, as described for Rom10 by Johnston et al and for Fgf8 (below).
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- The deletion of Fgf8 has been reported to cause abnormal cardiovascular structures
leading to lethal malformations of the cardiac outflow tract, great vessels, and heart,
mainly due to a failure to form arteries from the fourth pharyngeal arch during
development (Frank et al., 2002).

- Fgf8 loss of function also leads to abnormal craniofacial structures resembling human
first arch syndromes (Frank et al., 2002; Trummp et al., 1999), altered limb formation
lacking distal skeletal elements, or hypoplasia (Lewandoski et al., 2000; Moon and
Capecchi, 2000). Mutations in Fgf8 and other family members have been related to cleft
lip and palate (Riley et al., 2007), all of which have been described in TARP syndrome.

- Two Fgf8 splicing variants, Fgf8a and Fgf8b, have been demonstrated to have different
activity and expression patterns across embryonic tissues (Fletcher et al., 2006; Inoue
et al., 2006). Nevertheless, the molecular mechanisms involved in the regulation of FGF8
splicing during embryogenesis in vertebrates have not been elucidated (Sunmonu et a.,
2011).

FGF8 is involved in many critical processes during development by instructing growth
and patterning. It belongs to the FGF family of secreted proteins that participate in
progenitor cell specification, survival, proliferation, and differentiation. In particular, FGF8
is expressed in the primitive streak and tail bud, the apical ectodermal ridge of the limb
bud, the midbrain junction, and the anterior neural ridge (Crossley and Martin, 1995). It
is considered to be secreted mainly by epithelial cells during the development of the first
branchial arch and it is also expressed during development in the heart, limbs, kidney,
CNS, and face, where it regulates multiple signaling pathways that are essential for
proper early cardiogenesis, palatogenesis, odontogenesis, tongue development, salivary
gland branching morphogenesis, and neuronal crest-derived tissues development
(Eswarakumar et al., 2005; Trumpp et al., 1999; Haworth et al., 2007).

The function of FGF8 has also been associated with that of TBX1, a transcription factor
that controls elongation during development. Tbhx1 KO mice exhibit Fgf8 down-regulation
in the palate epithelium (Arnold et al., 2005). In humans, a role for TBX1 has been
described in the formation of the ventricular septum derived from the second heart field
(Gittenberger-de Groot et al., 2014). FGF8 has also been associated with other
morphogens, such as WNT1 - having overlapping domains in the development of the
face (Frank et al., 2002) - or Shh, Bmp2, and other Fgfs, which present reduced or altered
expression upon Fgf8 deletion in the limbs (Lewandoski et al.,, 2000; Moon and

Capecchi, 2000). In addition, positive feedback loops have been described involving, for
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example, SHH as a regulator of FGF8 signaling in head ectoderm development (Haworth
et al., 2007).

Nevertheless, other mechanisms have also been linked to atrial and ventricular septal
defects, including mutations in FAK, NODAL, GATA4, EGF, and TBX5 transcription
factor/signaling pathways, among others (Doherty et al., 2010; Samarel, 2014,
Gittenberger-de Groot et al., 2014; Yeh et al., 2017). In this regard, in collaboration with
T. Hoffmann and J. Valcarcel, we have identified and validated altered splicing of Fak
transcripts in Rbm10 KO mouse urothelial organoids, making this an interesting
candidate for screening in the context of embryonic development in our KO embryos.

To confirm the validity of the hypotheses proposed above, several experiments can be
proposed based on the fact that alternative splicing and isoform expression changes are
frequent and variable across different tissues during development, pointing at it as an
important developmental regulatory mechanism (Revil et al., 2010; Han et al., 2017,

Grabowski et al., 2011). Specifically, the following approaches can be considered:

- RNA-Seq and alternative splicing analysis to identify putative alterations in Rom10 KO

embryos, followed by RT-qPCR validation;

- in situ hybridization to confirm alternative splicing events at the individual cell level,
given the fact that single cell RNA-Seq does not yet have the resolution to assess

changes in alternative splicing;

- functional validation in cellular systems in vitro, by rescuing defects identified in cells
from Rbm10 KO mice, including effects on the migration, proliferation, and/or
differentiation of progenitor cell populations.

Is also important to consider that RBM10 might exhibit splicing-independent functions in
developmental contexts, which have not been unveiled yet and could be addressed by

using our mouse model.

7.1.4. Rbm10 is dispensable during mouse adulthood

The reported mouse models for splicing factor genes study have mainly focused on

introducing mutations by involved in hematopoietic related diseases through a variety of

approaches (Li & Yu, 2019) and, in a few cases, introducing ubiquitous knockin

mutations leading to retinopathies (Graziotto et al., 2011). To our knowledge, conditional
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KO mouse models of splicing factor genes that have assessed gene inactivation in adult

mice have not been reported.

The efficient recombination achieved in male mice in our Rbom210 conditional KO mouse
model allowed asking the question of relevance to adult homeostasis. Given the less
consistent recombination achieved in females we focused on males. We did not observe
significant differences in survival and at a histological level, the tissues analyzed looked
normal. These findings highlight the importance of timing in the study of the role of
splicing factors, where inactivation of Rbm10 at an early developmental time point is
lethal with incomplete penetrance while inactivation in adulthood did not result in an
obvious phenotype. One caveat to this conclusion is the persistence of occasional
unrecombined cells in tissues, but we did not observe obvious repopulation by these
cells. One possibility is that the lack of a severe phenotype upon gene inactivation in
homeostatic conditions is caused by postnatal - but not embryonic - redundancy in
splicing factor functions. Another explanation could be that, in homeostatic conditions,
altered splicing of its target transcripts does not have a severe functional impact on the
cell and can be compensated by other cellular mechanisms. In addition, it is possible
that RBM10 has functions other than its role in splicing and that these functions vary as

a function of age.

7.2. RBM10 inactivation is an early event in bladder tumorigenesis

The concept of “field effect” has received support in bladder cancer, whereby some
genetic alterations can be detected in tumor-free premalignant urothelium (Czerniak et
al. 2000; Majewski et al., 2008; Thomsen et al., 2017; Strandgaard et al., 2020;
Marzouka et al., 2020) (Piedrafita Bladder, et al., 2020). Multiple independent types of
evidences support the notion that RBM10 inactivation occurs early during bladder

carcinogenesis:

1) Loss of RBM10 expression, used as a surrogate of inactivation mutations, occurs at

a similar rate in BC regardless of all stage and grade;

2) We have observed loss of expression of RBM10 in histologically normal urothelium of
tumors lacking RBM10 expression. These observations have been corroborated by our
collaborators (A. Hartmann, Erlangen) who have found mosaic loss of RBM10 in large
regions of histologically normal urothelium from full-bladder mappings of cystectomies

from patients with MIBC;
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3) Very recently, I. Martincorena’s group has shown that inactivating RBM10 mutations
can be detected in normal urothelium of bladders from organ donors (without disease).
RBM10 is one of few genes for which mutant clones have been shown to undergo

positive selection, indicating a functional effect (Lawson et al. 2020).

How RBM10 loss provides an advantage to mutant clones is not known. Current
techniques do not allow assessing with sufficient robustness splicing changes at the
single cell level or in microbiopsies of a small number of cells. Therefore, at the beginning
of my project, T. Hoffmann and J. Valcéarcel set out to investigate the splicing events
associated with RBM10 mutations in bladder tumors focusing on the UROMOL cohort of
patients with NMIBC (Lindskrog et al., 2020). Because RBM10 mutations leading to
premature stop codons are predicted to lead to a down-regulation of transcript levels,
they performed deep resequencing of 13 tumors (in collaboration with L. Dyrskjgt,
Aarhus University, Denmark). This work, part of the Ph.D. thesis of T. Hoffmann, is
summarized in Box 1 and Box 2. RBM10 mutations were associated with significant
dysregulation of several splicing events in transcripts coding for proteins involved in cell
cycle and chromosome segregation. The most significantly deregulated events implied
NDRG2, NCAPD3, MAPK10, SMC5, CRYZ, NCAPG2, and CENPX mRNAs (Box 1).
Some of these events have been shown to be altered also in our mouse urothelial

organoids, as discussed below.
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Box 1

Transcriptomic Analysis of Alternative Splicing in the UROMOL

early stage bladder cancer cohort

The aim of this work was to analyze the alternative splic-
ing (AS) profile of patient-derived bladder RNA
sequencing data harboring RBM10 mutations. RBM10
is frequently mutated in bladder cancer and considered
a cancer driver gene.

To achieve this, 13 tumor samples of the UROMOL
cohort were re-sequenced in depth to allow AS quantifi-
cation. 5 tumors with RBM10 wild-type status were then
compared to 5 tumors with RBM10 alterations and the
AS profiles were quantified using VAST-TOOLS (Irimia
et al 2014). AS was quantified using the percentage
spliced in (PSI), a measurement of inclusion of alterna-
tive sequences (Fig A). RBM10-mutated tumors showed
altered patterns of AS in 391 events using a threshold of
delta PSI (dPSI) of 10% between mutated and non-mu-
tated tumors, mainly altering cassette exons rather than
intron retention, alternative 3’ss or 5’ss events (Fig B).
Notably, a high number of AS changes were shared with
RNA sequencing data from human-derived-organoids
comparing loss-of-function mutated organoids with
RBM10 wild-type organoids (Fig C).
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Next, the cassette exons found associated with RBM10
mutations in the tumors were analyzed more in detail. It
was found that a significant fraction of those events
were also altered in the TCGA late stage bladder cancer
cohort. A number of those AS changes were also
correlated with overall patient survival in the TCGA

cohort when particular sets of

D ™
10 PSI values were used as
80 " cut-offs. NDRG2 exon 6 is

—r—— :

g HE shown as an example: in the

. UROMOL cohort the PSI

2 40 : values for RBM10-mutated
20 - tumors were all higher than

50% and for RBM10 wild-type
tumors PSI values were
below 50% (Fig D).

Using 48% as a cutoff, higher PSI values were associat-
ed with worse overall patient survival (Fig E). Similar
observations were made for 9 other cassette exons
linking RBM10 dependent exons with overall survival.
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Further cassette exons were analyzed and certain
common sequence/architectural features were found
(summarized in Fig F). Additionally, CU-rich RNA bind-
ing motifs within the upstream intron were predicted
using MEME and DREME algorithms (Fig G).
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Box 2

Using those motifs, an RNA binding map was built,
revealing that the motif was particularly enriched in
exons displaying higher inclusion levels under condi-
tions of RBM10 alterations (Fig H). Importantly, the
enrichment in CU nucleotides was also observed in
different CLIP studies (Bechara et al 2013, Wang et al
2013, Rodor et al 2016).
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Analysis of differential gene expression of the whole
UROMOL cohort comparing RBM10-mutated and
wild-type tumors and analysis of GO-term enrichments
found significant GO-term enrichments that were also
enriched when GO-term analysis was performed on
altered AS. The shared terms were:

- NUCLEAR_CHROMOSOME_SEGREGATION,

- CONDENSED_CHROMOSOME,

- REGULATION_OF_CELL_CYCLE_PROCESS and
-REGULATION_PROTEIN_COMPLEX_DISASSEMBLY

Additionally, a increased in absolute ploidy was
observed in RBM10 mutated tumors within the TCGA
cohort (Fig |) suggesting a potential function in correct
execution of the cell cycle process and mitosis.
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Next, RBM10 missense mutations were analyzed
regarding their potential to alter AS to an extent similar
to that of loss-of-function mutations. We observed
remarkable differences between different missense
mutations. This was interesting because missense
mutations are frequent RBM10 mutations in bladder
cancer, especially within the UROMOL cohort (Fig J).
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Using different methods to predict the impact of individ-
ual missense mutations, we found that they showed
distinct likelihood to impact protein structure/function
(Fig K). Next, using computational imputation of missing
values, we applied PCA analysis of AS patterns to the
whole UROMOL cohort. Interestingly, we then found a
high overlap between those mutations predicted to be
deleterious, loss-of-function mutated tumors and
RBM10 low expressing tumors (Fig L). Most interesting
was the observation that many of those missense muta-
tions were located within the second zinc finger domain
of RBM10, suggesting that this poorly studied domain of
RBM10 is mechanistically important for bladder cancer
progression (Fig M).
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7.2.1. Rbm10 inactivation is not sufficient for bladder tumor development

In our conditional mouse model, ubiquitous Rbm10 inactivation alone did not lead to
tumors. We hypothesize that, as for many tumor suppressors, additional mutations need
to accumulate for tumors to develop. The bioinformatic analysis of co-occurring
mutations in BC samples led us to generated 3 additional conditional mouse strains to
assess the cooperation of Rbm10 with other tumor suppressors or oncogenes: Kras 2",
Pik3ca "%"R and Trp53.

In two of these strains, Pik3ca*; Rbom10 KO and Trp53 KO; Rbm10 KO, we did not
observe tumor development by introducing ubiquitous activation of knockin mutations in
Pik3ca nor with the deletion of Trp53 with an urothelial-specific promoter Upk3a.
However, the number of mice analyzed is too small and this cohort is now being
expanded. We obtained similar results with the Trp53 KO; Rbm10 KO model in 7 mice,
in agreement with other studies in which the deletion in p53 alone in UPK3a expressing
cells has not been described as tumorigenic in the available bladder cancer mouse

models.

Because RBM10 mutations have also been reported in lung adenocarcinomas and in
pancreatic tumors - both of which commonly harbor KRAS mutations - we opted for the
use of an allele driving ubiquitous Cre expression. The tendency for an increased number
of tumors of larger size in double mutant, but not in single mutant, mice argues for
cooperation but the development of unrelated tumors complicates this analysis. To refine
our observations, we have turned to selectively induce recombination in the lungs by
administering adeno-Cre intranasally and we are currently following tumor development
by CT scan. Overall, these findings indicate that the effect of Rbm10 deletion on
tumorigenesis is context-dependent (i.e. spatial, temporal, and genetic context) and the
preliminary results suggest cooperation with mutant Kras in lung carcinogenesis. These
findings are in agreement with other data supporting the cooperation of RBM10 and
KRAS mutations (Nanjo et al., 2020; Sun et al., 2018; Li et al., 2020, Zhao et al., 2017;
Hernandez et al., 2016).

Considering the fact that experiments with GEMMs are lengthy, the urothelium shows a
low proliferation with turnover rates of 3-6 months, and the lack of tumors in mice
harboring only Rbm10 inactivation, we have undertaken two additional strategies: 1) to

establish mouse cohorts of Rbom10 KO and WT male mice that are receiving BBN, a
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urothelial-specific carcinogen and 2) to use organoids as a tool to better understand the

role of RBM10 in urothelial biology.

7.2.2. Role of Rbm10 in urothelial biology: an analysis using organoids

Organoids are powerful cellular tools to study the biology of normal epithelial cells which
can often not be maintained permanently in 2D conditions. Their layered organization
recapitulates better the complexity of the original tissue. Our group has demonstrated
that, in proliferative conditions, normal urothelial organoids predominantly display a basal
phenotype and that they are capable of activating the urothelial differentiation program
upon removal of growth factors. Differentiated organoids have a distinct morphology,
characterized by a reduced number of cell layers, a bigger lumen, the expression of
higher levels of luminal markers such as Upkl, Upk2, Upk3a, Foxal, and Ppary, and

they acquire barrier function, similar to the urothelium in the bladder (Santos et al., 2019).

An advantage of using normal urothelial organoids from the conditional KO mice is that
the effect of Rbm10 inactivation can be readily assessed upon induction of recombination
in vitro. The Rbm10 KO organoid model was successfully established; to reduce
variability, we restricted this work to male-derived organoids and isolated recombined
cells using FACS, assuming first - and confirming later - that Rom10-null cells were
faithfully identified by the reporter. RBM10-null organoids showed almost normal
growth, consistent with the lack of phenotype observed in adult KO mice. This agrees
with the findings in normal bronchial and breast epithelial cells upon RBM10 KD (Nanjo
et al., 2020; Bechara et al., 2013) and has been shown in cells derived from mouse

models for other splicing factor genes (Moroy & Heyd, 2007).

7.2.3 RBM10 and the EGF receptor pathway

Rbm10 KO organoids showed to be less proliferative than WT organoids. While this
observation is somewhat unexpected for a tumor suppressor gene, studies with
organoids have shown that normal cells can grow optimally - even better than
transformed cells - in the rich medium used (Boj et al., 2015). These organoids are also
less dependent on exogenous EGF and express higher levels of EGFR at the protein
level. These phenotypes may be related to the altered splicing events of transcripts
related to cell cycle and chromosome segregation (Box 2) and the down-regulated

signatures in proliferative conditions in our GSEA analysis.
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The EGF independence suggests the activation of a cell-autonomous EGFR activation,
which is in agreement with our RNA-Seq data showing enrichment of EGFR signaling
pathway associated-signatures, possibly through the endogenous production of EGF
ligands. In pancreatic cancer, a subset of organoids acquires WNT/RSPO1
independence through the endogenous production of WNT ligands, in association with
loss of “classical” ductal features (Seino et al., 2018). Other hypotheses include the
possibility that Rbm10 inactivation led to increased EGFR stability, making these
organoids more sensitive to EGF or other receptor ligands. To test this hypothesis, we
are currently performing proliferation assays in the presence of Erlotinib, an EGFR
inhibitor. Alternatively, downstream pathway activation may lead to increased EGFR
expression. An unexpected precedent for the latter has been described in mouse models
of pancreatic cancer, where Kras mutations lead to the activation of an EGFR loop that
renders cells extremely sensitive to Egfr genetic deletion (Navas et al., 2012). A link
between RBM10 and EGFR has been very recently been described in lung cancer,
where RBM10 inactivation co-occurs with activating EGFR mutations: RBM10
inactivation decreases EGFR inhibitor-mediated apoptosis (Nanjo et al., 2020). This
significant co-occurrence is also found in lung adenocarcinoma tumors patients in the

TCGA database (cBioportal, https://www.chioportal.org/). Interestingly, RBM10 has been

associated with the SRC family of tyrosine kinases, downstream targets of EGFR
signaling, in the regulation of cell spreading in melanoma cells (Yamada et al., 2016)
(Fig. 43).
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Figure 43: Association of RBM10 with EGFR downstream targets. Reported interaction of
RBM10 with FilGAP through RAC1 in melanoma cell lines (Yamada et al,, 2016).

The EGFR pathway plays an essential role in urothelial proliferation and migration
(Daher et al., 2003; Varley et al., 2005) and its activation - mainly through EGFR
amplification and/or mutations in members of this receptor pathway. EGFR

overactivation has been associated with the Basal/Squamous-like subgroup of MIBC
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(Kamoun et al., 2020; Rebouissou et al., 2014). Unlike in lung adenocarcinoma, in MIBC
tumors from the MSK/TCGA database, RBM10 truncating mutations (4.3%) and EGFR
amplifications  (4.3%) are non-significant mutually exclusive  (cBioportal:
https://www.cbioportal.org/, MSK/TCGA database, 2020). Of note, | have found that
RBM10 loss of expression is infrequent in MIBC with basal features, also suggesting

distinct differences between lung and bladder cancer.

The candidate splicing events identified as altered in BC in association with RBM10
mutations further point to the EGFR pathway. In the UROMOL and TCGA cohorts, RNA-
Seq analysis has revealed changes in the splicing of FAK/PTK2 and ZDHHC20, without
changes in gene expression as determined by the normalized counts. FAK encodes a
Ser-Thr kinase that regulates numerous signaling pathways; its dominant role has been
reported in integrin signaling but it also participates in ERBB2 signaling and in the
downstream activation of PI3K and AKT1, MAPK1/ERK2, and MAPK3/ERK1 signaling
cascades (Fig. 44). The effect of the predicted alteration in the FAK transcript variant is
not known. High expression of FAK has been associated with poor prognosis in BC
(Zhang et al., 2018) and has been related to an aggressive phenotype in several tumor
types (Zhou et al., 2019).

ZDHHC20 encodes an enzyme that catalyzes palmitoylation of Cys residues in the C-
terminus of EGFR, also regulating the duration of EGFR activation by internalization and
degradation of this receptor (Runkle et al., 2017). Inhibition of ZDHHC20-mediated
EGFR palmitoylation in breast, lung and kidney cancer cells reveals a dependence on
EGFR signaling (Runkle et al.,, 2016). The predicted structure for the ZDHHC20
transcript variant causes non-sense mediated decay through the inclusion of a poison
exon, a type of highly conserved alternative exons containing premature termination
codons. Importantly, RBM10 expression correlates with the inclusion of the poison exon
in ZDHHC20 transcript variants in BC, leading to lower levels of ZDHHC20 mRNA, and
being associated with shorter patient survival (T. Hoffman, doctoral thesis). We have
successfully validated the deregulation of these two splicing events - identified through
the transcriptomic analysis of human tumors - in Rbom10 KO organoids (data not shown),
underscoring the usefulness of the in vitro mouse models. We plan to explore the
biological effect of these splicing changes in various cellular models, including the mouse

organoids. Specifically, we would address the effect on EGF dependency.

152


https://www.cbioportal.org/

Considering this, our organoid system could be useful to reveal if the regulation of these
mechanisms by Rbm10 leads to the observed phenotype, less EGF dependency, and if

the function of these variants is conserved between human and mice too.
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Figure 43: Association of RBM10 splicing targets that are mediators of the EGF family of
receptors signaling. Reported role of FAK in the regulation of Grb7 and downstream targets
involved in cell survival, proliferation, invasion and migration in cancer (Chu et al., 2019), from
which Bcl-2 (Bcl-x) has been reported as RBM10 splicing targets in lung cancer cells (Nanjo et
al., 2020) and RACL1 has been highlighted as a mediator in FilGAP: RBM10 interaction (Yamada
et al,, 2016).

In summary, several aspects of the work reported here point to a functional relationship
between RBM10 and the EGFR pathway that merits further work and could have

therapeutic implications.

7.2.4. Rbm10 inactivation leads to a luminal-like phenotype with stratified
epithelium features in mouse urothelial organoids

The strong association of RBM10 mutations with tumors with urothelial differentiation
suggested its participation in this process. Therefore, we assessed the differentiation
capacity of the Rom10 KO organoids and confirmed that a canonical urothelial program
can be activated upon growth factor depletion. This process was accompanied by
morphological changes and up-regulation of luminal markers and signatures in
organoids of both genotypes. Nevertheless, when we compared proliferative and
differentiated Rbm10 KO organoids to WT organoids, Rbom10 KO organoids showed an
enhanced luminal-like phenotype with up-regulation of several luminal markers, in

agreement with the observations in human tumors. Intriguingly, there was an up-
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regulation of markers related to stratified epithelia at the transcriptomic level. As
described by Santos et al, normal urothelial organoids in proliferative conditions display
a default squamous-like differentiation program while - in differentiated conditions - they
activate the urothelial differentiation program. A mixed profile similar to what we
observed in Rbm10 KO organoids in proliferation has been described in MIBC tumors,
suggesting that these programs are not necessarily mutually exclusive (Font et al.,
2020). We confirmed the expression of luminal and stratified epithelium markers in
scRNAseq data from normal urothelial organoids, mainly in the intermediate and luminal
cell clusters (Santos et al., 2019), hence, supporting our hypothesis. The fact that the
Rbm10 KO organoids exhibit a luminal-like phenotype could be related to their reduced
proliferation, even in a context of reduced EGF dependency and higher EGFR
expression. Transcription factor motif analysis will be useful to determine specific
pathway activation involving the up-regulation of both sets of luminal and stratified

epithelial markers.

We found that the genes up-regulated in proliferation conditions (e.g. Sprr2f, Cnfn,
Sprrla, and Krtl0) and CstA (up-regulated in differentiation) are directly linked to
keratinization and cornified stratified squamous epithelia. In particular, KRT10 is rarely
detectable in the healthy urothelium but low expression levels have been reported in
proliferative and differentiated urothelial organoids (Liu, et al. 2019; Santos et al., 2019;
Yu et al., 2019). Gstm1, which is also highly expressed in intermediate/luminal clusters
from normal urothelial organoids in differentiation, was up-regulated in Rbm10 KO
organoids. GSMTL1 is absent at the germline level in 50% of Caucasians and GSTM1
nullity is associated with an increased risk of BC (Malats & Real, 2015). In tumors of the
UROMOL and TCGA series, GSTM1 expression is found exclusively in tumors with
luminal phenotype, both in NMIBC and MIBC (M. Kalisz, our group, unpublished data).
Importantly, of all tissues, the mouse bladder exhibits the highest levels of Gstml
expression, suggesting an important role of this gene in bladder homeostasis. Gstm1 is
also part of a PPARG-driven program in normal mouse bladder (Liu et al., 2018), which
could account for the observed luminal-phenotype. Ppary levels were non-significantly
higher in both proliferative and differentiated KO organoids and enrichment scores of
GSEA signatures of Ppary signaling pathways were non-significant (M. Kalisz,
unpublished data). Therefore, it remains to be established how Rbm10 inactivation

promotes up-regulation of differentiation markers.

Among the significantly down-regulated in Rom10 KO organoids, we found other genes
involved in xenobiotic metabolism, such as Cyp2f2. Its relevance has mainly been

highlighted in the lung epithelium (Cruzan et al., 2009), linked to glutathione-regulated

154



metabolism (Shultz et al., 2001). A putative tumor suppressor, Gasl, involved in growth
suppression by blocking entry to S phase, was also down-regulated in differentiated
Rbm10 KO organoids. However, its role in BC has not been defined. Dpys13, coding for
a protein involved in signaling for cytoskeleton remodeling, was down-regulated and is

an unfavorable prognostic marker in urothelial cancer (https://www.proteinatlas.org/).

The down-regulation of these genes and the mixed profile of luminal/stratified epithelium
differentiation upon Rbm10 KO, suggest an enrichment of the urothelial differentiation
program in these organoids and that Rbm10 in this context might play an important role
in activation of normal urothelial differentiation. One issue that remains to be determined
is whether the findings related above refer to the concomitant expression of luminal and
stratified differentiation markers in the same cells or in distinct cell populations. Multiplex

IHC analyses and/or scRNA-Seq should help to answer this question.

Our RNA-Seq analyses have several limitations. First, the sequencing depth was not
optimal to assess deregulated isoform expression, which could have been an important
contribution to understand the mechanisms driving the phenotype we have observed.
Second, the sequencing and library preparation methods used in the second round of
RNA-Seq experiments (3’'RNASeq using Lexogen libraries) considers the reads of the
3" end only, which is an important limitation for the assessment of differential transcript
expression, where whole transcript methods have higher detection rates regardless of
the sequencing depth (Ma et al., 2019). Finally, a larger number of samples per condition
would provide greater power to the experiments. In part, this is due to sample
heterogeneity: in proliferative conditions, we identified wide ranges of expression for a
number of significantly deregulated genes (e.g. Sp8 and Fam129a, which showed low
levels in one of the three KO samples analyzed). In normal urothelial organoids, the
levels of expression of these genes were very low. Similarly, in normal urothelium, Sp8
was expressed at very low levels and Fam129a was detected only in mesenchymal cell
clusters. In differentiation conditions, one of the biological replicates of KO organoids
had a clear outlier behavior. Similarly to proliferative conditions, when we tracked the
expression of DEG in normal urothelial organoids, we observed that genes such as
Col5a3, Lrg6, and Rab6b are barely expressed. In normal urothelium, Col5a3 was
expressed at low levels in mainly mesenchymal cells; Lrg6 and Rab6 were expressed in
all cells at low levels as well. Nevertheless, the limitations of single-cell RNA sequencing
need to be considered: it has a lower sensitivity and it is noisier and more complex than
bulk-RNA-Seq (Chen et al., 2019). Most importantly, three factors can lie at the base of
the heterogeneity of the biological replicas: 1) organoid cultures are inherently more

heterogeneous than standard 2D cultures, 2) the differentiation protocol used may be
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suboptimal and not all organoids in a given culture may engage in differentiation with
similar efficiency or synchronously, and 3) there may be additional heterogeneity
resulting from the Rbm10 recombination step. Overall, increasing sample size would
contribute to overcome some of these limitations, reduce background noise and false
positive findings, and reduce false negatives through increased statistical power. Single
cell RNA sequencing analysis may also provide additional information.

Despite sample heterogeneity, GSEA showed enrichment of gene signatures related to
keratinization and cornification in proliferative conditions, consistent with our
observations regarding up-regulation of stratified epithelium markers. In proliferation,
there was also a negative enrichment in signatures related to cell cycle, DNA replication,
metabolism, degradation, transcription, and translation. The down-regulation of genes
related to the mentioned processes in these signatures agrees with the reduced
proliferative phenotype of KO organoids. Conversely, in differentiation conditions these
pathways were highly enriched, suggesting a more proliferative phenotype upon
induction of differentiation. This finding contrasts with the higher enrichment scores in
urothelial differentiation signatures.

It is possible that the use of organoids derived from RBM10-mutant human tumors may
also provide key information about the deregulation of these processes. Rescue
experiments with the inducible system that | have generated should shed light on the
causal role of RBM10 loss in these processes.

7.2.5. RBM10 splicing regulation is conserved in human and mouse urothelial
models.

Our collaborative efforts with the Valcéarcel laboratory have provided a wider perspective
on the role or RBM10 in tumorigenesis. The transcriptomic analyses have considered
both gene expression and splicing. Loss of function of RBM10 might not necessarily lead
to changes in gene expression levels, although altered splicing could lead to transcript
variants subject to non-sense mediated decay without changes in transcription. This
could in turn affect the function or activity of the corresponding protein, as observed in
other cancers (Bechara et al., 2013; Nanjo et al., 2020). In contrast, we would expect
changes in alternative splicing upon loss of RBM10 function, assuming that this is a
major mechanism through which this gene is involved in cancer. An important question
concerns the degree of overlap of RBM10-dependent splicing events across species. In
this regard, we have analyzed AS in human RBM10 WT vs. mutant cells and in mouse

Rbm10 WT vs. null organoids. Consistent changes in AS, measured as the differential
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percentage of spliced-in (dPSI) values, support that RBM10 loss does impact on splicing
events, as identified in the RNA-Seq from the UROMOL cohort.

The consistent altered AS patterns in transcripts related to important cellular processes
provide strong evidence of the validity of our findings, as are the rescue experiments
performed (Box 3). The conservation of some of the AS changes between human and
mouse urothelial cells and the findings related to TARP syndrome suggest that the
function of RBM10 as an AS regulator is at least partially conserved between the two
species and validates the models and tools that we have developed. Considering this,
the findings regarding alterations in splicing events might help to outline future

experiments to analyze the impact of these in normal cellular function.
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Box 3

A subset of AS changes found altered in RBM10-mutat-
ed tumors of the UROMOL cohort was validated in
cell-lines. Transient knock-down of RBM10 was
performed in three different bladder cancer cell-lines
(MGHU-3, Scaber & RT-4). Multiple events were
validated as RBM10 targets. Fig N shows a representa-
tion of dPSIs from the knock-down of RBM10 in
MGHU-3 and RT-4 cells against dPSls derived from
RNA sequencing data from the UROMOL cohort.
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Additionally, AS events were validated in RT-4
knock-out cells which were generated by Ana Margarita

Maldonado at the CNIO in collaboration with us (Fig O).
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Further events were validated in human-derived organ-
oids generated and grown at CNIO, whose RNA-seq
sequencing had been analyzed (Fig P).
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Next a subset of AS events that were conserved in mice
was validated in mouse-derived organoids (Fig Q).
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Lastly, cells were analyzed regarding potential pheno-
types associated with alterations in RBM10 levels/activi-
ty. While shRNA-mediated RBM10 knock-down in
several cell-lines and knock-out in the RT-4 cell-line
showed no consistent effects (see clonogenic assays
after successful knock-down of RBM10 in 97-1 cells in
Fig R as an example), RBM10 overexpression using an
inducible vector resulted in reduced colony growth,
anoikis resistance and 3D growth (n=2, technical tripli-
cates) (Fig S).
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We have also established isogenic RBM10 KO and KD BC cells, although the results in
proliferation and clonogenic assays are inconsistent due to unknown reasons that we
believe are not related to experimental technical variation (Box 3). It is possible that
abnormal protein isoforms of RBM10 are expressed that could contribute to this

variability.

The inducible RBM10 lentiviral expression plasmid that | have recently generated has
allowed assessing the effect of RBM10 overexpression on RBM10 WT bladder cancer
cells, including a reduced clonogenic potential, 3D growth, and anoikis resistance (Box
3). We are currently validating these findings using organoids established from human
tumors harboring inactivating RBM10 mutations (in collaboration with M. Shen, Columbia
University, New York) in which we have reconstituted RBM10 expression to evaluate its
impact on proliferation, growth factor dependence, differentiation, invasion, and tumor
growth in xenograft models. Moreover, we have established additional BC organoid lines
in which we are currently assessing RBM10 mutational profile.

7.2.6. Closings

The current work provides a significant advance in knowledge. However, several aspects

of the work require additional work or need to be explored:

e Assess more widely the existence of alterations in other tissues in the Robm10
constitutive KO embryos to acquire a more detailed description of their
phenotype.

e Determine changes in splicing in mouse embryonic tissues affected by the
deletion of Rbm10 constitutive KO embryos in order to provide a mechanistic
understanding of the observed alterations.

e Determine whether the cardiac function of surviving Rbm210 constitutive KO mice
is compromised in stress conditions, which could have possible implications in
less severe forms of RBM10-related conditions.

e Acquire a deeper understanding of the mechanisms leading to reduced EGF
dependency and explore whether this feature could be exploited at the
therapeutic level.

e Validate the DEG identified through RNA-Seq and analyze changes in protein
expression in mouse organoids, to determine whether the activation of urothelial
and stratified transcriptomic signatures occur in the same or different cell

populations.
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Evaluate the biological effects of the altered splicing changes in mouse and
human organoids to identify the key events responsible for the contribution of
RBM10 loss to tumor development.

Evaluate the biological effects of RBM10 reconstitution in RBM10 KO tumor

organoids.

Complete the analysis of the cooperation of Rbm10 inactivation with mutations in
oncogenes/tumor suppressor genes in mice to uncover how RBM10 contributes

to cancer development.

Understand how early RBM10 loss in tissues can lead to the positive selection of

mutant clones.

160



8.CONCLUSIONS
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CONCLUSIONS

1)

2)

3)

4)

5)

6)

7)

I have established the first Rbm10 conditional knockout genetic mouse model.

RBM10 is required for normal embryonic development. Germline inactivation
results in partial male lethality, recapitulating the main features of TARP
syndrome in mice, including heart and craniofacial defects.

RBM10 is dispensable for homeostasis in adult mice.
Rbm10 inactivation in normal mouse urothelial organoids leads to partial growth
factor-independence (EGF) and up-regulation of signatures of urothelial and

stratified differentiation.

Rbm10 inactivation in normal mouse urothelial organoids results in changes in

alternative splicing events identified in RBM10-mutant bladder cancers.

Rbm10 inactivation is an early genetic alteration in bladder cancer; additional

genetic alterations are required for tumor development.
The ensemble of the results strongly support the conservation of RBM10 function

in humans and mice, including its role in alternative splicing, and validate the

conditional mouse model for the study of human disease.
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