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Summary

Proteostasis refers to all those biological processes that control the biogenesis,
folding, trafficking and degradation of proteins present within and outside the cell.
The alteration of the proteostasis regulatory pathways can seriously affect cell
function and cause the onset of diseases, including rare diseases such as Congenital
Erythropoietic Porphyria (CEP) and Townes-Brocks Syndrome (TBS).

CEP is caused by a deficiency in the fourth enzyme of the heme pathway, UROS.
The most common pathogenic allele, C73R, generates an unstable protein with <1%
of normal activity, leading to severe phenotypes. Although mouse models exist for this
disease, the classical C73R mouse model has poor viability and chronic health issues,
posing challenges for experimental setups. In order to generate an inducible
humanized mouse model for CEP, we designed a novel single-insertion genetic switch
to replace the mouse Uros allele with a conditionally controlled human mutant
version. Human UROS replaces and rescues mouse UROS function and, upon
tamoxifen induction of Cre recombinase, the allele is converted to express the mutant
C73R version. To verify functionality of the system, we tested it in murine fibroblasts.
CRISPR/Cas9 was used to introduce the construct into cells. The correct functioning of
the system was validated at both DNA and protein levels. Moreover, FACS and HPLC
analyses were performed to measure porphyrin levels and test the UROS activity. This
cellular model, as well as the planned knock-in mouse model, will be novel tools to
allow deeper studies into CEP and testing of potential therapies.

TBS is caused by mutations in the zinc-finger transcriptional repressor SALL1
and is characterized by a spectrum of malformations in the digits, ears, and kidneys.
In order to elucidate SALL1 functions and regulation in the context of post-
translational modifications, proximity proteomics BiolD methodology in combination
with mass spectrometry made possible the identification of putative interactors of
human SALL1. Among them, we found CBX4, an E3 SUMO ligase and a key member of
the Polycomb Repressive Complex 1 involved in chromatin remodeling and gene
silencing. We confirmed that SALL1 and CBX4 interact with each other at the protein

level and that they do co-localize in the nucleoplasm. By reducing its ubiquitination

17



and subsequent degradation via the ubiquitin proteasome system, SALL1 stabilizes
and increases CBX4 protein levels. This affects the Pc nuclear bodies formation, which
appear more abundant and bigger than in wild type cells. In addition, high levels of
SALL1 increased the transcriptional repression capacity of CBX4 on some of its target
genes. Interestingly, the SUMOylation of SALL1 seems to be necessary to enhance the
transcriptional repression capacity of CBX4. Our data could contribute to understand
the relationship underlying the interaction between SALL1 and CBX4, which could help
to better understand the role of SALL1 during normal development and the
pathogenesis of TBS.

Altogether, the results obtained throughout this work could help to better
understand the pathogenesis of both these rare diseases and could advance the

development of new potential therapies.
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Resumen

El término proteostasis se refiere a todos aquellos procesos biolégicos criticos
para el buen funcionamiento de la célula. La alteracion de las vias reguladoras de la
proteostasis puede afectar seriamente la funcion celular y causar la apariciéon de
enfermedades, incluidas enfermedades raras como el Sindrome de Townes-Brocks
(TBS) y la Porfiria Eritropoyética Congénita (CEP).

La CEP es causada por una deficiencia en la cuarta enzima de la via de
produccién del grupo hemo, UROS. El alelo patégeno mdas comun, C73R, genera una
proteina inestable con menos del 1% de la actividad normal, lo que conduce a la
acumulacién de porfirinas y a fenotipos graves. El modelo clasico de ratédn C73R tiene
poca viabilidad y presenta problemas de salud crénicos, lo que plantea desafios para
su uso experimental. Para generar un modelo de ratéon humanizado, inducible,
mutante para CEP, diseflamos un nuevo interruptor genético de insercién Unica para
reemplazar el alelo Uros del ratdn con una versidn controlada condicionalmente. El
UROS humano reemplaza y rescata la funcién UROS del ratdn v, tras la induccién con
tamoxifeno de la recombinasa Cre, el alelo expresa la version mutante C73R. Para
verificar su funcionalidad, se testd el sistema en fibroblastos murinos. Se usé
CRISPR/Cas9 para introducir la construccion en las células. El correcto funcionamiento
del sistema fue validado tanto a nivel de ADN como de proteina. Se realizaron analisis
FACS and HPLC para medir los niveles de porfirinas e investigar la actividad de UROS.
Este modelo celular, asi como el modelo de ratén knock-in planificado, serdn
herramientas novedosas para permitir estudios mas profundos en CEP y probar
posibles terapias.

El TBS esta causado por mutaciones en el represor transcripcional de dedos de
zinc SALL1 y se caracteriza por un espectro de malformaciones en digitos, oidos y
rifones. Para dilucidar las funciones y la regulacién de SALL1 en el contexto de las
modificaciones postraduccionales, se utilizdo un ensayo de proteémica de proximidad
BiolD en combinacidn con espectrometria de masas para identificar posibles
interactores de SALL1 humano. Entre éstos, encontramos CBX4, una E3 SUMO ligasa

y miembro clave del Complejo Polycomb 1 de Represién involucrado en la
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remodelacién de la cromatina y el silenciamiento génico. Confirmamos que SALL1 y
CBX4 interactuan entre si a nivel de proteina y que colocalizan en el nucleoplasma. Al
modificar su ubiquitinacién y su posterior degradacién a través del proteasoma, SALL1
estabiliza y aumenta los niveles de proteina de CBX4, afectando asi la formacion de
cuerpos nucleares Pc que parecen mas abundantes y mds grandes. Ademas, altos
niveles de SALL1 aumentan la capacidad de represidn transcripcional de CBX4 en
algunos de sus genes diana. Curiosamente, la SUMOilacidon de SALL1 parece ser
necesaria para mejorar el efecto de represidén transcripcional de CBX4. Elucidar la
relacion subyacente a la interaccién entre SALL1 y CBX4, podria ayudar a comprender
mejor el papel de SALL1 durante el desarrollo normal y en la patogénesis de TBS.

En conjunto, los resultados obtenidos a lo largo de este trabajo podrian ayudar
a comprender mejor la patogénesis de estas dos enfermedades raras y podrian ayudar

en el avance del desarrollo de potenciales terapias.
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CHAPTER 1

1. INTRODUCTION
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1.1. Proteostasis: the maintenance of proteome

equilibrium

Proteostasis, is a blend word formed by ‘protein’ and ‘homeostasis’ and
referred to all those biological pathways that control the biogenesis, folding,
trafficking and degradation of proteins present within and outside the cell.
Proteostasis, enables healthy cell, organismal development and aging, and protects
against disease (Balch et al. 2008). To preserve proteostasis cells must ensure correct
proteins folding and assembling, as well as appropriated abundance and
compartmentalization (Jayaraj, Hipp, and Hartl 2020). Highly sophisticated
mechanisms provide a tight regulation of those processes on multiple levels (Hartl,

Bracher, and Hayer-Hartl 2011).

Proteostasis network is a set of numerous interacting activities that keep
proteins in a balanced equilibrium by maintaining their folding and regulating their
expression and degradation (Figure 1). These pathways are critical processes for the
proper functioning of the cell and comprise a wide range of general and specialized
chaperones, folding enzymes, post-translational modifications and degradation
components, as well as trafficking components, which can influence proteins

compartmentalization (Hipp, Kasturi, and Hartl 2019; Powers et al. 2009).
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Figure 1. Protein homeostasis processes. Proteostasis depends on the biogenesis, folding,
post-translational modifications, trafficking and degradation of proteins present within and outside the

cell to keep its proper functioning. Adapted from (Dissmeyer et al. 2019).

The generation of a new protein is regulated by many factors involving
transcription, translocation of mRNA out of the nucleolus and translation. When the
new polypeptide chain emerges from the ribosome, it has to be properly folded.
Molecular chaperones promote folding and maintenance within the cell, largely by
minimizing misfolding and aggregation. Protein folding, unfolding, and refolding are
highly dynamic processes constantly occurring throughout the lifetime of proteins. In
fact, chaperones can participate in the folding of neo-synthesized proteins or interact
with pre-existing proteins that may suffer denaturation upon acute stress. Specialized
chaperones for various compartments of the cell such as the endoplasmic reticulum

(ER) and mitochondria have also been reported (Brehme et al. 2014).

Once proteins are folded, they can undergo numerous post-translational
modifications that determine their function, localization, interaction with other
proteins and half-life. These modifications could involve small chemical molecules as
it occurs in phosphorylation, acetylation and methylation, or proteins could covalently
modify other proteins as in the case of ubiquitin (Ub) (Hochstrasser 2009). Ub is a small

protein that can be transiently attached to thousands of different proteins.
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Proteins similar to Ub, either in sequence or in their three-dimensional
structure, form the family of Ub-like modifiers (UbL). Nearly 20 UbL proteins have
been described in mammalian cells (Pirone et al. 2017). The main members of the UbL
family include SUMO1-4 (Small Ub-related Modifier 1-4), NEDD8 (Neural precursor cell
expressed developmentally down-regulated 8), ISG15 (Interferon-stimulated gene
15), FAT10 (HLA-F-adjacent transcript 10), UFM1 (Ub fold modifier 1), Atg-8 and Atg-
12 (autophagy-related Ub-like modifier 8 and 12) and URM1 (Ub-related modifier 1)
(Cappadocia and Lima 2018).

1.1.1 Ubiquitin and Ubiquitin-like pathways

The Ub and UbL pathways represent essential branches of the proteostasis
network and play a central role in the management of misfolded and aggregated
proteins. Ub and UbLs are conjugated to the substrates as result of sequential
reactions catalysed by several enzymes (Figure 2). First, an E1 activating enzyme forms
a transient thioester bond with the Ub C-terminal glycine residue, exposing the
characteristic di-glycine motif present in most UbLs. Afterwards, the activated Ub is
transferred to a cysteine residue located in the active site of an E2 conjugating
enzyme. Ubiquitination is finalized by an E3 ligase, which catalyses conjugation of the

UbL to the substrate, typically to a lysine residue (Bett 2016).

Protein ubiquitination is a reversible process regulated by deubiquitinating
enzymes (DUBs). The role of DUBs is the specific removal of Ub from substrates, which
contribute to the activation and/or deactivation, recycling and localization of many
regulatory proteins in different cellular processes (Farshi etal. 2015). Although
modification by all the different UbLs follow the same reversible cycle, the enzymes

implicated are specific for each of the UbL moieties.
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Figure 2. Ubiquitination cycle. E1 activating enzyme forms a transient thioester bond with the
ubiquitin C-terminal glycine residue. Afterwards, the activated ubiquitin is transferred to the active-site
cysteine residue of an E2 conjugating enzyme. Ubiquitination is finalized by an E3 ligase, which catalyses
conjugation of ubiquitin to the substrate, typically to a lysine residue. Eventually, deubiquitinating
enzymes (DUBs) can remove ubiquitin from substrates. All UbLs undergo this

modification/demodification cycle by means of enzymes specific for each UbL.

Substrate proteins can be ubiquitinated by a single ubiquitin moiety or multi-
monoubiquitinated at different lysine residues. Ubiquitin may also form homotypic or
heterotypic chains by modifying itself in any of the lysine residues in its sequence.
Ubiquitin chains are homotypic if the same residue is modified during elongation, for
instance K11-, K48-, or K63-linked chains. Chains are heterotypic if different linkages
alternate at succeeding positions of the chain. Each moiety of the chain can be further
ubiquitinated to form a branched structure. Moreover, ubiquitin moieties could
undergo additional modifications as acetylation, phosphorylation or UbL molecules
conjugation, among others, generating a great range of signals responsible for specific
cellular outcomes. This intricate configuration system is known as the “ubiquitin code”

(Figure 3) (Swatek and Komander 2016).
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Figure 3. The Ubiquitin code. Conceptual representation of some of the possible ubiquitin and
UbL (NEDDS8, SUMO2/3, etc.) chains, and chemical modifications of ubiquitin. Edited from (Swatek and
Komander 2016).

Besides ubiquitination, SUMOylation represent the best-studied UbL
modification and can compete with ubiquitination for modification of the same lysine
residues. SUMO is also covalently attached to an acceptor lysine of target proteins. In
general, many SUMOylation sites follow a consensus motif y—K—X—E/D (¢ is a
hydrophobic amino acid, K is the target lysine, X is any amino acid and D/E is aspartic
or glutamic acid), but in addition to this, different non-canonical consensus sequences

have been described (Matic et al. 2010; Hietakangas et al. 2006).

There are four SUMO isoforms in humans, designated SUMO1, SUMO2,
SUMO3 and SUMO4. While SUMO1 is distinct from the other family members (47%
sequence identity between SUMO1 and SUMO2/3), SUMO2 and SUMO3 share a
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sequence identity of 97% and are mostly referred to as SUMO2/3. SUMOA4 shares 87%
sequence identity with SUMO2 however, little is known about its expression and
function (Bohren et al. 2004). SUMO1 and SUMO2/3 are ubiquitously expressed. The
main target of SUMO1 is RANGAP1 (Ran GTPase-activating protein 1), while SUMO2/3
is normally present in the cells unconjugated and is rapidly attached to substrates
under cellular stress conditions (Eifler and Vertegaal 2015). Indeed, SUMOylation
levels are dynamically regulated by various stresses such as heat shock, hypoxia or
nutrient depletion. While SUMO2/3 can form polymeric chains, SUMO1 is generally
considered as a chain terminator when incorporated in SUMO2/3 chains (Enserink

2015).

Before to be attached on targets, a SUMO precursor protein is processed by
SUMO proteases (SENPs) to expose the carboxyl-terminal di-glycine motif. Next,
similarly to ubiquitin, the mature form of SUMO is first activated by the heterodimeric
SUMO activating enzyme (E1) composed of SAE1 and SAE2 (also known as UBA2) and
then transferred to the single SUMO E2 conjugation enzyme UBC9 (also known as
UBEZ2I). Finally, the activity of SUMO E3 ligases is necessary for efficient conjugation of
SUMO to its substrates. Since SUMOylation is a reversible process, SUMO proteases

are also responsible of SUMO cleavage from its substrate.

SUMO proteins could also interact with other proteins in a non-covalent way
through specific recognition sequences called SUMO Interaction Motifs (SIMs), which
can contribute to the mechanism and consequences of SUMOylation. SIMs are the
predominant motifs that bind SUMO proteins and generally are composed of four
hydrophobic residues that are flanked by acidic residues or residues that can be
phosphorylated to generate negative charge (Merrill et al. 2010). SIMs are found in
the SUMO activating enzyme UBA2, in all known SUMO E3s, in some SUMO substrates
and receptors, as well as in some ubiquitin E3s called StUbLs (SUMO targeted Ubiquitin
Ligases). This is a conserved subfamily of ubiquitin E3 ligases, which can specifically
target and bind SUMOylated proteins facilitating their ubiquitination. Besides
containing a RING domain required for their ubiquitination activity, members of this
family possess multiple SIMs to target SUMOylated substrates for ubiquitination
(Ohkuni et al. 2018). Two StUbLs have been identified in humans, RNF4 and RNF111.
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SUMO-ubiquitin chains on a protein either can act as a recruitment signal or can target

proteins to the proteasome.

Besides degradation, SUMOylation might affect the target protein in many
different ways, including changes in localization, protein-protein interactions, protein
activity and stability. While ubiquitination is generally linked to degradation, this is not
necessarily the case for SUMOylation (Celen and Sahin 2020). For example,
SUMOylation of Oct4 leads to significantly increased Oct4 stability and increased DNA
binding (Wei, Scholer, and Atchison 2007). Regulatory factors responsible for
chromatin remodelling and modification are also subject to SUMOylation, which alters
their activities. For instance, SUMOylation enhances DNMT1 (DNA methyltransferase
1) activity promoting DNA methylation (Lee and Muller 2009). Moreover,
SUMOylation of HDAC1 (histone deacetylase 1) is required for its full transcriptional
repression activities at defined promoters (David, Neptune, and DePinho 2002).
SUMOylation is therefore involved in many biological processes, including regulation
of transcription, DNA repair, immunity and development, among others (Talamillo

et al. 2020; Garvin 2019).

The imbalance of SUMOylation and deSUMOylation has been associated with
the occurrence and progression of various diseases. Cancer development can be
attributed to abnormal SUMOylation as consequence of the enhanced expression of
the enzymes involved in the SUMO modification pathway (Seeler and Dejean 2017).
Moreover, SUMOylation contributes to different neurological disorders such as
Parkinson’s disease, Alzheimer’s disease and Huntington’s disease in which SUMO has
been found to either enhance or protect against the aggregation of neuronal proteins

(Yang et al. 2017).

1.1.2 Degradation of misfolded proteins

Protein folding is an intrinsically error-prone process that frequently results in
toxic protein-protein interactions and that must be efficiently managed by the cellular
proteostasis network. Several different pathways exist for carrying out these
degradation processes. When proteins are unfolded or misfolded, they are typically

degraded via the ubiquitin-proteasome system (UPS) or the endoplasmic-reticulum-
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associated protein degradation (ERAD). Autophagy can also be used as a proteostatic

degradation mechanism (Figure 4).

The UPS represent the primary pathway the cells use to recognize and clear
soluble misfolded proteins. When misfolded proteins need to be degraded, they are
typically tagged with a K48-linked polyubiquitin chain to mediate binding by ubiquitin
receptors on the 26S proteasome (Rpn10/S5a and Rpn13) required for substrate-
mediated activation of the proteasome’s unfolding ability (Cundiff et al. 2019). The
unfolded protein response (UPR) in the endoplasmic reticulum (ER) is activated by
imbalances of misfolded proteins inside the ER. When incorrectly folded, proteins are

retro-translocated to the cytosol and ubiquitinated for proteasomal degradation.

Aggregated proteins that cannot be unfolded for proteasomal degradation
may be removed by autophagy and lysosomal/vacuolar degradation. In mammalian
cells, three types of autophagy have been described: macroautophagy,
microautophagy, and chaperone-mediated autophagy (CMA). Macroautophagy
requires sequestration of substrates in a double membrane vesicle, which then fuses
with lysosomes; microautophagy involves direct engulfment of cytosolic components
by lysosomes. In CMA, substrates are recognized by chaperones and targeted to

lysosomes for degradation.
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Figure 4. Unfolded protein response. Misfolded proteins are typically marked with K48-linked
Ub chain and degraded by the proteasome (left panel). Three types of autophagy may remove proteins
that cannot be unfolded for proteasomal degradation. Macroautophagy requires sequestration of
substrates in a double membrane vesicle, which then fuses with lysosomes; microautophagy involves
direct engulfment of cytosolic components by lysosomes. In chaperone-mediated autophagy (CMA),
substrates are recognized by chaperones and targeted to lysosomes for degradation (middle panel).
Misfolded proteins inside the ER are retro-translocated to the cytosol, and ubiquitinated for

proteasomal degradation (left panel).

1.1.3 Proteostasis dysfunction and therapeutic strategies

Mutations in genes involved in protein synthesis, folding, aggregation,
autophagy, mitophagy, ER stress or the UPS can result in proteostasis dysregulation.
These mutations could be inherited and differ in phenotypic severity from having no
noticeable effect to embryonic lethality. Disease develops when these mutations
significantly affect proteins making them more prone to misfolding, aggregation and
degradation. If this effect only alters the mutated protein, the negative consequences
will only be local loss of function. However, mutations can also cause dominant
negative effects interfering with the function of wild type (WT) proteins. Differently,
if mutations occur in a chaperone or a protein that interacts with many other proteins,
dramatic global alterations in the proteostasis boundary will occur (Powers et al. 2009;

Hipp, Park, and Hartl 2014).

Two main strategies have been used for therapeutic development targeting
the proteostasis network: pharmacologic chaperones and proteostasis regulators.
Pharmacological chaperones are cell-permeant small molecules that bind to and
stabilize target proteins. They are very specific and have effects on particular proteins.
Most of the pharmacological chaperones are substrates or active site-directed
competitive inhibitors and are very efficient at lower concentrations. However, a
pharmacological chaperone cannot bind to all the variants present in a disorder

(Haneef and Doss 2016). Target proteins, with the help of chaperones, fold correctly
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and hence pass through the quality control system of the ER and traffic safely from

there to the designated location.

Instead, proteostasis regulators (PRs) work by manipulating signalling
pathways, including the UPR, resulting in transcriptional and translational
upregulation of proteostasis network components. PRs manipulate the system
through different mechanisms. Some PRs negatively affect protein production to
inhibit global protein generation. Other regulators are used to either increase the
production of molecular chaperones or modify their function. Moreover, some PRs
function by directly manipulating the proteasomal system either by increasing its
activity when cells are under stress or through inhibiting the system to prevent

premature degradation (Mohamed et al. 2017).

Understanding how proteins function is essential to understanding how cells
work. Model systems, including laboratory animals and cell-based systems, continue
to have an important role in the identification of functional mechanisms that
safeguard proteostasis and are essential to discover and develop novel and better
drugs for the treatment of human diseases. Model systems of diverse misfolding-
prone disease proteins have so far revealed numerous chaperone and co-chaperone
modifiers involved in proteostasis maintenance (Brehme and Voisine 2016).
Furthermore, protein function is usually accomplished by interactions with other
proteins. To unveil proteins behaviour and regulation can allow better predicting,

preventing, diagnosing, and treating disease.

1.2 Rare diseases

Maintenance of cellular proteostasis is essential for cell functioning and
survival. Alteration of proteostasis regulatory processes might severely affect cellular
functions and might directly or indirectly be associated to the aetiology of many
diseases, including those with very low prevalence (Osinalde etal. 2019). Rare
diseases are those that affect a small number of people compared to the general
population and specific issues are raised in relation to their rarity. In Europe, a disease

is considered rare when it affects less than 1 in 2000 people. An individual rare disease
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may affect only one person in a million but, all together, rare disease patients
comprise 6% to 8% of the EU population (Eurodis). Distribution of different types of
rare diseases is illustrated in Figure 5. Rare diseases are often severe, chronic and
progressive disorders. Although their signs are usually observed at birth or in
childhood, over 50% of rare diseases, appear during adulthood (Orphanet). Because
the number of people affected with any one specific rare disease is relatively small,
the development of effective drugs and medical devices to prevent, diagnose, treat,

or cure these conditions becomes extremely complicated.
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Figure 5. Distribution of different types of rare diseases. The pie chart represents rare disease
categories and their frequencies, given as the percentage of the total number of rare diseases.
Categories with a frequency < 4% were grouped into the category termed “Other diseases”. Categories
and frequencies shown in the graph were extracted from information provided by the Genetic and Rare

Diseases Information Center (GARD, rarediseases.info.nih.gov). Edited from (Osinalde et al. 2019).

Rare diseases can have multiple causes. They are mostly inherited but may also
arise as result of de novo mutations. Besides, some diseases may be acquired because
of a toxic exposure, infection or radiation. Many, if not most, are caused by defects in
a single gene, as in the case of the alpha 1 antitrypsin deficiency (AATD), in which

mutation in SERPINA1 gene may cause serious lung or liver disease; or Friedreich's
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ataxia, a neurological disorder caused by mutation in FXN gene that may also be
accompanied by cardiac and other problems. Multiple different mutations in that
single gene may result in disease with varying features or severity while, in other cases,
mutations in a single gene can produce pleiotropic effects. For example, fragile X
syndrome is caused upon transcriptional silencing of the FMR1 gene. Its product, the
FMRP protein, is responsible for binding and repressing the translation of hundreds of

MRNAs so potentially affecting multiple pathways (Osinalde et al. 2019).

In some rare conditions, multiple genes may contribute collectively to the
manifestations of the disorder. For instance, in the Williams-Beuren syndrome the
gene responsible for the production of the elastin protein (ELN) is clearly identified as
producing the cardiovascular problems, (Pober 2010). Further, some diseases may
present variable expressivity and incomplete penetrance as in the case of the
Neurofibromatosis type 1 and Marfan syndrome (Cimino and Gutmann 2018; Cafiadas

et al. 2010).

Due to their wide aetiology, the diagnosis and treatment of rare diseases is not
straightforward. The complex set of factors that influence particular genetic changes
can make the diagnosis extremely difficult. Moreover, for many rare diseases, there
are no available therapies and lack of adequate models makes even more difficult the

study of new possible treatments.

This work is focused on two different rare diseases: Congenital Erythropoietic
Porphyria (CEP) and Townes-Brock Syndrome (TBS). Both diseases are extremely rare
conditions caused by proteostasis alterations. However, the mechanisms underlying
each condition are different. While CEP is caused by mutations that alter the stability

of an enzyme involved in the synthesis of the heme group, TBS is originated by the
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premature truncation of the SALLI gene, which triggers changes in the stability of

partner proteins.

1.3 Congenital Erythropoietic Porphyria: a metabolic rare

disease

1.3.1 Porphyrias and alterations in the heme biosynthesis pathway

Porphyrias belong to a group of rare diseases characterized by a deficiency
(inherited or acquired) of the enzymes involved in the heme biosynthesis, resulting in
an abnormal accumulation of precursors molecules called porphyrins. Heme
biosynthesis is a chemical process, constituted by a series of sequential reactions
carried out by eight different intracellular enzymes localized in the mitochondria or
the cytosol. Deficiency of each one of those enzymes cause a different type of

porphyria (Figure 6).
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Figure 6. Schematic representation of heme pathway-associated porphyrias. Deficiencies of
each one of the eight enzymes involved in heme biosynthetic pathway cause a different type of

porphyria. Subcellular localization per each enzyme is indicated as m: mitochondrial; c: cytoplasmic.
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Porphyrias are classified as hepatic or acute and erythropoietic/cutaneous or
chronic. This classification is based on the nature of the clinical manifestation and
whether the primarily site of the precursor and/or porphyrins deposition is the liver
or the erythron. The hepatic porphyrias include Acute Intermittent Porphyria (AIP),
Hereditary Coproporphyria (HCP), Variegate Porphyria (VP) and ALA-Dehydratase
Deficient Porphyria (ADP). Erythropoietic porphyrias include Congenital Erythropoietic
Porphyria (CEP), Erythropoietic Protoporphyria (EPP) and X-Linked Protoporphyria
(XLP). The Porphyria Cutanea Tarda (PCT) is considered to be a hepatocutaneous
porphyria, as it presents with cutaneous lesions but the primarily site of porphyrin
accumulation is the liver. PCT is the most common porphyria, with a prevalence of 1
in 10.000. The most common acute porphyria, AIP, has a prevalence of approximately
1in 20.000, and the prevalence of the most common erythropoietic porphyria, EPP, is
estimated in 1 among 50.000 to 75.000 persons. CEP is extremely rare, with an
estimated prevalence of 1 in 1.000.000 or less, existing approximately 280 reported
cases worldwide. ADP is also extremely rare with only six confirmed cases reported
worldwide (Ramanujam and Anderson 2015).

Heme is an important cofactor that plays an important role in the reactions of
oxidation-reduction and in oxygen transport. It is necessary for the activity of a variety
of hemoproteins, such as hemoglobin, myoglobin, respiratory cytochromes, and
cytochrome P450 enzymes. The first enzyme in heme synthesis, §-aminolevulinic
synthase (ALAS), as well as the last three enzymes, coproporphyrinogen oxidase
(CPOX), protoporphyrinogen oxidase (PPOX) and ferrochelatase (FECH) are
mitochondrial, whereas 6-aminolevulinic acid dehydratase (ALAD),
hydroxymethylbilane synthase (HMBS), uroporphyrinogen IIl synthase (UROS), and
uroporphyrinogen decarboxylase (UROD) are localized in the cytosol.

The synthesis of heme begins with the formation of 6-aminolevulinic acid (ALA)
by ALAS from the amino acid glycine and succinyl-CoA from the citric acid cycle. This
step represents the first and rate-limiting reaction in the pathway. In mammals, two
different ALAS isoforms have been described, ALAS1 and ALAS2. Whereas ALAS1 is
ubiquitously expressed in all tissues providing the basic needs of heme in the non-
erythropoietic cells, ALAS2 is expressed exclusively in the erythropoietic cells

sustaining high levels of heme needed during the late stages of erythropoietic
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differentiation. In non-erythrocyte cells, ALAS1 is regulated by negative feedback of
the free heme pool produced. In the erythrocytes, the expression of ALAS2 is regulated
by erythroid-specific transcription factors, like GATA1, and, at the posttranscriptional
level, by iron through a 5’ iron responsive element (IRE) that interacts with iron
responsive proteins (IRPs). Under conditions of iron deficiency, the translation of
ALAS2 mRNA is inhibited by IRPs binding to the 5’ IRE. However, when intracellular
iron level increases, IRPs are degraded allowing the translation of ALAS2 mRNA

(Chiabrando, Mercurio, and Tolosano 2014).

In the heme synthesis process, schematized in Figure 7, the neo-formed ALA
exits the mitochondria into the cytosol where two molecules of ALA condense to
produce the pyrrole ring compound, porphobilinogen (PBG). The next step of the
pathway involves condensation of four molecules of PBG, aligned to form the linear
hydroxymethylbilane (HMB). HMB is then closed to form an asymmetric pyrrole ring
D called uroporphyrinogen Il (URO IIlI). Next, this is modified to produce
coproporphyrinogen lll (COPRO lll). Following its synthesis, COPRO Il is transported
into mitochondria and decarboxylated to form the protoporphyrinogen IX. Finally,
protoporphyrinogen IX is converted to protoporphyrin IX. The final reaction involves
the insertion of ferrous iron (Fe2*) into protoporphyrin IX leading to the formation of

heme.
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Figure 7. Schematic representation of the heme biosynthesis pathway. Enzymes are indicated
in dark red, while the respective substrates are reported in black. ALAS, CPOX, PPOX and FECH are
mitochondrial, whereas ALAD, HMBS, UROS and UROD are localized in the cytosol.

1.3.2 Congenital Erythropoietic Porphyria: a rare disease based on

protein stability alterations

CEP (ICD-10 #E80.0; MIM #263700), also known as Gunther’s disease, is an
extremely rare disease inherited as an autosomal recessive trait. It is caused by an
inborn error in the heme biosynthesis, mostly derived from the deficient activity,
although not complete absence (<1 to ~10% of normal activity), of the fourth cytosolic

enzyme of the pathway, UROS (EC 4.2.1.75).

As shown in Figure 8, UROS catalyses the rapid cyclization of most of the linear
HMB, inverting the configuration of one of the four aromatic rings and leading to the
formation of URO Ill. In normal conditions, a little amount of HMB suffers a
spontaneous closure resulting into uroporphyrinogen | (URO I). URO | and Il can then
follow into the biosynthesis chain as substrates for the next enzyme of the pathway,
UROD, which catalyses the transformation of URO | and URO Ill in COPRO |
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(coproporphyrinogen 1) and COPRO IlI, respectively. While URO IIl and COPRO Il are
proper substrates for the subsequent reactions of the pathway, URO | and COPRO |
are accumulated in the tissues and excreted in urine and faeces. In CEP, the markedly
reduction of the UROS activity leads to the specific and massive accumulation of type

| porphyrins, URO | and COPRO |, which result toxic and are responsible for the

symptoms.
P Ac
P
Ac
NH HN
HO Hydroxymethylbilane
NH HN
P Ac
Ac P
Uroporphyrinogen Il Spontaneous
synthase
=] Ac P Ac
Ac Ac
A B P A B P
NH HN NH HN
NH HN 7 NH HN
/ D C \\ ) D Cc
Ac , Ac 3 ; Ac
P P Ac P
: Uroporphyrmoggn ] Uroporphyrinogen |
(biologically useful isomer) (not biologically useful isomer)

Figure 8. Uroporphyrinogen formation. The closure of the HMB by UROS leads to the
formation of uroporphyrinogen Il isomer, while the spontaneous closure produces the isomer I. The
red squares highlight the different configuration of the ring D. Adapted from (Bhagavan N. V., Chung-
Eun Ha 2015).

Patients are either homozygous or composed heterozygous and the clinical
severity is mostly mutation-dependent. Nevertheless, cases of variable expressivity

have been reported (Desnick etal. 1998; Ged et al. 2009). Photosensitivity and
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hemolytic anemia with associated splenomegaly are the main symptoms of CEP. In the
bone marrow, it has been observed that developing erythropoietic cells contain large
amounts of porphyrins. Under fluorescent microscope, most normoblasts show
localized red fluorescence heme-containing inclusion bodies into the nucleolus. The
overproduction of porphyrin isomers I, accumulated mainly in erythroid cells, is
associated with dyserythropoiesis, poikilocytosis, and bone marrow erythroid-
hyperplasia (Merino, To-Figueras, and Herrero 2006; Katugampola, Badminton, et al.

2012).

The electronic configuration of porphyrins endows them of photochemical
properties that explain porphyrin phototoxicity. In fact, porphyrins are excited by
visible and ultraviolet (UV) light (excitation 490 nm, emission 650 nm). Hemolysis
causes porphyrins release into the plasma with subsequent deposits in the tissues.
Porphyrins accumulation induces photodynamic reactions that stimulate the
production of reactive oxygen species (ROS), which directly damage tissues and
indirectly promote a proinflammatory response. The severity of cutaneous reaction
depends on porphyrin amount in the tissue and the degree of light exposure (Di Pierro,
Brancaleoni, and Granata 2016).

CEP photosensitivity starts early in life and causes a series of cutaneous
wounds such as vesicular or bullous eruptions in the skin exposed to light (Figure 9).
Ultimately, continuous injuries and secondary skin infections with scars and
hyperpigmentation can lead to severe mutilation of fingers, hands, ears, lips and nose.
Other characteristic symptoms are porphyrin accumulation in bone marrow, plasma
and urine, hypertrichosis or hirsutism (abnormal amount of hair growth over the body
and excessive body hair on parts of the body where hair is normally absent or minimal,

respectively) and erythrodontia (red discoloration of teeth) (Erwin et al. 1993).

1.3.3 Diagnosis and treatment of Congenital Erythropoietic

Porphyria

CEP diagnosis usually occurs in childhood from the early onset of severe skin
photosensitivity, pink to dark brown fluorescent urine under Wood’s light (long-wave

UV light lamp) and erythrodontia (Figure 9). The definitive diagnosis requires
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biochemical analysis of porphyrins from biological samples as urine, stool, plasma, or
red blood cells. Determination of the residual activity of UROS completes the
diagnosis. Enzymatic methods are implied to analyse isomers | and Il formation, which

are preferentially detected by high-performance liquid chromatography (HPLC).

Figure 9. Symptoms of Congenital Erythropoietic Porphyria. A-C) A severely affected CEP
patient who had multiple sun-induced skin lesions. The cutaneous bullae and vesicles burst and became
secondarily infected, leading to bone involvement and resultant loss of facial features and digits. B)
Note the brownish discolored teeth, which fluoresce (erythrodontia) when exposed to ultraviolet light.
The erythrodontia is the result of the accumulation of uroporphyrin | and coproporphyrin I in his teeth.
D) Urine from a CEP patient that fluoresces red under ultraviolet light (left) and from a healthy person

(right). Adapted from (Balwani and Desnick 2012).

Currently, there are no treatments available for CEP. The only curative
therapies are bone marrow or hematopoietic stem cell transplantation (HSCT). HSCT
is the most effective treatment to CEP; however, it entails many operative and post-
operative risks and complications for the patients. Oral administration of beta-
carotene, photoprotection and sunlight avoidance are recommended for CEP patients
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in order to prevent skin injuries (Katugampola, Anstey, et al. 2012; Kauffman et al.

1991; Hogeling et al. 2011; Dupuis-Girod et al. 2005).

Suppression of erythropoiesis, short or long-term blood transfusions,
splenectomy in severe cases, and use of agents that help excretion of porphyrins can
be employed as palliative therapies to alleviate symptomatology. However, these
treatments show high variability among patients and produce side effects as iron
overload, thrombocytopenia or infections, among others (Fritsch et al. 1997; Balwani

and Desnick 2012).

In view of the current situation, the search for a definitive treatment is urgently
needed for these patients. In order to better approach therapeutic development, a
comprehensive analysis of the genetic alterations and their consequences at the

protein level is required.

1.3.4 Uroporphyrinogen Ill Synthase mutations and stability

The UROS human protein is a monomer of 29.5 kDa encoded by the UROS gene
(Figure 10). This is located on chromosome 10qg25.2-g26.3 and consists of 10 exons
and 10 introns. UROS gene has two different promoters that generate housekeeping
and erythroid-specific transcripts (Figure 10). The two transcripts share nine common
coding exons (2B to 10) but have unique 5'-untranslated sequences (exons 1 and 2A).
The housekeeping transcript is expressed in all tissues, while the erythroid transcript
is expresses only in erythropoietic tissues and its activity is increased during hemin-
induced erythroid differentiation. An alternative erythroid-specific promoter is
present also in the first introns of the genes that encode the second and third enzymes
in the heme biosynthetic pathway. This suggests a common regulatory mechanism for
erythropoiesis and erythroid differentiation, which may have evolved from an
ancestral sequence that could have duplicated and diverged into separate enzymes in

the pathway (Aizencang et al. 2000).
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Figure 10. Schematic representation of UROS gene. Blue boxes indicate common exons, green
and yellow boxes indicate alternative housekeeping and erythroid 5 UTRs, respectively. Arrows
indicates the housekeeping (PH) and erythroid (PE) promoter regions. Edited from (Aizencang et al.

2000).

To date, over 49 UROS disease-causing mutations are reported, according with
the Human Gene Mutation Database (www.hgmd.org), including missense/nonsense
mutations (29), splicing defects (4), insertions/deletions (10) and mutations in
regulatory regions (6). Moreover, a gain of function mutation in the ALAS2 gene and
trans-acting mutation in GATA1 gene (R216W) have also been described as modulator

or causative of CEP, respectively (Phillips et al. 2007).

The C73R (c.217 T>C) missense mutation in the exon 4 is the most common
pathologic allele found in about 40% of the patients and is associated with a severe
phenotype (Frank et al. 1998). Homozygous patients for this mutation have less than
1% UROS activity as consequence of a misfolded and unstable protein, which is
prematurely degraded via the proteasome (Bishop et al. 2006; 2011). Fortian and co-
workers demonstrated that the cysteine in position 73 is not essential for the catalytic
activity of the enzyme, but its mutation to arginine speeds up the process of
irreversible unfolding and aggregation. The enzyme itself retains about 50% of normal
activity but its quick degradation via the UPS dramatically reduces the amount of
intracellular available enzyme. Moreover, mutant protein levels can be restored upon

cell treatment with the proteasome inhibitor MG132 (Fortian et al. 2009). Recently,

45



Urquiza and co-worker showed that the off-patent synthetic antimicrobial ciclopirox
(CPX) acts as an UROS pharmacological chaperone in vitro and in vivo. CPX acted as an
allosteric chemical stabilizer of UROS and did not affect the enzyme’s catalytic role

(Urquiza et al. 2018).

Mouse models of human porphyrias have proven useful to investigate the
pathogenesis of the diseases and to facilitate the development of new therapeutic
approaches. To date, mouse models have been generated for all major porphyrias,
including few different mouse models for CEP. They recapitulate many of the clinical
and biochemical features of this severe human disease. Moreover, they have been
particularly useful to study the mechanisms underlying the disease and for preclinical
evaluation of novel therapeutic approaches. In spite of this, homozygous C73R mouse
model has poor viability and chronic health issues, posing numerous practical and
ethical challenges for experimental setups (Bishop et al. 2006). Therefore, it is urgent
to find new strategies that ensure the generation of viable models. Since presently the
most promising therapeutic approach for CEP is based on the use of pharmacological
chaperons, a humanized model could improve drug discovery providing a better
system for designing and testing highly specific compounds. Additionally, an inducible
model could partially solve viability and health problems, facilitating experimental

procedures.

1.3.5 Genome editing technology: CRISPR/Cas9

Nowadays, precise targeted gene modification is considered the standard
procedure to analyse gene function and to generate animal models providing the
potential for therapeutical applications. During the last few decades, simple and
economic methods for gene-targeted modification have been engineered, including
zinc finger nucleases, transcription activator-like effector nucleases and CRISPR
(Clustered Regularly Interspaced Short Palindromic Repeats)/Cas9 system. These
nucleases generate a DNA double-strand break (DSB) at the targeted genome locus.
The break induces the repair response through an error-prone non-homologous end
joining (NHEJ) or homology-directed repair (HDR). NHEJ is activated in the absence of

a template and results in insertions and/or deletions (indels) that disrupt the targeted
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locus. In presence of a donor template with homology to the targeted locus, the HDR
pathway is activated, allowing precise repair or the generation of specific mutations

(Ma, Zhang, and Huang 2014).

The CRISPR/Cas9 system was first described as an adaptive immune system in
prokaryotes, which use it as a powerful defensive strategy against viral invaders. Now,
it has been engineered for genome editing. CRISPR genome editing system is based on
a non-specific endonuclease (Cas9 or the closely related Cpfl) to cut the genome and
on two RNAs: the 20 nucleotides crRNA (crispr RNA) that defines the genomic target
for Cas9, and the tracrRNA (trans-activating crispr RNA), which acts as a scaffold linking
the crRNA to Cas9 (Figure 11). In most of experimental procedures, these two small
RNAs are condensed into one RNA sequence known as guide RNA (gRNA) or single

guide RNA (sgRNA).

Cas9 and its variants have two endonuclease domains: The N-terminal RuvC-
like nuclease domain and the HNH-like nuclease domain near the centre of the
protein. Once bound to the target, Cas9 undergoes a conformational change that
positions the nuclease domains to cleave opposite strands of the target DNA. A
"nickase” Cas9 mutant, which cuts only one strand of DNA, is commonly used with
paired gRNAs to lower off-target cuts frequency. gRNA length has also been optimized.
Truncated gRNAs with <20 base homology shown less off-target activity (Fu et al.
2014).

In order to be cut by Cas9, the DNA target must contain a 3-base pair sequence,
known as the Protospacer Adjacent Motif or PAM, immediately downstream (3’) of
the site targeted by the guide RNA. Thus, the result of Cas9-mediated DNA cut is a DSB
within the target DNA ~3-4 nucleotides upstream of the PAM sequence. In the absence

of either the gRNA or a PAM sequence, Cas9 will neither bind, nor cut the target.
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Figure 11. CRISPR/Cas9 system. tracRNA acts as a scaffold for the crRNA, which guides the
Cas9 on the target sequence. Cas9 produces DSB ~3-4 nucleotides upstream of PAM sequence. Arrows

indicate the cutting site.

1.3.6 FLEX-Switch System

The Cre-LoxP system is a common site-specific genetic manipulation tool. This
system, through a site-specific recombination, allows modulating the expression of
targeted genes in cell lines and animal models, at a certain developmental stage or in
specific tissues. Cre recombinase is a tyrosine recombinase enzyme derived from the
P1 bacteriophage, and is a member of the A integrase superfamily of SSRs (subtilisin-
like serine proteases). Cre mediates DNA recombination, involving strand cleavage,
exchange and ligation, through the recognition of DNA target sites, the 34 bp LoxP
sites (locus of crossover (x) in P1). Each LoxP site includes two sets of 13 bp recognition
sequences separated by 8 bp spacer sequence. The 13 bp sequences are palindromic
while the 8 bp spacer is responsible for the directionality of the Lox site. Different Cre
recombination outcomes may be generated based on the location and orientation of

the LoxP sites. When the two LoxP sites are in opposite orientations, the sequence in

48



between is reversibly inverted (Figure 12, left panel). However, if two LoxP sites are in
the same orientation, the sequence in between is excised (Figure 12, middle panel).
This process is essentially irreversible. A reversible translocation event is generated at
the LoxP sites when they are located on separate DNA molecules (Figure 12, right

panel) (Friedel et al. 2011).
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Figure 12. The directionality of the Lox sites determines the outcome of the Cre mediated
recombination. When the two LoxP sites are in the opposite orientations, the sequence in between is
inverted (left panel). However, if two LoxP sites are in the same orientation, the sequence in between
is excised (middle panel). A translocation event is generated at the LoxP sites when they are located on

separate DNA molecules (right panel). Edited from Addgene.

Cre-dependent genetic switch (FLEX-Switch) system (Schniitgen et al. 2003) is
a genetic tool based on the use of two pairs of heterotypic Lox sites, WT (LoxP) and
mutant (e.g. Lox511). Cre recognizes both Lox variants, but only identical pairs of Lox
sites can recombine with each other and not with any other variant. By combining the
ability of Cre recombinase to invert or excise a DNA fragment and the availability of
both WT and mutant Lox sites, the FLEX-Switch system allows a gene to be turned off,
while the expression of another one is simultaneously turned on (Figure 13). This site-
specific genetic manipulation can be combined with the CRISPR/Cas9 technology as a

novel genetic tool for site-specific genetic manipulation in vivo.
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Figure 13. FLEX-Switch System. Incompatible pairs of Lox sites can be used to induce the

expression of a gene of interest, simultaneously to the silencing of another gene, in two steps of
recombination. First, using LoxP (orange arrowheads) or Lox511 (yellow arrowheads) sites, Cre can flip
the middle sequence inverting the strand sense of the genes. Next, the sequence between two Lox sites

faced in the same direction is irreversibly excised.

Considering the advantages of this technology and the need for a new genome
editing strategy, the FLEX-Switch system could represent the ideal approach for the

generation of a new viable humanized inducible CEP C73R mouse model.

1.4 Townes-Brocks Syndrome: a developmental rare disease

TBS is a rare disease with an estimated prevalence of 1 per 350.000 live births.
It is an autosomal dominant genetic disorder characterized by three major features:
imperforate anus, dysplastic ears and thumb malformations such as triphalangeal
thumbs, duplication of the thumb (preaxial polydactyly) and thumb hypoplasia (Powell
and Michaelis 1999). TBS is also frequently associated with other minor features such
as sensorineural and/or conductive hearing impairment, foot malformations, renal
impairment including end-stage renal disease or polycystic kidneys, together with

genitourinary malformations and congenital heart disease.
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TBS features are schematized in Figure 14. The diagnosis of TBS is established
by the presence of the three major features. If only two major features are present,

the minor features and the absence of atypical features further support the diagnosis.

Major features

Imperforate anus or anal stenosis in 84%

Dysplasticears in 87% (overfolded superior helices, microtia)
Typical thumb malformationsin 89% (preaxial polydactyly,
triphalangeal thumbs, hypoplastic thumb) without hypoplasia
of the radius.

Minor features

Sensirineural and/or conductive hearing impairment
Foot malformations

Renal impairment with or without renal malformations
Genitourinary malformations

Congenital heart disease

Atypical (not suggestive of TBS)
Radius hypoplasia on clinical examination or radiographs
Cleft lip/palate

Figure 14. Classical symptoms of Townes-Brocks Syndrome. A-B) TBS patientes exhibit
polydactyly in hands. D) Dysplastic ears are a common TBS feature, compared to normal ear in C). E)
TBS individuals might also exhibit preauricular tags. F) Major, minor and atypical features in TBS. (Powell

and Michaelis 1999; J. Kohlhase et al. 1998).

TBS is caused by mutations in the gene encoding the transcriptional repressor
SALL1 and is associated with the presence of a truncated protein that localizes to the
cytoplasm in contrast to the WT protein, which resides primarily in the nucleus (Sato
et al. 2004). Recently, Bozal-Basterra and co-workers proposed that TBS might be
considered a ciliopathy, which is a group of diseases caused by malfunction of the
primary cilia. In agreement with this classification, TBS individuals-derived primary
fibroblasts show a higher rate of ciliogenesis, abnormally elongated cilia, aberrant cilia

disassembly, and SHH (Sonic-Hedgehog) signaling defects (Bozal-Basterra et al. 2018).

TBS is also referred as TBS1 since a TBS2 disease has been described. Unlike
TBS1 patients, TB2 patients do not have mutations in the SALLI gene, but in the DACT1
gene (Webb et al. 2017). Hear defects, as well as imperforate anus and renal defects

are some of the symptoms that overlap with TBS1.
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1.4.1 The SALL family of transcription factors

SALL (Spalt-like) proteins are zinc finger transcription factors characterized by
the presence of stereotypical pairs of zinc finger domains along the protein, which are
thought to mediate interactions with DNA via an AT-rich sequence (Netzer et al. 2006).
The first zinc finger domain (ZF1) corresponds to a single zinc finger C2HC type,
conserved only in vertebrates; the rest of the domains (ZF2-5) are organized in
doublets or triplets of C2H2 type zinc fingers, connected by sequences conserved
throughout evolution. In vertebrates, the N-terminal region of SALL proteins presents
a conserved 12 amino acid sequence involved in transcriptional repression (Lauberth
and Rauchman 2006). Another important N-terminal motif is the conserved
polyglutamine (PolyQ) domain involved in protein dimerization with itself, with other
SALL family members or with other factors (Sweetman et al. 2003). Finally, the ZF1
motif, which may mediate protein-protein interactions rather than DNA binding (Laity,

Lee, and Wright 2001).

In Drosophila, two paralogs, Salm and Salr, are implicated in the formation of
the wing via control of cell differentiation in imaginal discs, the trachea, the sensory
organs and the nervous system (Cantera et al. 2002; J. F. de Celis and Barrio 2000; J.
F. de Celis and Barrio 2009). In vertebrates, there are four members of the SALL family,
defined as SALL1-4. SALL family is very important in different aspects of human health,
since they are associated to hereditary syndromes and are involved in stem cells
maintenance and cancer as tumor-suppressor factors (Misawa et al. 2018). Figure 15
shows a schematic representation of the main conserved domains present in SALL

proteins.

While mutations in SALLI cause TBS, mutations in SALL4 cause Okihiro
Syndrome (Kohlhase et al. 2002), which is characterized by hearing dysfunction,
external ear malformation, renal abnormalities, atrial septal defects and facial
asymmetry. Mutations in SALL2 have been identified as responsible for ocular
coloboma in human and in mice, a congenital defect resulting from failure in the optic

fissure normal closure (Kelberman et al. 2014).
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Vertebrates

Drosophila

Figure 15. Schematic representation of the main conserved domains present in SALL
proteins. Coloured ovals numbered 1 to 5 represent the zinc finger domains from vertebrate and
Drosophila Sall homologues. White rectangles represent the polyQ regions. The arrow in SALL1
indicates the SUMOylation site described for this protein. Coloured horizontal bars below each protein

indicate the SALL-interaction domains with other proteins. Adapted from (J. F. de Celis and Barrio 2009).

1.4.2 Truncations of SALL1 cause Townes-Brocks Syndrome

SALL1 (MIM: 602218) is one of the four members of the SALL family in
vertebrates. SALL1 is a transcriptional repressor. The N-terminal region of SALL1
mediates transcriptional repression via the interaction with the nucleosome
remodelling deacetylase (NuRD) complex through a conserved 12 amino acid
sequence (Kiefer et al. 2002; Lauberth and Rauchman 2006). Moreover, SALL1 is linked

to chromatin-mediated repression (J. F. de Celis and Barrio 2009).
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More than 50 point-mutations in SALL1 were described that cause premature
stop codons by frame shifts, short insertions or deletions, mainly in a hot-spot region
located between the N-terminal part of the protein and the ZF1, as shown in Figure 16
(Botzenhart et al. 2007; 2005; J. Kohlhase et al. 1998; Borozdin et al. 2006; Nakajo
et al. 1990).

lw 1w &
NH2 /\ 1] l lu/\ COOH

Intron 1 Intron 2
® short deletion o nonsense mutation
o short insertion = short duplication
= Ser-Gly repeat (@ intronic mutation, aberrant splice acceptor

. C2HC zinc finger 00 C2H2 zinc finger

m refined hot spot region m glutamine rich domain

Figure 16. Schematic representation of SALL1 protein. Schematic representation of the SALL1
protein and localization of the mutations identified. Zinc fingers are indicated as coloured ovals. The
red horizontal bar marks the refined hot-spot region and the blue bar assigns the glutamine rich

domain. Adapted from (Botzenhart et al. 2007).

Many SALL1 mutations reported in TBS result in truncated proteins that lack
most of the zinc finger pairs, but retain the N-terminal domain, the ZF1 and the PolyQ
region. In fact, truncated proteins causing TBS are still able to form multimers with
themselves and with full-length SALL proteins (Lauberth et al. 2007; Kiefer et al. 2003).
The ¢.826C>T (R267X) mutation in the exon 2 is the most common allele found in TBS

patients.

1.4.3 SALL1 SUMOylation

Post-translation modifications can modulate transcription factors activity
altering their regulation and localization. In Drosophila, SALL proteins can be
SUMOylated. SUMOylation alters their nuclear localization and influence the vein

pattern formation in the wing, as well as their transcriptional repressor activity
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(Sanchez et al. 2010; 2011). Through human library-based yeast-two-hybrid screen,
Netzer and co-worker identified UBC9 and SUMOL1 as interactors of SALL1 and
reported the SUMOylation of K1086 in vitro (Netzer etal. 2002). Pirone et al.
confirmed SUMOylation of SALL1 in cells using the bioSUMO system, a comprehensive
method for studying SUMOylated proteins. As shown in Figure 17, they showed that
SALL1 can be modified by both SUMO1 and SUMO3 and that it partially colocalized in
the nucleus with bioSUMO1, similarly than with the endogenous SUMO2/3 (Pirone
et al. 2017).
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Figure 17. SALL1 is modified by SUMO1 and SUMO2/3 in mammalian cells. A) Western blot
of HEK 293FT cells showing that the transcription factor SALL1 fused to YFP was SUMOylated in
presence (+) of bioSUMO1 (lane 4) or bioSUMO3 (lane 5; bioSUMO1-BirA or bioSUMO3-BirA,
respectively). Black arrowhead indicates the modified SALL1-YFP in the elution panel (lanes 4, 5), which
is shifted in comparison to the non-modified SALL1-YFP in the input panel (white arrowhead, lanes 1—
3). Molecular weight markers are shown to the left. B-C) Partial colocalization between SALL1-YFP (B,
green) and bioSUMO1 (purple) (bioSUMO1-BirA-UBC9) in U20S cells (B) or with endogenous SUMO02/3
(C, purple). White arrowheads indicate colocalization. Nuclei were stained with DAPI (blue). B’-C")
Green and purple channels are shown independently in black and white. Edited from (Pirone et al.

2017).

For a deeper analysis of SALL1 SUMOQylation, our laboratory generated a SALL1
mutant SUMO unable to undergo SUMOylation (Pirone 2016). By analyzing the full-
length amino acidic sequence of SALL1 by the SUMOplot program
(http://www.abgent.com/sumoplot), 7 possible SUMO consensus sites were found
with a high probability score. Four high score sequences were selected and mutated
by substituting each lysine (K571, K592, K982 and K1086) with an arginine (SALL1-4KR)
(Figure 18). The SALL1-4KR mutant lost the capacity to be SUMOylated in cells,
therefore, SALL1-4KR was considered a SALLIASUMO mutant.
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Figure 18. Schematic representation of identified and mutated SUMO consensus sites in
SALL1. Ovals represent the zinc fingers distributed along the protein. Q represents the poly-glutamine

domain. In red, SUMO consensus sites mutated in SALLIASUMO.

Interestingly, recent mass spectrometry experiments to find SUMOylated
proteins in different cellular conditions, revealed that all the SALL human homologues
can be SUMOylated (Hendriks and Vertegaal 2016a; 2016b). In the case of SALL1,
various SUMOylation sites have been detected by mass spectrometry, corresponding
to the consensus sites identified previously, the most prominent site being the K1086

previously identified (Netzer et al. 2002).

1.4.4 SALL1 Interactors

In order to gain insights on SALL1 function in the context of TBS, “proximity
proteomics” BiolD methodology in combination with Mass Spectrometry was used to
identify possible interactors of human SALL1 (schematized in Figure 19) (Bozal-

Basterra et al. 2018).
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Figure 19. Search of SALL1 interactors by proximity proteomics. Schematic representation of
the BiolD methodology in combination with Mass Spectrometry (Bozal-Basterra et al. 2018). Adapted
from (Roux et al. 2012).

Gene Ontology (GO) analysis revealed that many of the putative interactors of
SALL1 were nuclear proteins, most them factors involved in gene expression
regulation. Interestingly, SALL1 interacted with many components of the UbL
pathway, including E1, E2 and E3 enzymes. Among other categories, the SUMO ligase
term was well represented in the list of interacting factors (Figure 20). The known
mammalian SUMO E3 ligases CBX4, PIAS1, PIAS2 and PIAS4 were identified as putative
SALL1 interactors, opening the possibility that one of those ligases was involved in the
SUMOylation of SALL1. Interestingly, the genetic interaction between Drosophila sall
genes and Polycomb (Pc), the Drosophila homolog of CBX4, was previously reported
since mutations in salm enhanced the phenotype of Pc group mutations during
embryogenesis (Casanova 1989; Landecker, Sinclair, and Brock 1994). However, the
mechanisms underlying the interaction between CBX4 and SALL1 in human were still

unknown. The opportunity to explore the relationship between human SALL1 and
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CBX4 opened an opportunity of research with the aim to better understand the

implications of SALL1 SUMOylation in gene regulation.
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Figure 20. Analysis of SALL1 interactors by Mass Spectrometry. GO analysis for biological
process, cellular component and molecular function performed using Innate DB. (Bozal-Basterra et al.

2018).
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1.4.5 CBX4 is a member of the Polycomb group

The Polycomb group of proteins (PcG) is a conserved family of transcriptional
repressors involved in epigenetic silencing and in the maintenance of cell identity
during development. They regulate the expression of numerous genes that participate

in different cellular processes including cell fate choices and cell cycle control.

PcG proteins assemble into chromatin-associated multiprotein complexes
known as Polycomb Repressive Complex 1 (PRC1) and Polycomb Repressive Complex
2 (PRC2), containing enzymatic subunits to modify histones (Bracken and Helin 2009;
Simon and Kingston 2009; Entrevan, Schuettengruber, and Cavalli 2016). PRC2
complex is composed by the core components EED (Embryonic ectoderm
development), SUZ12 (Suppressor of zeste 12) and EZH2 (Enhancer of zeste 2), which
mediate the trimethylation of histone H3 at lysine 27 (H3K27me3), a landmark for
gene transcriptional repression. The canonical PRC1 complex (cPRC1) is composed of
CBX (Chromobox), PCGF (Polycomb group ring finger), RING (Ring finger protein), and
PHC (Polyhomeotic-like) proteins. CBX proteins in PRC1 (CBX2,4,6,8) recognize and
bind the Histone H3 trimethylated at lysine K27 (H3K27me3) facilitating the
recruitment of cPRC1 to PRC2-target genes. RING1A/B proteins in the cPRC1 complex,
together with PCGF2/4 proteins, can then catalyse the monoubiquitylation of histone
H2A at lysine 119 (H2AK119ubl), which contribute to chromatin compaction and
repression of lineage-specific genes (Figure 21) (Eskeland et al. 2010; Aranda, Mas,

and Di Croce 2015).
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Figure 21. Chromatin silencing marks by PRC1 and PRC2. PRC2, through the catalytic subunit

EZH2, promotes the trimethylation (me3) of lysine 27 (K27) of the histone H3, which is then recognized
by the CBX protein of the cPRC1. Next, the RING1 subunit of PRC1 catalyses the ubiquitination (Ub) of
the lysine 119 (K119) of the histone H2A.

However, this hierarchical model of PRC2-dependent H2AK119 ubiquitination
has been challenged in recent years by the identification of non-canonical PRC1 (nc-
PRC1) complexes, which do not require PRC2 activity to mediate H2AK119ub1 and in
which the CBX component is replaced by RYBP (RING1 and YY1 binding protein) or
YAF2 (YY1 associated factor) (Gao et al. 2012; Morey et al. 2013; Zhao et al. 2020).

PcG proteins regulate chromatin structure at multiple levels, from the linear
genome by modifying histones by binding Pc Regulatory Elements (PRE) in target
genes, to organizing topologically associating domains (TADs) in the nuclear space.
TADs represent linear units of chromatin that fold as 3D structures and may establish
dynamic long-range interactions with each other, mostly due to the dispersed
genomic distribution of the target sites, to form Pc nuclear bodies (Figure 22)

(Entrevan, Schuettengruber, and Cavalli 2016).
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Figure 22. Pc bodies result from several engaged silenced-chromatin regions. Binding of PcG
proteins to chromatin can induce DNA compaction and PcG proteins are involved in mediating looping
interactions between cis-regulatory elements like enhancers and promoters. Linear chromatin regions
can fold into specific 3D structures to form TADs. In addition, Polycomb-repressed TADs show long-
range interactions with each other mediated by PcG proteins. PcG proteins accumulate in the nucleus
to form PcG foci, which are the nuclear counterparts of genomic domains, silenced by PcG proteins and
may contain individual PcG TADs or multiple TADs engaged in long-range interactions. Adapted from

(Entrevan, Schuettengruber, and Cavalli 2016).
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PcG genes were originally identified as factor mediating repression of
homeotic genes. Hox (homeobox) genes are grouped in genomic clusters and encode
transcription factors defining cellular identities along the major and secondary body
axes. In human there are 39 Hox genes organized in four clusters on four different
chromosomes: HoxA, HoxB, HoxC and HoxD (Figure 23). During development, collinear
regulation of Hox genes in space and time is critical for patterning the body plans of
many animals with bilateral symmetry. Dynamic patterns of histone marks and higher-
order chromatin structure are important determinants of Hox gene regulation

(Deschamps and Duboule 2017; Soshnikova 2014).
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Figure 23. Clustering of Hox genes in mammals. In mammals there are 39 Hox genes organized
in four clusters HoxA, HoxB, HoxC and HoxD. Hox genes are indicated by coloured boxes. Different

colours indicate gene that share a common ancestor.

In addition to Hox genes, PcG complexes also occupy promoters of members
of other transcription factor families, such as GATA family, that have key roles in a
variety of developmental processes. Members of the GATA4, 5 and 6 subfamily are
expressed in various mesoderm- and endoderm-derived tissues, where they play
critical roles in regulating tissue-specific gene expression controlling the development
and function of different cell types [(Aronson, Stapleton, and Krasinski 2014;

Katsumura 2017; Boyer et al. 2006).

Different CBX proteins share the N-terminal chromodomain and a small
hydrophobic region at the extreme C-terminal called C-box. However, among CBX

proteins, CBX4 is the only one known to have an enzymatic activity. Kagey and
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colleagues demonstrated that CBX4 is a SUMO E3 ligase for the transcriptional
corepressor CtBP (carboxyl-terminus binding protein) and is itself SUMOylated.
Several CBX4 SUMOylation targets have been described (Kagey, Melhuish, and
Wotton 2003; Chen et al. 2018; J. Li et al. 2014; Ismail et al. 2012; B. Li et al. 2007).

Two SIMs have been identified in CBX4, which are required for the SUMO E3
ligase activity, together with the chromodomain and the C-box. Schematized
representation of some important CBX4 domains is shown in Figure 24. The
chromodomain of CBX4 is also necessary for the efficient binding to H3K27me3, as
well as its SUMOylation. In fact, Kang and colleagues demonstrated that CBX4 is a
target of the SUMO protease SENP2 and that SUMOylation is essential for CBX4-
mediated PRC1 recruitment to H3K27me3. In SENP2 null mutant embryos,
SUMOylated CBX4 accumulates and CBX4 occupancy on the promoters of PcG target
genes is markedly increased with consequent increment of targets repression (Wotton
and Merrill 2007; Merrill et al. 2010; Kang et al. 2010). Interestingly, a critical role for
SUMOylation in the regulation of PcG target gene expression was previously reported
in Drosophila. There, Pc SUMOQylation was shown to regulate PcG-mediated silencing
by modulating the kinetics of Pc binding to chromatin, as well as its ability to form

Polycomb bodies (Gonzalez et al. 2014).

ICh romodomain C-box
ISIMs CtBP site
I Phosphorylation site I SUMOylation site
N-term C-term

Figure 24. Schematic representation of CBX4 important motifs and domains. Some important
domains are represented. Colours are used according to the legend. Edited from (Wotton and Merrill

2007).
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Transcriptional repression and SUMO E3 ligase activities endows CBX4 with a
key role in several essential pathways. CBX4 has been described to facilitate the
differentiation of hematopoietic stem cells (Klauke et al. 2013), counteracting cellular
senescence (Ren etal. 2019) and maintaining the epithelial lineage identity via
repression of non-epidermal lineage and cell cycle inhibitor genes (Mardaryev et al.
2016). Moreover, CBX4 is known to be recruited rapidly to DNA damage (Ismail et al.
2012) and has emerged as a critical component of the DNA end resection machinery
(Soria-Bretones et al. 2017). Finally, CBX4 plays an important role in the occurrence
and development of tumours. In fact, dysregulation of CBX4 contributes to the
progression of human cancers in which it can acts as both oncogene and tumour

suppressor, depending on the cellular context (Wang et al. 2016).

Given the importance of SALL1 and CBX4 in gene regulation during
development and their possible interaction in the cells, to understand the relationship
between these two transcription factors might help to clarify their role in cellular

functioning and regulation.
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CHAPTER 2
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Cell culture

Mouse NIH3T3-Shh-LIGHT2-Cas9-blast (Taipale etal. 2000), human U20S
(ATCC HTB-96) and HEK 293FT (Invitrogen) cells, as well as derived cell lines, were
cultured at 37°C with 5% of CO2 in DMEM (Dulbecco’s modified Eagle’s medium;
Gibco) supplemented with 10% FBS and 1% penicillin/streptomycin (GIBCO).

Cell Transfection

HEK 293FT cells were transiently transfected using calcium phosphate in 10 cm
dishes with 10 pg of DNA using different sets of plasmids according to each
experiment.

U20S cells were transiently transfected using Effectene®( QIAGEN) according

to the manufacturers datasheet.

CRISPR/Cas9 genome editing

The mouse Uros locus was targeted in NIH3T3-based Shh-LIGHT2 fibroblasts
[(Taipale et al. 2000); kind gift from A. McGee, Imperial College]. Cas9 was introduced
into Shh-LIGHT2 cells by lentiviral transduction (Lenti-Cas9-blast; Addgene #52962;
kind gift from F. Zhang, MIT) and selected with blasticidin (5 pg/ml). Two high-scoring

sgRNAs were selected (http://crispor.tefor.net/) to target near the second exon of

Uros gene (Table 1). To express both sgRNAs and additional Cas9 with puromycin
selection, these sequences were cloned into px459 2.0 (Addgene #62988; kind gift of
F. Zhang, MIT).

Transfections were performed in NIH3T3-based Shh-LIGHT2_Cas9-blast cells
with Lipofectamine 3000 (Thermo). 2 pg of CondMmURQOSv6_puro_Cre-ERT2 plasmid
were transfected into the cells together with 0.67 ug of each sgRNA. Cells were treated
with 10 uM of RS1 (Sigma) 16 hours after the transfection. 24 hours after transfection,
transient puromycin selection (1 pg/ml) was applied for 48 hours to enrich for
transfected cells. Cells were plated at clonal density, and well-isolated clones were
picked and propagated individually. Western blotting was used to identify clones

expressing human UROS.
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Table 1. Relevant sequences.

Name Sequence
T2A (GSG)EGRGSLLTCGDVEENPGP
P2A (GSG)ATNFSLLKQAGDVEENPGP

hUROS®* (*)  GAGTTGGGGCTTTATGGGTTGGAGGCTACTCTGATCCCCGTGTTATCATTCGAATTCTTGAGC
CTTCCATCATTCTCCGAAAAGCTGAGTCACCCCGAGGACTACGGGGGCCTCATCTTCACATCC
CCACGGGCCGTGGAGGCCGCAGAACTGTGTCTGGAGCAGAACAACAAGACAGAAGTGTGG
GAGCGCAGCCTGAAGGAGAAATGGAACGCAAAATCAGTTTACGTGGTCGGGAACGCCACCG
CCAGTTTAGTGAGCAAAATCGGCTTAGACACCGAGGGCGAGACCTGTGGAAACGCAGAGAA
GCTGGCTGAATACATCTGCTCCCGGGAATCCTCCGCCCTTCCTCTCCTCTTTCCCTGTGGCAAC
TTGAAGAGAGAGATCCTcCCAAAAGCTCTGAAGGACAAGGGCATTGCCATGGAAAGTATCAC
TGTGTACCAAACCGTGGCCCACCCCGGCATCCAAGGCAACCTCAACTCATATTACAGCCAGCA
GGGCGTGCCTGCCTCTATCACCTTTTTCTCTCCCTCCGGCCTGACTTATAGCCTCAAACACATT
CAGGAGCTTAGTGGGGACAACATTGACCAGATCAAGTTTGCCGCAATCGGACCCACAACTGC
ACGGGCCTTGGCTGCCCAAGGACTGCCTGTCTCATGCACAGCCGAGAGCCCCACTCCTCAAG
CTTTGGCAACTGGGATCAGAAAAGCCTTGCAGCCCCACGGCTGCTGC

sgRNA1 CTTACTAAAAGACGCCA_AGG

SgRNA2 CACAATCGCAGCTCCTG_CAA

(*) hUROS®P': cDNA sequence (exons 3-10) of human UROS optimized for mouse codon usage.

Cycloheximide assay

3 x 10° HEK 293FT cells per well were plated in 6-well plates. Four hours later,
cells were transfected with 2 pg of CMV-SALL1-YPF, CMV-SALL1ASUMO-YFP or CMV-
GFP-[-Galactosidase plasmid per well using the calcium phosphate method. Cells
were treated with 50 pg of cycloheximide (CHX) in combination or not with 10 uM of
MG132 at different time points (Oh, 4h, 8h or 16h). Cells were lysed in RIPA buffer [150
mM NacCl, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0,

protease inhibitors (Roche)] and analyzed by Western blot.

Fluorescence-activated cell sorting

Live cells were collected in 1x PBS (phosphate buffered saline) and flow
cytometry analyses were performed using the BD FACSCantoTM Il system (BD
Biosciences). Data were analyzed using the FlowJo software. Porphyrin fluorescence

was detected by APC laser (Ex-Max 650 nm/Em-Max 660 nm).
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Generation of vectors

The following vectors were used in this study (Table 2). All constructs for this
work were done by Dr. J. D. Sutherland and the candidate, unless otherwise specified.
DNA fragments were amplified from the indicated plasmids by high-fidelity PCR
Platinum SuperFi (Thermo) and, when required, digested using the indicated
restriction enzymes (Fermentas; NEB). PCR products were purified using mi-Gel
Extraction kit (Metabion) and afterwards ligation was performed using Gibson

Assembly Master Mix (BioLabs). All vectors were checked by sequencing.

Table 2. Vectors used in the study

Name of the vectors Reference Cloning sites/notes
pCAG-ERT2CreERT2 Addgene #13777 Mlu | - Spe |
17ABAVMP_CondMmUROSv6_pMA This work/GeneArt Mlu | - Spe |
A (CondMmUROSv6_ERT2-Cre-ERT2) This work Mlu | - Spe |
B (CondMmUROSv6_Cre-ERT2) This work Mlu | - Spe | ; BsiW | - Asc

C (CondMmUROSV6_puro_Cre-ERT2)

CMV-CBX4-YFP
CMV-SALL1-YFP
CMV-SALL1IASUMO-YFP
CMV-SALL1ASIM-YFP
CMV-YFP
CMV-SALL1-2xHA
CMV-SALL1-826-2xHA
CB6-HA

CB6-SALL1-HA
CB6-SALL1IASUMO-HA
CB6-CBX4-HA
CMV-GFP-B-Galactosidase
CMV-BirA-2A-puro
CMV-BirA-2A-bioUb-puro
px459 2.0

Lenti-Cas9-blast vector

pTRIPZ

This work

J.D.Sutherland, unpublished
(Pirone et al. 2017)
J.D.Sutherland, unpublished
J.D.Sutherland, unpublished
(Pirone et al. 2017)
J.D.Sutherland, unpublished
J.D.Sutherland, unpublished
(Pirone et al. 2017)
J.D.Sutherland, unpublished
J.D.Sutherland, unpublished
J.D.Sutherland, unpublished
J.D.Sutherland, unpublished
J.D.Sutherland, unpublished
J.D.Sutherland, unpublished
Addgene #62988

Addgene #52962

Horizon Discovery

Mlu | - Spe |
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Genotyping and PCR primers

The following primers were used in this study (Table 3). Primers were used for

either Sanger sequencing or PCR amplification of the vectors.

Table 3. Genotyping and PCR oligonucleotide sequences.

Oligo Name
ZfTiall.sgRNA.for
ZfTiall.sgRNA.rev
pX330.seq.for
MmUROS.sgl.for
MmUROS.sgl.rev
MmUROS.sg2.for
MmUROS.sg2.rev
T7.MmUROS.sgl.for
T7.MmUROS.sg2.for
T7.sgRNA.rev
R1.HsUROS.for

Sal1.HsUROS.rev
R1.MmUROS.for

Sall.MmUROS.rev

HsUROS.C73R.for

HsUROS.C73R.rev

MmUROS.KO.genotype.for
MmUROS.KO.genotype.rev

UROS.ERT2.for

RGlobpA.UROS.rev

UROS.CRE.for

T2A.CRE.for
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Oligo Sequence

5’-caccGGTATGTCGGGAACCTCTCC-3’
5’-aaacGGAGAGGTTCCCGACATACC-3'
5’-CAGTTTTAAAATTATGTTTTAAAATGGAC-3’
5’-CACCGCTTACTAAAAGACGCCAAGG-3’
5’-AAACCCTTGGCGTCTTTTAGTAAGC-3’
5’-CACCGTTGCAGGAGCTGCGATTGTG-3’
5’-AAACCACAATCGCAGCTCCTGCAAC-3’
5’-TAATACGACTCACTATAGGGCTTACTAAAAGACGCCAAGG-3’
5’-TAATACGACTCACTATAGGGATAGGCCCTGTGCACTTCTC-3’
5’-AAAAGCACCGACTCGGTGCC-3’
5’-GATCGAATTCGCCACCATGAAGGTTCTTTTACTGAAGGATGCG
AAGG-3’

5’-GATCGTCGACCCGCAGCAGCCATGGGGCTGGAG-3’
5’-GATCGAATTCGCCACCATGAAGGTTCTCTTACTAAAAGACGCC
AAGG-3’
5’-GATCGTCGACCCGCAACAGTGGTTTGGCTTCAGCAC-3’
5’-GAGCAGTGGAAGCAGCAGAGTTACGTTTGGAGCAAAACAAT
AAAACTGAAGTCTGG-3’
5’-CCAGACTTCAGTTTTATTGTTTTGCTCCAAACGTAACTCTGCTG
CTTCCACTGCTC-3'

5’-TCTTGCCTCTCTCCTTCCAA-3’
5’-CAGCACAGGAATCAGTGTGG-3’
5’-GATGTCGAAGAGAATCCTGGACCGACGCGTGCCACCATGGCT
GGAGACATG-3’
5’-CATTATACGAAGTTATGATCGATCGATACTAGTCTGCAGGTCG
AGGGATCTTCATAAGAGAAG-3’
5’-GATGTCGAAGAGAATCCTGGACCGACGCGTATGAATTTACTG
ACCGTACACCAAAATTTGCCTGCA-3’
5’-TGCGGAGATGTCGAAGAGAACCCTGGCCCTATGAATTTACTG
ACCGTACACCAAAATTTGCCT-3’



CRE.T2A.rev

UROS.puro.for

UROS.P2A.seq.for
Lox511.UROS.seq.rev
CRES0.seq.rev
CRE700.seq.for
ERT430.seq.for
RbglobinpA.seq.for
UROS.3'HA.seq.rev

HSS1.2xHA.5'gen.for

HSS1.2xHA.5'gen.rev

HSS1.2xHA.3'gen.for

HSS1.2xHA.3'gen.rev
Cas9.seq.for
MmUROS.5'exterior.for
MmUROS.5'exteriorv2.for
MmUROS.3'exterior.rev
MmUROS.3'exteriorv2.rev
HsUROS.degen.rev
HsUROS.degenv2.rev
UROS.postrecomb.rev
UROS_HAtag.rev
UROSintron.5'loxP.for
huUROS_post-flip 1.rev
huUROS_post-flip 2.for
Lox511_3'exterior_post-flip.rev
CRE_start.3796.rev
BGH_start.5897.for
ERT2_start.4566. rev

Intron_start125.for

5’-AGGCAAATTTTGGTGTACGGTCAGTAAATTCATAGGGCCAGG
GTTCTCTTCGACATCTCCGCA-3’
5’-GATGTCGAAGAGAATCCTGGACCGACGCGTATGACCGAGTAC
AAGCCCACGGTG-3’
5-CGGCTGCTGCGGATCCGGCGCAACAA-3’
5’-GGGGATGCGGTGGGCTCTATGGCGATC-3’
5’-CATCAGGTTCTTGCGAACCTCATCACTC-3’
5-CCGTCTCTGGTGTAGCTGATGATCCG-3’
5’-GGTGGAGATCTTCGACATGCTGCTGG-3'
5’-CCTCTCCTGACTACTCCCAGTCATAGCTG-3’
5-CTTTGTAGACCAGGCTGGCCTCGAAC-3’
5’-GATCGGTATGTCGGGAACCTCTCCAGGAGGGCATGCTAATTT
GGGTCGGC-3’

5 -TGCATAGTCTGGTACGTCGTAAGGATAAGATCCTGCG
TAATCAGGGACATCATATGGGTACATGCTGGCTCAAACA
TCAGCTGGGG-3’
5-TCTTATCCTTACGACGTACCAGACTATGCAGGCAGCATGTCGC
GGAGGAAGCAAGCGAAGCCTCAACATTTTCAATCCGACCCCGAAGTGGCC-
3

5’-CAGCCCAGCGCCCGAAGTAAACTTCCT-3
5’-TGGACGCCACCCTGATCCACCAGAGCA-3’

5 -GGCGGATTTCTGAGTTCAAG-3’
5’-GCCAGCCTGGTCTACAGAGT-3’
5’-TGAGGGACTAAGGGTGATGC-3’
5-AACCTGTGGCTCAGAACACC-3’
5’-AACCCATAAAGCCCCAACTC-3'
5’-TTTCGGAGAATGATGGAAGG-3’
5’-AGAGATGGCTCAGCGGATAA-3’
5-AGCGTAATCTGGAACATCGTATGGGTAG-3’
5’-GGAAGAGCCAGTCTGTGCTCTTAA-3’
5-GCAAGCTTTTCTGCATTTCC-3’
5-TGCCATGGAAAGCATAACTG-3’
5’-GGCGTGCGATAACTTCGTAT-3’
5’-TCCATCGCTCGACCAGTTTA-3’
5’-CCAGGGTCAAGGAAGGCA-3’
5’-TTTTCCCTGGTTCCTGTCCA-3’
5-TTATTCCGTGACCCCTTGCT-3’
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UROS_start.2068.rev
UROS_start.1856_post-flip.for
HsUROS.geno5.rev
HsUROS.geno5v2.rev
MmUROS.geno5.for
MmUROS.geno5v2.for

5’-CCTTCAGAGCTTTTGGGAGG-3’
5-ACTGAAGTCTGGGAAAGGTCT-3’
5’-CCTTCGCATCCTTCAGTAAAAGAACCTTCAT-3’
5’-CCTGATATACGGATCCTGGCCACAGTCATC-3’
5-GCCTTTAATCCCAGCACTTG-3’
5’-TGCTCATAACACTTTTAGATAATAAAGAA-3’

5-ACGGGTTTGCCGCCAGAACACAGGACCGGTGCCACCATG
BshTI_HuUROS.ATG.for
AAGGTTCTTTTACTGAAGGATGCGAAG-3’

Clover3.T2A.puro.rev 5’-ACTTCCTCTGCCCTCTCCGCTTCCGGATCCCTTGTACAGCTC

GTCCATGCCATG-3’

5’-CTCCAGCCCCATGGCTGCTGCGGGCGCGCCGGAAGCAAGG
Hu.UROS.mAID.for
AGAAGAGTGCTTGTCCTAAAGATC-3’

5’-GATCTTTAGGACAAGCACTCTTCTCCTTGCTTCCGGCGCGCC
Hu.UROS.mAID.rev
CGCAGCAGCCATGGGGCTGGAG-3’

GFP-Trap Pulldown

All steps were performed at 4°C. HEK 293FT cells were transfected using the
calcium phosphate method with different combinations of plasmids and collected
after 48 hours. Cells were washed 3 times with 1x PBS and lysed in 1 ml of lysis buffer
[25 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.5% Triton X-100, 5%
glycerol, protease inhibitors (Roche)]. Lysates were sonicated and spun down at 25000
x g for 20 minutes. After saving 40 ul of supernatant (input), the rest of the lysate was
incubated overnight with 30 ul of pre-washed GFP-Trap resin (Chromotek) in a
rotating wheel. Beads were washed 5 times for 5 minutes each with washing buffer
(WB) (25 mM Tris-HCl pH 7.5, 300 mM NaCl, 1 mM EDTA, 1% NP-40, 0.5% Triton X-
100, 5% glycerol). Beads were centrifuged at 2000 x g for 2 minutes after each wash.
For elution, samples were boiled for 5 minutes at 95°C in 2x Laemmli buffer.

Transfected plasmids: CMV-CBX4-YFP, CMV-SALL1-YFP, CMV-SALL1IASUMO-
YFP, CMV-SALL1ASIM-YFP, CMV-YFP, CMV-SALL1-2xHA, CMV-SALL1-826-2xHA, CB6-
HA, CB6-SALL1-HA, CB6-SALL1IASUMO-HA, CB6-CBX4-HA. 5 pg of each plasmid were

used for a 100 mm dish transfection.
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GST-SUMO proteins purification

GST fusion proteins were produced from 200 ml of E. coli C4A1DE3PLYS cells
grown in a rich medium. A standard induction protocol was used, shifting log-phase
cultures (A600= about 0.6) from 37°C RT (room temperature); saved non-induced cells
and added IPTG to a final concentration of 1 mM overnight at 20°C with constant
vigorous shaking. Bacteria were recovered and centrifuged at top speed at 4°C for 15
minutes. Cells were lysed in lysis buffer [ImM PFMS in EtOH, lysozyme 1mg/ml, 1x
protease inhibitors (Roche) in 1x PBS], sonicated and centrifuged at 4°C 20000 x g, 20
minutes. Supernatants were collected and passed through GST columns. GST-fused
proteins were purified by dialysis. The amount of purified proteins was quantified by

BCA kit (Thermo Fisher Scientific), checked by PAGE, and stained by Coomassie.

GST-Pulldown

All steps were performed at 4°C. 100 ul of GST-fused SUMO proteins were
incubated at 4°C overnight with 300 ul of glutathione-sepharose beads pre-
equilibrated in lysis buffer[25 mM Tris-HCI pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% NP-
40, 0.5% Triton X-100, 5% glycerol, protease inhibitors (Roche)]. Next, beads were
centrifuged 2 minutes at 2000 x g and washed four times with WB (25 mM Tris-HCI pH
7.5, 300 mM NacCl, 1 mM EDTA, 1% NP-40, 0.5% Triton X-100, 5% glycerol).

HEK 293FT cells were transfected using the calcium phosphate method with
different combination of plasmids and collected after 48 hours. Cells were washed 3
times with 1x PBS and lysed in 1 ml of lysis buffer. Lysates were sonicated and spun
down at 25000 x g for 20 minutes. After saving 40 pul of supernatant (input), the rest
of the lysate was incubated overnight with 30 pl of GST-SUMO beads in a rotating
wheel. Beads were washed 5 times for 5 minutes each with WB (25 mM Tris-HC| pH
7.5,300 mM NaCl, 1 mM EDTA, 1% NP-40, 0.5% Triton X-100, 5% glycerol). Beads were
centrifuged at 2000 x g for 2 minutes after each wash. For elution, samples were boiled

for 5 minutes at 95°C in 2x Laemmli buffer.

High-performance liquid chromatograph analysis

A high-performance liquid chromatograph (Shimadzu) with an autosampler
was used to separate and quantify porphyrins. The analytical column was BDS Hypersil
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C18 (250 x 3 mm; 5 um particle size) purchased from Thermo Scientific. The method
to separate the porphyrins was facilitated by 60 minutes gradient elution and a two-
component mobile phase consisting of ammonium acetate (1 M, pH 5.16) filtered
through 0.1 um as solvent A and 100% acetonitrile as solvent B. Gradient elution
commenced upon injection at 0% B, increased to 65% B for 30 minutes, remained for
5 minutes, returned to 0% B in 15 minutes and remained for 10 minutes in order to
re-equilibrate the column at 0% B before the next injection. The flow rate was 1 ml
min? and the sample injection volume was 100 pl. All analyses were performed at
20°C and the spectra were taken at an excitation wavelength of 405 nm and an
emission wavelength of 610 nm. The concentrations of porphyrins were calculated
with five-point calibration curve ranging from 0.0 to 100 pM. This protocol was
performed in collaboration with Dr. Pedro Urquiza and Itxaso San Juan Quintana from

the Precision Medicine and Metabolism Lab at CIC bioGUNE.

Immunoprecipitation

All steps were performed at 4°C. Cells were collected 24 hours after seeding,
washed 3 times with 1x PBS and lysed in 1 ml of lysis buffer [20 mM Tris-HCl pH 7.5,
137 mM NaCl, 2 mM EDTA, 1% NP-40, 5% glycerol, protease inhibitor mixture (Roche)].
Lysates were incubated overnight with 1 ug of anti-Creantibody (Cell Signalling) and
for additional 4 hours with 40 ul of pre-washed Protein G Sepharose 4 Fast Flow beads
(GE Healthcare) in a rotating wheel. Beads were washed 5 times for 5 minutes each
with WB (10 mM Tris-HCl pH 7.5, 137 mM NaCl, 1 mM EDTA, 1% Triton X-100). Beads
were centrifuged at 2000 x g for 2 minutes after each wash. For elution, samples were

boiled for 5 minutes at 95°C in 2x Laemmli buffer.

Immunostaining

HEK 293FT_TripZ-SALL1-2xHA and U20S cells were seeded on 11 mm
coverslips (50000 cells per well in a 24 well-plate). After washing 3 times with cold 1x
PBS, cells were fixed with 4% PFA (paraformaldehyde) supplemented with 0.1% Triton
X-100 in PBS for 20 minutes at RT. Then, coverslips were washed 3 times with 1x PBS.
Blocking was performed for 20 minutes at RT in blocking buffer (1% BSA, 0.3% Triton
X-100, 25 mM NaCl in 1x PBS). Primary antibodies were incubated 1 hour at 37°C and
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cells were washed with 1x PBS 3 times. To label Pc bodies we used the primary human
antibody against CBX4 (Proteintech, 1:100). Donkey anti-rabbit secondary antibodies
(Jackson Immunoresearch) conjugated to Alexa 568 (1:200) was incubated for 1 hour
at 37°C. Endogenous SALL1 or SALL1-2xHA in HEK 293FT_TripZ-SALL1-2xHA cells were
recognized by a primary antibody against SALL1 (R&D, 1:100) and a donkey anti-mouse
secondary antibodies (Jackson Immunoresearch) conjugated to Alexa 488 (1:200).
Nuclei were stained with DAPI (10 minutes, 300 ng/ml in 1x PBS; Sigma). Fluorescence
imaging was performed using a confocal microscope (Leica SP8) with 63x objective,

zoom 4x. Pc bodies were analyzed using the Fiji software.

Lentiviral transduction

Lentiviral expression constructs were packaged using psPAX2 and pVSVG
(Addgene) in HEK 293FT cells, and lentiviral supernatants were used to transduce HEK
293FT cells to generate the TripZ-SALL1-2xHA-puro line (using the TRIPZ Inducible
Lentiviral shRNA [Horizon Discovery]) and GFS-SALL1-blast line (using the Lenti-Cas9-
blast vector [Addgene #52962]). Stable-expressing populations were selected using
puromycin (1 pg/ml) or blasticidin (5 pg/ml). Lentiviral supernatants were

concentrated 100 fold before use (Lenti-X concentrator, Clontech).

Porphyrins extraction

Cells were lysed in 300 pl of 6 M HCI, sonicated 3 cycles of 25 seconds each and
incubated at 37°C for 30 minutes in a thermoblock. The samples were then centrifuged
for 10 minutes at 10000 g. Afterwards, pellets were removed and the supernatants
were transferred to a fresh filter cellulose acetate membrane centrifuge tube, pore
size 0.22 um (Corning® Costar® Spin-X®) and centrifuged for 10 minutes at 4000 g.
Samples were then analyzed by HPLC. The porphyrins standards were obtained from
Frontier Scientific Europe (Carnforth, UK), including a chromatographic market kit
containing the number | isomers of 8, 7, 6, 5, 4 carboxylate porphyrins and

mesoporphyrin IX. All porphyrin standards were reconstituted in 3 M HCI.
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Proliferation assay

12 x 103 parental NIH3T3-Shh-LIGHT2-Cas9-blast or CRISPR_UROS cells were
plated in triplicate in 12-well dishes. 24 hours later, the cells were considered day 0
and were fixed in formalin 10% for 15 minutes. The same procedure was performed
after 2 and 4 days. Cell proliferation was measured by staining with crystal violet (0.1%
in 20% methanol) for 45 minutes at RT. After washing 3 times with water, all samples
were air dried. The precipitate was solubilized in 10% acetic acid for 20 minutes at RT
and the absorbance was measured at 595 nm. For each time point, 3 biological

replicates were measured.

Quantitative reverse transcriptional PCR analysis

HEK 293FT cells transfected with 5 ug of CMV-SALL1-YPF, CMV-SALL1ASUMO-
YFP or CMV-GFP-f-Galactosidase plasmids, or HEK 293-TripZ-SALL1-2xHA_puro cells
induced with different concentrations of doxycycline, were used for gPCR analysis. 48
hours after transfection or 72 hours after induction, total RNA was obtained by using
EZNA Total RNA Kit (Omega) and quantified by Nanodrop spectrophotometer. cDNAs
were prepared using the SuperScript Il First-Strand Synthesis System (Invitrogen) in
20 pl volume per reaction. gPCR was done using PerfeCTa SYBR Green SuperMix Low
Rox (Quantabio). Reactions were performed in 20 ul, adding 5 pl of cDNA and 0.5 ul
of each primer (10 uM), in a CFX96 thermocycler (BioRad) using the following protocol:
95°C for 5 minutes and 40 cycles of 95°C for 15 seconds, 56°C or 62°C for 30 seconds
and 72°C 20 seconds. Melting curve analysis was performed for each pair of primers
between 65°C and 95°C, with 0.5°C temperature increments every 5 seconds. Relative
gene expression data were analyzed using the AACt method. Reactions were done in
duplicates and results were derived from at least three independent experiments
normalized to GAPDH and presented as relative expression levels. Primer sequences

are reported in Table 4.

Table 4. Oligonucleotide sequences used for qPCR.
Name Sequence

hHoxall_for = 5’-AACGGGAGTTCTTCTTCAGCGTCT-3’
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hHoxall_rev
hHoxb4_for
hHoxb4_rev
hHoxb7_for
hHoxb7_rev
hHoxb13_for
hHoxb13_rev
hHoxc6_for
hHoxc6_rev
hHoxc10_for
hHoxc10_rev
hHoxc12_for
hHoxc12_rev
hHoxd13_for
hHoxd13_rev
hGata4_for
hGatad_rev
hGAPDH_for
hGAPDH_rev
hSALL1_for
hSALL1_rev
hCBX4_for
hCBX4_rev

5’-ACTTGACGATCAGTGAGGTTGAGC-3’
5-AGGTCTTGGAGCTGGAGAAGGAAT-3’
5-GGTGTTGGGCAACTTGTGGTCTTT-3’
5’-AGACCCTGGAGCTGGAGAAAGAAT-3’
5’-ATGCGCCGGTTCTGAAACCAAATC-3’
5’-TACGCTGATGCCTGCTGTCAACTA-3’
5’-AGTACCCGCCTCCAAAGTAACCAT-3’
5-AGGACCAGAAAGCCAGTATCCAGA-3’
5’-ATTCCTTCTCCAGTTCCAGGGTCT-3’
5-TGAAATCAAGACGGAGCAGAGCCT-3’
5’-TTGCTGTCAGCCAATTTCCTGTGG-3’
5’-AGGGAACTCTCAGACCGCTTGAAT-3’
5’-AGAGCTTGCTCCCTCAACAGAAGT-3’
5’-ATGTGGCTCTAAATCAGCCGGACA-3’
5-AGATAGGTTCGTAGCAGCCGAGAT-3’
5’-TCTCAGAAGGCAGAGAGTGTGTCA-3’
5’-GGTTGATGCCGTTCATCTTGTGGT-3’
5-CATGTTCGTCATGGGTGTGAACCA-3’
5’-AGTGATGGCATGGACTGTGGTCAT-3’
5-GCTTGCACTATTTGTGGAAGAGC -3’
5-GAACTTGACGGGATTGCCTCCT-3"
5"-CATCGAGAAGAAGCGGATCCGCAAG-3°
5-CTGTTCTGGAAGGCGATCAGCAGCC-3’

Ubiquitination assay

3 x 10% HEK 293FT cells were plated per condition to be analyzed. Four hours
later, cells were transfected with specific plasmid combinations using the calcium
phosphate method. 5 pg of each plasmid were used for a 100 mm dish transfection.
Transfected plasmids: CMV-SALL1-YPF, CMV-SALLIASUMO-YFP, CMV-GFP-[-
Galactosidase, CMV-BirA-2A-puro, CMV-BirA-2A-bioUb-puro, CB6-CBX4-HA. 16 hours
after transfection, medium was supplemented with biotin at 50 uM, and 24 hours
after transfection some plates were treated with 10 uM of MG132 overnight. Cells
were collected 48 hours after seeded, washed 3 times with 1x PBS and scraped in lysis

buffer [8 M urea, 1% SDS, 1x protease inhibitor cocktail (Roche), 1x PBS; 0.5 ml per
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100 mm dish]. Samples were sonicated and cleared by centrifugation at room
temperature (RT). Cell lysates were incubated overnight with 30 ul of equilibrated
NeutrAvidin-agarose beads (Thermo Scientific). Beads were subjected to stringent
washes using the following washing buffers all prepared in 1x PBS: WB1 (8 M urea,
0.25% SDS); WB2 (6 M Guanidine-HCl); WB3 (6.4 M urea, 1 M NaCl, 0.2% SDS), WB4
(4 M urea, 1 M NaCl, 10% isopropanol, 10% ethanol and 0.2% SDS); WB5 (8 M urea,
1% SDS); and WB6 (2% SDS). For elution of biotinylated proteins, beads were heated
at 99°C in 50 pl of Elution Buffer (4x Laemmli buffer, 100 mM DTT). Beads were
separated by centrifugation (18000 x g, 5 minutes). Samples were used for Western

blot analysis.

Western blot

Cells were lysed in cold RIPA buffer [150 mM NaCl, 1.0% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0, protease inhibitors (Roche)] or assay
specific lysis buffers. RIPA lysates were kept on ice for 30 minutes vortexing every 5
minutes and then cleared by centrifugation (25000 x g, 20 minutes, 4°C). Supernatants
were collected and mixed with Laemmli buffer 5X.

After SDS-PAGE and transfer to nitrocellulose, membranes were blocked in 1x
PBS with 5% milk and 0.1% Tween-20. In general, primary antibodies were incubated
overnight at 4°C and secondary antibodies for 1 hour at RT. Antibodies used: UROS A-
8 (Santa Cruz, 1:1000) detecting mouse protein, UROS G-9 (Santa Cruz, 1:1000)
detecting human protein, HA (Sigma, 1:1000/1:500), Cre (Cell Signaling, 1:1000), B-
Actin (Sigma, 1:1000), a-Actin (Proteintech 1:100), GFP (Roche, 1:1000), GAPDH
(Proteintech, 1:1000), SALL1 (R&D, 1:1000), CBX4 (Proteintech, 1:1000), Avitag
(GeneScript, 1:1000), BirA (Sino Biological Inc., 1:1000), GST (Sigma, 1:1000), Myc (Cell
Signaling, 1:1000), Vinculin (Cell Signaling, 1:1000).

HRP-conjugated secondary anti-mouse or anti-rabbit antibodies (Jackson
Immunoresearch, 1:5000) were used. Proteins were detected using Clarity ECL
(BioRad) or Super Signal West Femto (Pierce). Quantification of bands was performed
using Fiji software and normalized against Actin, GAPDH or Vinculin levels, unless

otherwise indicated. At least three independent blots were quantified per experiment.
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Statistical analysis

Statistical analysis was performed using GraphPad 7.0 software. Data were
analyzed by Shapiro-Wilk normality test and Levene’s test of variance. We used Mann
Whitney-U test or Unpaired T-test for comparing two groups, One-way ANOVA for
more than two groups and Two-way ANOVA for comparing more than one variable in
more than two groups. P values were represented by asterisks as follows: (*) P-value
< 0.05; (**) P-value < 0.01; (***) P-value < 0.001; (****) P-value < 0.0001. Differences

were considered significant when P < 0.05.
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Townes-Brocks Syndrome

4.1 Hypothesis

A previous search for human SALL1 interactors by proximity proteomics followed
by MS and GO analysis, revealed the E3 SUMO ligase CBX4 as a possible interactor of
SALL1. Given the nature of both factors, we hypothesized that SALL1 interaction with

CBX4 could have an important role in cellular function and gene expression regulation.
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4.2 Objectives

Our general objective was to elucidate the mechanisms behind the relationship

between SALL1 and the SUMO E3 ligase CBX4 and its biological consequences.

We defined the following specific objectives:

1. To validate and characterize the interaction between SALL1 and CBX4.

2. To analyze the role of SALL1 SUMOylation in the interaction with CBX4.

3. To analyze the functional effects of SALL1 — CBX4 interaction.
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4.3 Results

Post-translation modifications can modulate the activity of transcription factors
by altering their regulation, localization and interaction with other proteins. As
mentioned in the introduction, a previous search for human SALL1 interactors by
proximity proteomics followed by MS and GO analysis, revealed that SALL1 interacted
with several SUMO E3 ligases, including PIAS1, PIAS2, PIAS4, RANBP2 and CBX4 (Bozal-
Basterra et al. 2018). The E3 SUMO ligase CBX4 was chosen for further investigation,
since the genetic interaction between the Drosophila sall genes and Pc, the CBX4
homolog, has been previously described to be important during embryogenesis

(Casanova 1989; Landecker, Sinclair, and Brock 1994).

4.3.1 Validation of the interaction between SALL1 and CBX4

SALL1 and CBX4 interact with each other at the protein level

In order to confirm the interaction between SALL1 and CBX4, we performed a
pulldown experiment using GFP-Trap agarose beads (Chromotek). GFP-Trap is an affinity
resin for immunoprecipitation of GFP-fusion proteins and consists of GFP nanobodies
coupled to agarose beads. CB6-SALL1-HA and CMV-CBX4-YFP plasmids were transiently
overexpressed in HEK 293FT cells and pulled down using GFP-Trap beads. The results
were analyzed by Western blot. As shown in Figure 38, SALL1 is detectable in the elution
when co-transfected with CMV-CBX4-YFP (lane 2) but not when co-transfected with the
empty vector CMV-YFP (lane 1). These results confirmed the interaction between SALL1

and CBX4 at the protein level.
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Figure 38. SALL1 and CBX4 interact with each other at the protein level. Western blot showing

GFP

the expression of CB6-SALL1-HA transfected in HEK 293FT cells together with CMV-CBX4-YFP or CMV-YFP
alone. CMV-HA empty vector was used as control. Both proteins were pulled down using GFP beads and
analyzed by Western blot. As shown in the second lane of the pulldown (Elution), CBX4 interacts with
SALL1. Molecular weight markers are shown to the right. Antibodies were used as indicated to the left.

EV: empty vector.

Truncated SALL1-826C>T interacts with CBX4

In most of the reported TBS cases, SALL1 presents a mutation in a hot spot region,
which results in the expression of a truncated protein. The 826C>T mutation (henceforth
referred to as SALL1-826) is the most common allele found in TBS patients (Botzenhart
et al. 2007). This mutation generates a truncated protein, which lacks most of the zinc
finger pairs, but retains the N-terminal domain, including the ZF1, and the PolyQ region
(Figure 39). In fact, truncated proteins causing TBS are still able to form dimers with
themselves, with full-length SALL1 or with other SALL proteins. Truncated forms of SALL1
could have lost the capacity to bind CBX4, which could eventually alter the cellular

proteostasis.
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SALLL826C>T  mee_je

Figure 39. Schematic representation of SALL1 WT and the SALL1-826C>T mutant. This mutation
generates a truncated protein that lacks most of the zinc finger pairs, but retains the N-terminal domain
of SALL1, including the ZF1 and the PolyQ regions. Ovals represent the zinc fingers (ZF) distributed along

the protein. Q represents the poly-glutamine domain.

In order to analyze whether the truncated SALL1-826 mutant preserved the
capacity of interaction with CBX4 we performed a GFP-Trap pulldown. CMV-SALL1-2xHA
or the mutant CMV-SALL1-826-2xHA were transiently overexpressed in HEK 293FT cells
in combination with CMV-CBX4-YFP or CMV-YFP alone. CMV-SALL1-YFP was used as a
positive control, since it was known to bind to the truncated mutant. GAPDH was used
as loading control. Our results showed that SALL1-826 mutant was able to interact with
CBXA4. This result suggested that the domain(s) of interaction between SALL1 and CBX4

could be located at the N-terminal part of the protein (Figure 40).
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Figure 40. SALL1-826 interacts with CBX4. Western blot analysis of SALL1 full-length and
truncated SALL1-826 fused with HA-tag, transfected in HEK 293FT cells together with CBX4 fused with YFP
and pulled down using GFP beads. As shown in the lane 2 of the elution panel, SALL1-826 is able to bind
CBX4. SALL1-826 dimerization with full-length SALL1 was used as positive control. Molecular weight

markers are shown to the right. Antibodies were used as indicated to the left.

4.3.2 Analysis of the role of SALL1 SUMOylation in the interaction
with CBX4

SUMOylation of SALL1 in not required for CBX4 interaction

SALL1 post-translational modifications could affect its interaction with other
proteins, for instance those that contain SIM domains as in the case of CBX4. As
mentioned in the introduction, for a deeper analysis of SALL1 SUMOylation, our
laboratory generated a SALLIASUMO mutant in which four lysines were replaced by
arginines (K571R, K592R, K982R and K1086R) loosing therefore the ability to be
SUMOylated in cells and in vitro.

In order to test whether SUMOylation could have a role on SALL1 binding to

CBX4, we analyzed the SALLIASUMO capability to interact with CBX4 (Figure 41). CMV-
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SALL1-2xHA and CMV-SALL1ASUMO-2xHA were transiently transfected in HEK 293FT
cells together with CMV-CBX4-YFP (lanes 1 and 2 respectively) or with the empty vector
CMV-YFP (lanes 3 and 4). A GFP-Trap pulldown was performed and analyzed by Western
blot. Our results show that the SUMOylation-deficient mutant for SALL1 was still able to
interact with CBX4. No visible differences were appreciated between WT SALL1 and
SALL1ASUMO in the interaction with CBX4.

Input Elution
SALL1-HA + -  + - - - s
SALLLASUMO-HA -+ - + - T
CBXAYFP  + + - -+ e - s
EVHA - - - -+ S
EV-YFP - - + + - - - + +
1 2 3 4 s 1 2 3 4 5
HA - |saLL | = == ™= | 180 kDa
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GAPDH | - [37KDa

Figure 41. Both SALL1 WT and SALL1ASUMO interact with CBX4. CMV-SALL1-2xHA and CMV-
SALL1ASUMO-2xHA were transfected in HEK 293FT cells together with CMV-CBX4-YFP or CMV-YFP alone.
Proteins were pulled down using GFP beads and then analyzed by Western blot. As shown in the lanes 1
and 2 of the Elution panel, both WT and mutant versions of SALL1 interact with CBX4. Molecular weight

markers are shown to the right. Antibodies were used as indicated to the left.

SALL1 SIM domains are not required for CBX4 interaction

The results of the pulldowns previously shown demonstrated that the SALL1-
CBX4 interactions does not depend on the SUMOylation of SALL1 and that truncated
mutant SALL1-826 maintains this interaction, suggesting that at least some interaction
domain(s) could be located at the N-terminal part of the protein. By analyzing the full-

length amino acid sequence of SALL1, we found the presence of four high-scored SIMs.
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Figure 42. ldentification of SIMs and SUMOylation sites in human SALL1 protein. Ovals
represent the zinc fingers distributed along the protein. Q represents the poly-glutamine domain. In red,

SUMO consensus sites mutated in SALLIASUMO and, in blue, the predicted SIMs of SALL1.

As shown in Figure 42, three out of the four predicted SIMs of SALL1, are located
in the N-terminal part of the protein. Therefore, since CBX4 is known to be SUMOylated
in vitro, we hypothesized a role of SALL1 SIMs in the interaction with CBX4. To
investigate this possibility, we generated a SALL1ASIM version in which the four
predicted SIMs were mutated. At first, the isoleucine (l) residues of the C-terminal SIM
of SALL1 were mutated to lysine in order to destroy the hydrophobic core of the domain
(ISVIQN > KSVKQN). Afterward, the hydrophobic and acidic residues of the three N-
terminal SIMs were mutated to alanine (VLIVN > AAAAN; VIIEN > AAAAN; ILLLA >
AAAAA). Subsequently, to analyze whether the binding between SALL1 and CBX4
requires SALL1 SIMs, we performed a pulldown experiment comparing the capability of
SALL1 WT and both SUMO-related mutants to interact with CBX4 (Figure 43A). CMV-
SALLI1-YFP, CMV-SALLIASUMO-YFP or SALL1ASIM-YFP were transiently overexpressed in
HEK 293FT cells together with CB6-CBX4-HA or CB6-HA alone. B-Actin was used as
loading control. Despite our predictions, as shown in the lanes 4, 5 and 6 of the Elution
panel, SALL1 WT, SALLIASUMO and SALL1ASIM showed similar capacity to bind CBX4.
Nevertheless, slight differences in the intensity of CBX4 signals between SALL1 WT,
SALL1ASUMO and SALL1ASIM can be observed. These differences were mostly due to
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the initial levels of the YFP-fused proteins. Of note, SALLLASUMO levels were higher
compared to SALL1 WT, which is reflected in higher levels of CBX4-HA in the pulldown.
Our experiments suggested that nor SALL1 SUMOylation or predicted SALL1 SIM sites
were necessary for the interaction with CBX4.

As shown in Figure 43A, the levels of CBX4 were higher when cells were
transfected with SALL1 proteins. In order to test this, the levels of CBX4 in SALL1 WT,
SALL1ASUMO, SALL1ASIM and YFP alone expressing cells were quantified in three
independent experiment, normalized to the B-Actin levels, and plotted in a graph (Figure
43B). In presence of SALL1 or any of its mutant forms, the levels of CBX4 were
significantly higher than in YFP-transfected control cells. No significant differences in

CBX4 levels were observed between SALL1 WT and SALLIASUMO or SALL1ASIM.
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Figure 43. SUMO-related SALL1 mutants interact with CBX4 at the protein level. A) Western
blot analysis of HEK 293FT cells transfected with CB6-CBX4-HA together with CMV-SALL1-YFP, CMV-
SALL1IASUMO-YFP, CMV-SALL1ASIM-YFP or CMV-YFP as control. Pulldowns were performed using the
GFP-Trap technique. Interaction between CBX4 and WT SALL1 or SALL1 mutants was detected in the
Elution. Molecular weight markers are shown to the right. Antibodies were used as indicated to the left.
B) CBX4 levels in SALL1 WT, SALLIASUMO, SALL1ASIM or YFP alone expressing cells were quantified,
normalized to -Actin and reported as relative fold change. P-values were calculated on n= 3 using Mann

Whitney test. *p< 0,05. Graph represents mean plus SEM.

SUMO-related mutant forms of SALL1 do not localize to Pc bodies

The mammalian cell nucleus contains several substructures, well defined despite
the absence of a delineating membrane. Many types of nuclear “bodies” have been
identified in the nucleus such as PML bodies and Pc bodies. Pc bodies are nuclear foci
that show high concentration of PcG proteins and have been defined as centers of
chromatin regulation for transcriptional repression of target genes. CBX4 localizes to the
Pc bodies. SALL1 has been also reported to localize at nuclear bodies in cultured cells
and in vivo, but the nature and function of these bodies are still unknown. In contrast to
the results of SALL1-CBX4 interaction, previous experiments showed that SALL1 does
not localize to Pc bodies. However, Proximity Ligation Assay (PLA) results obtained in the
laboratory, showed the co-localization of SALL1 and CBX4 in the nucleoplasm (Pirone
2016). Since the interaction between WT and mutant forms of SALL1 and CBX4 was
demonstrated, we wondered whether mutations in SALL1 could influence the
subcellular localization of the protein and, consequently, alter its localization respect to
CBX4.

SALL1 or its SUMO-related mutants fused to YFP were transfected into U20S
cells, where endogenous CBX4 was visualized by immunofluorescence using a specific
anti-CBX4 antibody. Surprisingly, as shown in Figure 44, our confocal pictures showed
that, despite the interaction between the two proteins, there was not co-localization of
SALL1 and CBX4 in the nuclear bodies, neither the WT nor the SALL1ASUMO or
SALL1ASIM mutant forms. Overall, these results indicated that SALL1 co-localizes with

CBX4 in the nucleoplasm, but not on chromatin.
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Figure 44. SALL1 WT or SUMO-related mutants do not co-localize with CBX4 at the nuclear
bodies. Immunofluorescence confocal pictures of SALL1-YPF, SALLIASUMO-YFP or SALL1ASIM-YFP
expressed in U20S cells (green), and endogenous CBX4 (magenta) using a specific antibody. Nuclei were
stained with DAPI. Black and white pictures show single green or magenta channels. Arrowheads indicate

SALL1 (green arrowheads) or Pc bodies (magenta arrowheads).

Analysis of the SUMO binding capacity of SALL1 predicted SIMs

The results obtained with the SALL1ASIM mutant form indicated that the
identified SIMs were not involved in the binding to CBX4. We decided then to examine
their capacity to bind SUMO in a no-covalent way. Hence, we generated constructs to
produce three recombinant SUMO proteins in E. coli, fused to a GST-tag (Glutathione S-
transferase): GST-SUMO1-AGG, GST-SUMO2-AGG and GST-PolySUMO2. The C-terminal
di-glycine motif of SUMO was removed to prevent covalent modifications. GST alone
was used as a control. Protocol details are reported in Material and Methods section.
Purified proteins were verified by Western blot as shown in Figure 45. The nitrocellulose
membrane was stained with ponceau and then GST-proteins were recognized using an

anti-GST antibody.
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Figure 45. Western blot analysis of recombinant GST-SUMO proteins. GST-SUMO1-AGG, GST-
SUMO2-AGG, GST-PolySUMO2 and GST-alone proteins were purified and analyzed by Western blot.
Nitrocellulose membrane was stained with ponceau (right) and then proteins were recognized using an

anti-GST antibody. Molecular weight markers are shown to the right.

GST-fused proteins or GST alone were incubated with glutathione-beads. Next,
charged beads were used for pulldown experiments. CMV-SALL1-YFP and CMV-
SALLIASIM-YFP, as well as CMV-SALL1-826-YFP and CMV-SALL1-826 ASIM-YFP were
transiently overexpressed in HEK 293FT cells and cell extracts were pulled down using
the GST-SUMO beads. CMV-GFP-RNF4 was used as positive control since this protein is
known to contain four tandem SIM repeats that preferentially interact with poly-SUMO
chains versus SUMO moieties (Tatham etal. 2008). Conversely, CMV-
GFP—f—Galactosidase (B-Gal) was used as negative control. Results were analyzed by
Western blot (Figure 46).

We could not detect the interaction of SALL1 WT, neither of SALL1-826 WT with
the SUMO moieties, nor the polySUMO2 chains, in the Elution (panels 1 and 4,
respectively), while the positive control RNF4 was detected in both SUMO2 and Poly-
SUMO 2 pulldowns (panel 3 of the Elution). However, no differences could be

appreciated between RNF4 binding affinity for SUMO2 or PolySUMO?2 in our conditions.
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These experiments revealed that the predicted and selected SALL1 SIMs might not be
functional, or alternatively, better tools should be use for their validation (see
Discussion). In view of these results, the SIM mutant form of SALL1 was not taken into

consideration for the following experiments.
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Figure 46. Analysis of SALL1 SIMS through GST-SUMO beads pulldown. Western blot analysis of
SALL1-YFP or SALL1ASIM-YFP and SALL1-826 or SALL1-826 ASIM overexpressed in HEK 293FT cells and
pulled down with GST-SUMO beads. GFP-RNF4 was used as positive control while GFP-B-Galactosidase
was used as negative control. Molecular weight markers are shown to the right. Antibodies were used as

indicated to the left. Asterisk indicate unspecific band.
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4.3.3 Analysis of the functional effects of SALL1 — CBX4 interaction

SALL1 increases endogenous CBX4 protein levels

Previous results showed that, when co-transfected with SALL1, CBX4 protein
levels were increased (Figure 43). In order to confirm those results, we transiently
transfected HEK 293FT cells with CB6-CBX4-HA together with CMV-SALL1-YFP or with
CMV-YFP alone. Western blot analysis revealed higher levels of CBX4-HA in presence of
SALL1-YFP than in presence of YFP alone (Figure 47A).

In order to discard any artefactual effect due to the overexpression conditions,
we generated a HEK 293FT cell line expressing constitutively the GFS tagged (GFP-Flag-
Strep tag; see Materials and Methods section) version of SALL1. This cell line allowed us
to obtain constant SALL1 expression levels moderately increased over the WT HEK 293FT
cells. We analyzed the endogenous levels of CBX4 in HEK 293FT WT cells compared with
GFS-SALL1 expressing cells. Western blot analysis showed increased levels of CBX4 in

HEK 293FT_GFS-SALL1 cells compared with HEK 293FT WT cells (Figure 47B).
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YFP - + 293FT GFS-SALL1
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Figure 47. SALL1 increases CBX4 protein levels. A) SALL1-YFP was transfected in HEK 293FT cells
and CBX4-HA levels were detected by Western blot using anti-HA antibodies. B) Endogenous CBX4 levels
in stable HEK 293FT GFS-SALL1 cells were higher than in HEK 293FT WT cells. Molecular weight markers

are shown to the right. Antibodies were used as indicated to the left.

In the interest to modulate the expression of SALL1 in cells, and so provide a

more robust evidence of its effect on CBX4 levels, we decided to generate a stable HEK
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293FT cell line using the inducible lentiviral TripZ vector (see Materials and Methods
section). The HEK 293FT_TripZ-SALL1-2xHA cell line was based on the Tet-On system.
Hence, this model allowed us to induce SALL1-2xHA expression in cells in a doxycycline
dependent way, while the endogenous SALL1 expression was preserved.

To test the effectiveness of this new cell model, we tested SALL1 expression at
increasing concentrations of doxycycline. HEK 293FT_TripZ-SALL1-2xHA cells were
treated with 1 ng, 10 ng, 0.1 pg or 1 ug per ml of doxycycline and the progressive
increment of the SALL1 expression was verified by immunofluorescence (Figure 48A).
SALL1-2xHA and endogenous SALL1 were detected using anti-SALL1 primary antibody
and anti-mouse Alexa 488 secondary antibody. Confocal microscopy pictures showed
how SALL1 signal, in green, increased according to doxycycline dose. The same doses of
doxycycline were used to perform a Western blot experiment in which CBX4 protein
levels were also analyzed (Figure 48B). The quantification of three independent
experiments showed that CBX4 levels were significantly increased when the cells were

treated with 1 pg of doxycycline compared to untreated cells (Figure 48C).

SALL1 increases CBX4 levels at post-transcriptional level

The experiments described above showed that CBX4 levels increased in presence
of SALL1. As SALL1 is a transcription factor, we wondered whether this effect could due
to the transcriptional activation of CBX4 expression in presence of SALL1, probably in an
indirect way being SALL1 a transcriptional repressor. To address this possibility, we took
advantage from the inducible HEK 293FT_TripZ-SALL1-2xHA cell model.

Cells were treated with the above-mentioned concentration of doxycycline and
SALL1 and CBX4 mRNA expression was analyzed by quantitative reverse transcription
PCR (gqPCR). As shown in Figure 48D, and consistent with previous results showing an
increase in SALL1 protein levels, SALLI mRNA expression increased in a doxycycline
dependent manner. However, CBX4 mRNA expression levels did not vary significantly.
Altogether these results demonstrated that high levels of SALL1 induce an increment of

CBX4 protein levels and, importantly, that this effect occurs at post-transcriptional level.
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Figure 48. Analysis of SALL1 and CBX4 levels in HEK 293FT cell model. A) Immunofluorescence
confocal microscopy pictures of HEK 293FT_TripZ-SALL1-2xHA cells. Cells were treated with different
concentration of doxycycline (dox) to induce SALL1 expression. SALL1-2xHA was detected using anti-SALL1
primary antibody (green). Cell nuclei were stained with DAPI (blue). B) Western blot analysis showing
CBX4 endogenous levels in 293FT_TripZ-SALL1-2xHA cells at different concentration of doxycycline.
Molecular weight markers are shown to the right. Antibodies were used as indicated to the left. C)
Quantification of 3 independent experiments. CBX4 values were normalized to B-Actin. P-values were
calculated using Two-way ANOVA test. * P-value < 0,05. D) gPCR of SALLI and CBX4 mRNA expression at
different concentrations of doxycycline in HEK 293FT_TripZ-SALL1-2xHA cells. SALL1 and CBX4 expression

is shown as fold change and normalized using GAPDH. Graphs in C) and D) represent mean with SEM.
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SALL1 influences size and number of Pc bodies

One of the most important functions of CBX4 is its role as a member of the PRC1
complex required for chromatin remodelling. As previously metioned in the
introduction, PcG protein can form nuclear bodies as a result of the concentration of
several chromatin repression points. The previous experiment demonstrated that SALL1
does not co-localize with CBX4 in the Pc bodies, neither in its WT nor SUMOylation or
SIM mutant forms. However, in light of the latest results, we decided to further analyze
the relationship between these two proteins at the level of the Pc bodies via
immunofluorescence.

We transiently transfected CMV-SALL1-YFP or its mutant CMV-SALL1IASUMO-YFP
in U20S cells. CMV-GFP-f-Galactosidase ($-Gal) was transfected as control. While SALL1
or SALLIASUMO localized to nuclear bodies, B-Gal localized both in the nucleus and in
the cytoplasm. To visualized CBX4 bodies, transfected cells were stained with specific
CBX4 primary antibody (magenta).

By analyzing confocal microscopy pictures, we observed that cells transfected
with SALL1 or SALLIASUMO showed a higher number of Pc bodies compared with the
cells transfected with B-Gal (Figure 49A). Number of bodies, as well as the bodies area
were examined in more than 100 cells per condition using Fiji software (Figure 49B-C).
Our results showed that Pc bodies are significantly larger and more abundant in cells
expressing SALL1 or SALLIASUMO than in cells expressing B-Gal. However, no significant
differences were observed between cells expressing SALL1 and SALLIASUMO, neither in
the number nor in the area of the Pc bodies. These results revealed that Pc bodies are

modified in the presence of SALL1, independently of its SUMOylation status.
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Figure 49. Analysis of Pc bodies. A) Confocal microscopy images of U20S cells expressing SALL1-
YFP, SALLIASUMO-YFP or B-Gal-GFP, visible in green. CBX4 bodies, in magenta, were stained with CBX4
specific antibody. DAPI was used to stain cell nuclei. B) CBX4 bodies were counted and quantified as well
as the CBX4 bodies areas using Fiji software and processed data were represented. Graph shows number
of bodies per cell in the three different conditions. C) Graph shows the mean area of the bodies per cell
per condition. P-values were calculated using One-way ANOVA test. ns: no significant; **** p< 0.0001.

Error bars indicate mean plus SEM. Graphs represent mean with SEM.

CBX4 targets are downregulated in presence of SALL1

PcG multiprotein PRC1 complex plays a central role in the transcriptional
silencing of target genes. Enhanced Pc bodies formation may lead to increased
transcriptional repression of several target genes, including Hox genes, of which PcG
proteins are well known regulators (Gonzalez et al. 2014; Cheutin and Cavalli 2018;

Soshnikova 2014). As shown previously, CBX4 protein levels, as well as the size and
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number of CBX4 bodies, increased as consequence of SALL1 overexpression. Therefore,
we hypothesized that this could produce an increased transcriptional repression of the
CBX4 target genes.

Among direct CBX4 targets, we selected genes belonging to Hox clusters and
GATA family for their expression analysis. HEK 293FT cells were transiently transfected
with CMV-SALL1-YFP, CMV-SALL1ASUMO-YFP or CMV-GFP-f—Galactosidase as control,
and Hoxall, Hoxb4, Hoxb7, Hoxb13, Hoxc6, Hoxc10, Hoxcl2, Hoxd13 and GATA4
expression levels were analyzed by gPCR. Our analysis showed significant differences in
the expression levels of Hoxb4, Hoxb13, Hoxc6, Hoxc10 and GATA4 between SALL1 and
B-GAL expressing cells (Figure 50). However, no significant differences were observed
between SALLIASUMO and control cells.

Taken together, these results indicated that high SALL1 levels increases the
transcriptional repression capacity of CBX4 on some of its target genes, probably by
increasing CBX4 presence on chromatin. Interestingly, SUMOylation of SALL1 seemed to

be necessary for this transcriptional effect.

2.01

Relative fold change over B-Gal expressing cells

Hoxall Hoxb4 Hoxb7 Hoxbl3 Hoxc6 Hoxcl0 Hoxcl2 Hoxd13 GATA4
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Figure 50. SALL1 expression downregulates CBX4 targets. Graphical representation of gPCR
analysis of CBX4 target genes expression. HEK 293FT cells were transfected with CMV-SALL1-YFP (blue
columns), CMV-SALLIASUMO-YFP (green columns) or CMV-GFP—f—GAL as control (orange line).
Afterwards, the expression levels of the indicated CBX4 target genes were analyzed by gPCR. Relative
gene expression data were normalized on GAPDH and relative fold change over B-Gal expressing cells was
represented. P-values were calculated on n=5 using One-way ANOVA test. ns: no significant; *p< 0,05;

**p<0,01. Graph represents mean plus SEM.

SALL1 stabilizes CBX4 avoiding its degradation via the UPS

Increasing the levels of a given protein can be linked to multiple cellular
processes such as alteration in protein stability, changes in subcellular localization or
protein degradation. The results obtained from the analysis of Pc bodies revealed that
SALL1 is involved in the regulation of Pc bodies number and size. Moreover, SALL1
overexpression increased the transcriptional repression capacity of CBX4 over its target
genes. These findings led us to hypothesize that SALL1 could influence the formation of
Pc bodies by stabilizing CBX4 and thus increasing its presence on the chromatin.

In order to test this hypothesis, we analyzed the half-life of CBX4 by using
cycloheximide (CHX). CHX treatment blocks the translational elongation of protein
synthesis allowing the observation of the half-life of a protein of interest without
confounding contributions from de novo translation. Therefore, in order to investigate
whether SALL1 stabilizes CBX4 at the protein level, HEK 293FT cells were transfected
with CMV-SALL1-YFP, CMV-SALL1ASUMO-YFP or CMV-GFP-[-Galactosidase and treated
with 50 pg/ml of CHX in presence or absence of 10 uM of the proteasome inhibitor
MG132. Cells were collected at different time points (0, 4, 8 and 16 hours after initiation
of treatment) and CBX4 levels were analyzed by Western blot. Vinculin was used as
loading control.

This time-course experiment revealed that after 4 h of CHX treatment, the levels
of CBX4 start to decrease. However, in SALL1 WT or SALLIASUMO transfected cells the
reduction in CBX4 levels was slower than in control cells (Figure 51A). Quantification of
four independent experiments is shown in Figure 51B. When cells were co-treated with
CHX and MG132 (Figure 51C), proteasome degradation was inhibited and CBX4 levels

did not decline at 4 h. Consequently, as shown in the Western blot quantification, no

110



Townes-Brocks Syndrome

clear differences in the CBX4 levels were observed between cells transfected with SALL1,
SALL1ASUMO or control (Figure 51D). Overall, these results suggested that in presence
of SALL1 or SALLIASUMO the levels of CBX4 decreased slower than in the control.
Moreover, the accumulation of CBX4 levels in the cells treated with the MG132
indicated that the CBX4 protein degradation occurs through the proteasome.
Therefore, we concluded that SALL1 stabilizes CBX4 protein slowing down its
degradation via the proteasome and that the SUMOylation of SALL1 seemed not

essential for CBX4 stabilization.
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Figure 51. SALL1 stabilizes CBX4 protein. Cycloheximide chase experiments were performed in
HEK 293FT cells transfected with CMV-SALL1-YFP, CMV-SALL1IASUMO-YFP or CMV-GFP-f-Galactosidase.
Cells were treated with 50 pg/ml of cycloheximide (CHX) in presence (C) or absence (A) of 10 uM of the
proteasome inhibitor MG132. Cells were collected at different time points (0, 4, 8 and 16 hours after
initiation of treatment) and endogenous CBX4 levels were analyzed by Western blot. Vinculin was used as
loading control. Molecular weight markers are shown to the right. Antibodies were used as indicated to
the left. CBX4 levels were quantified after CHX treatment alone or in combination with MG132,
normalized to Vinculin, and data from three different independent experiments were pooled together in
the graphs B and D, respectively. The graph in B shows a trend of SALL1 WT or SALLIASUMO in stabilizing
CBX4 levels, although no significant differences were obtained by Two-way ANOVA test. Graphs represent

mean with SEM.
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CBX4 is degraded by the Ubiquitin-Proteasome System

The degradation of proteins represents an important aspect of cell regulation.
For example, proteins degradation is an essential process for the rapidly turnover of
regulatory molecules, such as enzymes or transcription factors. In addition, as
mentioned before, misfolded or damaged proteins are quickly degraded to prevent
proteostasis alterations. In general, most of the proteins destined for degradation in the
proteasome are previously marked with K48-linked polyubiquitin chains on specific
lysine residues.

Evidences reported in the literature have shown that CBX4 is covalently modified
by ubiquitin before to be sent for degradation through the proteasome (Ning et al.
2017). The bioUb system is an efficient strategy for the isolation of ubiquitin conjugates
in cells (Pirone et al. 2017). This method is based on multicistronic expression from a
single vector containing the E. coli biotin protein ligase BirA and an Avi-tag-fused to Ub.
Avi-tag is a unique 15-amino acid peptide, which is specifically biotinylated by the BirA
enzyme. Avi-tagged proteins can be purified using streptavidin beads. Denaturing
conditions and stringent washes are used to inactivate deconjugating enzymes and
remove Ub interactors, as well as non-specific background.

We used this approach to investigate CBX4 modification in relation to SALL1
expression. Therefore, we first tested the efficiency of this system to detect CBX4
ubiquitinated fraction. We transiently transfected HEK 293FT cells with CB6-CBX4-HA
together with CMV-BirA-2A-bioUb or CMV-BirA as control. Cells were treated with biotin
in presence or absence of the protease inhibitor MG132. Protein lysates were processed
for bioUb assay and results were analyzed by Western blot (Figure 52). Ubiquitinated
CBX4 is shown in the Elution panel. A prominent band of 135 KDa and a
polyubiquitination smear is shown, consistent with a poly-ubiquitinated form of CBX4.
As expected, levels of ubiquitinated CBX4 increased in presence of the proteasome
inhibitor. Anti-Avi-tag antibodies also showed an increase in the general ubiquitination
levels in presence of MG132, as shown in the Elution panel. These results confirmed the
modification of CBX4 by Ub and its degradation via UPS. In addition, they proved the

usefulness of bioUb assay to study modifications in the CBX4 ubiquitination status.
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Figure 52. CBX4 is ubiquitinated and degraded by the proteasome. Western blot of HEK 293FT
cells transfected with CB6-CBX4-HA together with CMV-BirA-2A-bioUb or CMV-BirA as control. Cells were
treated with 50 uM of biotin in presence or absence of 10 UM MG132. Protein lysates were incubated
with streptavidin beads and were analyzed by Western blot. Molecular weight markers are shown to the

right. Antibodies were used as indicated to the left.

CBX4 ubiquitination is reduced in presence of SALL1

In light of the obtained results, we speculated that SALL1 could increase CBX4
stability, and consequently enhance its repressive function, by impairing its
ubiquitination and subsequent proteasomal degradation. Initially, we planned to
compare the ubiquitination levels of CBX4 after overexpression of SALL1, SALLIASUMO
or B-Gal. However, when more than three plasmids were transfected at the same time,
we encountered difficulties to finely control the expression levels of the different
overexpressed proteins. Thus, we decided to study CBX4 ubiquitination in the inducible
TripZ-SALL1-2xHA cells. For this reason, we could not analyze the effect of SALLIASUMO
on CBX4 ubiquitination.

TripZ-SALL1-2xHA cells were transiently transfected with CMV-CBX4-YFP

together with CMV-BirA-2A-bioUb or CMV-BirA as control. The cells were treated or not
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with 1 pg/ml of doxycycline, in presence or absence of 10 uM of MG132. Protein lysates
were passed through streptavidin beads to isolate bio-ubiquitin conjugated proteins and
results were analyzed by Western blot (Figure 53A). According to our hypothesis, a
statistically significant reduction of CBX4 ubiquitination was observed in presence of
high levels of SALL1 (Figure 53B, upper panel). However, in presence of MG132, no
significant differences were appreciated between induced and not induced cells (Figure
53B, lower panel). These results indicated that SALL1 is able to stabilize CBX4 protein by

reducing its ubiquitination and subsequent degradation via the proteasome.
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Figure 53. Analysis of the effect of SALL1 on CBX4 ubiquitination by bioUb assay. A) Western
blot of HEK TripZ-SALL1-2xHA cells transiently transfected with CMV-CBX4-YFP together with CMV-BirA-
2A-bioUb or CMV-BirA as control. The cells were treated or not with 1 ug/ml of dox, in presence or absence
of 10 uM of MG132. Protein lysates were passed through streptavidin beads to isolate bioUb conjugated
proteins and results were analyzed by Western blot. B-Actin was used as loading control. B) The levels of
ubiquitinated CBX4 in doxycycline induced and not induced cells, in presence (bottom panel) or absence
(upper panel) of MG132, were quantified and normalized to the CBX4 levels in the input. P-values were
calculated on n= 4 using Mann Whitney test. ns: no significant; *p< 0,05. Graphs represent mean with

SEM.
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4.4 Discussion

Townes-Brocks syndrome is a rare disease caused by mutations in the zinc-finger
transcriptional repressor SALL1 and characterized by a spectrum of malformations in
digits, ears and kidneys. Mutations in SALL1 gene are associated with the presence of a
truncated form of the protein that, in contrast to the WT that resides primarily in the
nucleus (Sato et al. 2004), localizes to the cytoplasm and impedes primary cilia function
(Bozal-Basterra et al. 2018).

Understanding the function and regulation of proteins is essential to understand
how cells work and to advance in the treatment of diseases. The study of post-
translational modifications can reveal much about proteins regulation. PTMs, in fact, can
influence numerous properties of proteins including protein interactions, localization,
and half-life. In Drosophila, SUMOylation of Sall proteins alter their nuclear localization,
as well as their transcriptional repressor activity (Sanchez et al. 2010; 2011). Previous
results obtained in our laboratory had confirmed SALL1 SUMOylation in human cells.
Furthermore, a proximity proteomics approach combined with MS analysis was used to
identify possible interactors of human SALL1 (Bozal-Basterra et al. 2018). Among them,
GO analysis revealed that the SUMO ligase term was well represented in the list of
interacting factors. Since the genetic interaction between sall genes and Pc had been
previously described to be important during Drosophila embryogenesis, the E3 SUMO
ligase CBX4 was chosen for further investigation and, at first, was hypothesized as
possible E3 SUMO ligase involved in SALL1 SUMOylation. Many efforts have been made
in the past to address this possibility. In vitro results were compatible with a role of CBX4
promoting the SUMOylation of SALL1 (unpublished results). However, the results
obtained in cells were inconclusive mostly due to technical difficulties experienced
during the performance of the experiments (Pirone 2016). Whether the interaction
between CBX4 and SALL1 could have an important role in cellular function and
regulation beyond SUMOylation, and the mechanisms underlying this interaction, had

not been elucidated.
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SALL1-CBX4 interaction

In this work, we confirmed that SALL1 and CBX4 interact with each other at the
protein level. Moreover, using the truncated SALL1-826 mutant we demonstrated that
the domain(s) of interaction between SALL1 and CBX4 could be located at the N-terminal
part of the protein.

The N-terminal part of SALL1 contains important features that determine TBS
etiology. This region contains a conserved PolyQ domain involved in dimerization with
other SALL family members (Sweetman et al. 2003), a zinc finger (ZF1) conserved in
mammals and a conserved 12 amino acids sequence through which it interacts with the
NuRD complex to mediate transcriptional repression (Kiefer et al. 2002; Lauberth and
Rauchman 2006). Is any of these motifs involved in CBX4 binding? In order to define the
precise site of SALL1 binding to CBX4, different SALL1 truncated mutants could be
generated to analyze the minimal residues needed for the interaction. This strategy
would also help to study whether the ZF1, a C2HC-type zinc finger that might mediate
protein-protein interactions rather than DNA binding (Laity, Lee, and Wright 2001),
could have a role in the interaction with CBX4, as well as with other proteins.

By analyzing the full-length amino acid sequence, three SIMs of SALL1 were
predicted and, interestingly, two of them were located at the N-terminal part of SALL1.
The results obtained with the SALL1ASIM mutant form or the truncated version SALL1-
826ASIM indicated that the identified SIMs were not necessary for the binding of SALL1
to CBX4. However, it should be noted that these experiments were performed on cells
that maintained the endogenous version of SALL1. Therefore, it cannot be excluded that
binding to CBX4 was still carried out by the WT moiety through the dimerization of
endogenous and overexpressed SALL1 forms. In vitro experiments or the use of a SALL1-
KO cell line might help to clarify the role of those moieties in the interaction with CBX4.
On the other hand, it should be considered that we were not able to prove the binding
capacity of these SIM sequences to SUMO. A deeper investigation of those predicted
SIMs by different tools, as well as the selection and test of other predicted SALL1 SIMs
would be necessary to clarify the properties of these SALL1 domains.

CBX4 also contains two functional SIMs, both of which contribute to its SUMO E3

activity in mammalian cells, being also required for SUMOylation of CBX4 itself (Merrill
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et al. 2010). Therefore, we also hypothesized that CBX4 SIMs would be involved in its
binding with SALL1 when SUMOylated. However, our results demonstrated that
SALL1ASUMO mutant was still able to interact with CBX4 suggesting that SUMOylation
of SALL1 is not required for CBX4 interaction. Nevertheless, the possible contribution of

the endogenous SALL1 in the interaction should be considered.

Involvement of SALL1 SUMOylation in Pc bodies regulation and CBX4 stability

In cells, CBX4 localizes to the Pc bodies, which have been defined as centers of
chromatin regulation for transcriptional repression of target genes (Entrevan,
Schuettengruber, and Cavalli 2016). Previous experiments showed the co-localization of
SALL1 and CBX4 in the nucleoplasm by PLA (Pirone 2016). However, in spite of their
interaction, neither SALL1 WT nor the SALLIASUMO or SALL1ASIM mutant forms
showed co-localization with CBX4 in the nuclear bodies, indicating that the SALL1-CBX4
interaction do not occurs on chromatin.

Although it does not co-localize to Pc bodies, we demonstrated that SALL1, as
well as its SUMOylation-deficient mutant form, affect the Pc bodies formation, which
appear more abundant and bigger. The non-localization of SALL1 at Pc bodies could be
explained considering its binding with CBX4 as a dynamic and transitory interaction.
SALL1 could interact with CBX4 in the nucleoplasm altering its levels but it would not be
involved in the formation of PC bodies. Indeed, in this work we demonstrated that SALL1
stabilizes and increases CBX4 protein levels in a post-translational way, reducing its
ubiquitination with subsequent reduction of its degradation via the proteasome.
Interestingly, a not significant effect was previously observed on Pc bodies in presence
of the truncated SALL1-826 form (Pirone 2016).

Different scenarios could explain our results. As a transcriptional repressor,
SALL1 could be inhibiting the transcription of ubiquitin E3 ligase(s) involved in CBX4
modification, such is the CHIP (STUB1) ubiquitin E3 ligase, and so impairing its
degradation (Wang etal. 2020). Alternatively, SALL1 binding could reduce CBX4
ubiquitination by decreasing its recognition by the ubiquitin E3 ligase. For instance, at
least in the case of CHIP, CBX4 phosphorylation is required for its ubiquitin-mediated

degradation. The binding with SALL1 could be masking the phosphorylation site and so
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impeding CBX4 ubiquitination by CHIP. Also, SALL1 could be facilitating the binding
and/or the recognition of CBX4 by DUBs such as USP26, a known deubiquitinase for
CBX4 (Ning etal. 2017). Further experiments are required to investigate these
possibilities. The identification of the E3 ligase involved in CBX4 ubiquitination in this
context will open the way to ulterior experiments. Moreover, DUBs inhibitors could be
used to test whether these enzymes could have a role in this regulatory process.
Furthermore, in this work we also demonstrated that high SALL1 levels increase
the transcriptional repression capacity of CBX4 on some of its target genes. Although it
seems not necessary for CBX4 protein levels regulation, the results obtained by gPCR
analysis indicated that SUMOylation of SALL1 is important to modulate the
transcriptional repression activity of CBX4 on some gene targets. Therefore, the binding
to SALL1 might be sufficient for CBX4 stabilization; however, only when SALL1 is
SUMOylated, the recruitment of CBX4 on the chromatin results in a functional effect.
One possible explanation of these results could be the involvement of a third
component. For instance, SUMOylation of SALL1 could facilitate the contemporary
interaction with other members of the PRC1, such as RING1 or PHC1. Interestingly, those
factors were also found as possible SALL1 interactors in the MS analysis of the BiolD
(Bozal-Basterra et al. 2018). Otherwise, SUMOylation of SALL1 could facilitate the
interaction with co-factor required for chromatin silencing. For example, the
corepressor KAP1 binds PRC1 enhancing its binding at the promoters of differentiation-
inducible genes and their transcriptional repression (Cheng, Ren, and Kerppola 2014).
This interpretation could be translated into the following model. SALL1 would
interact with CBX4, either in its SUMOylated form or as an unmodified protein. This
interaction would result in less ubiquitination of CBX4 with its consequent stabilization.
Thus, CBX4 would be recruited on chromatin, either via PREs or by the recognition of
the H3K27me3 mark, where it would act as a transcriptional repressor of its target genes
directly or promoting the chromatin remodeling via PRC1. However, the mere presence
of CBX4 on chromatin would not be sufficient for its function (Figure 54A). When SALL1
is SUMOylated, in addition to interacting with CBX4, it would also be able to interact
with repression cofactors or other components of PRC1, which will be recruited on

chromatin along with CBX4. The recruitment of transcriptional cofactor(s), or various
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components of PRC1, would result in the activation of the multiprotein complex with
consequent repression of the target genes (Figure 54B-1).

Alternatively, SUMOylated SALL1 could enhance CBX4 repression capacity by
facilitating its SUMOylation. The SUMOylation of CBX4 is known to be necessary for its
repression activity on the chromatin (Kang et al. 2010). Previous results obtained in our
laboratory by bioSUMO assay, showed that in presence of high levels of SALL1, the
SUMOylation of CBX4 increased (Pirone 2016). However, this result was not easy to
interpret due to the increased total levels of the protein. In addition, SALL1 was
demonstrated to interact with UBC9 and SUMOL1 in a yeast two-hybrid system (Netzer
et al. 2002). Interestingly, some members of the SUMOylation pathway were also found
in in the MS analysis of the BiolD (Bozal-Basterra et al. 2018). In this alternative scenario,
once it promoted CBX4 stabilization impairing its ubiquitination, SUMOylated SALL1
would be able also to promote CBX4 SUMOylation by recruiting an E3 SUMO ligase or
other components of the SUMOQylation machinery (Figure 54B-2). Unlike in the previous
hypothesized model in which it would be SALLl-independent, in this case CBX4
SUMOylation would be dependent of SALL1.

Interestingly, a prediction analysis of CBX4 ubiquitination sites by UbPred
(http://www.ubpred.org/), revealed that the K224 involved in CBX4 SUMOylation, could

also works as ubiquitination site. Additionally, the adjacent K209 and K247 were
predicted as high score ubiquitination sites. In light of this, we could also speculate that
PTM of CBX4 by ubiquitin and SUMO would be mutually exclusive events and that SALL1
might be involved in their regulation. Further experiments are necessary to corroborate
the feasibility of both these hypothesized scenarios, which, actually, are not mutually
exclusive.

The validation of the interaction of SALL1 WT and SALL1ASUMO with PRC1
proteins and SUMOylation machinery components by pulldown assay would give us a
starting point for the design of the following key experiments. Moreover, a chromatin
immunoprecipitation assay could be performed to verify the presence of CBX4 on the

promoter of repressed genes, as a more robust proof of its recruitment on chromatin.
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Figure 54. Schematic model of possible regulatory scenarios between SALL1 and CBX4. A) SALL1
binds and stabilizes CBX4 impeding its ubiquitination and its consequent degradation by the proteasome.
CBX4 stabilization entails an increment of its protein levels and its accumulation at the Pc bodies but not
an increase of its transcriptional repression capacity. However, when SUMOylated SALL1 binds CBX4 this
interaction translates into transcriptional repression of its target genes. B-1) This effect could be due to
the contemporary recruitment of other essential transcription factors. B-2) Alternatively, although non-
exclusively, SUMOylated SALL1 could increase CBX4 transcriptional repression facilitating its SUMOQylation

via the recruitment of SUMOylation machinery components.

Altogether, these results suggest that SALL1 plays an important role in the
control of the expression of key developmental genes through post-transcriptional
regulation of CBX4. The loss of SALL1 SUMOylation, originated by the truncation of
SALL1, could alter the regulation of important genes during development, which could
eventually contribute to the TBS onset. The elucidation of the SALL1-CBX4 interaction
could help to better understand the role of SALL1 during normal development and clarify

more aspects of the TBS pathogenesis.
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The concept of proteostasis, and specially its maintenance, is essential to
understand the cause of diseases associated with alterations in proteins misfolding,
degradation, trafficking or aggregation. Proteostasis preservation is ensured by a set of
interacting pathways that are critical for the proper functioning of the cell. Alteration of
those regulatory processes can seriously affect cellular functions and cause the onset of

diseases, including rare diseases such as TBS and CEP.

Rare diseases affect a small number of people compared to the general
population (less than 1 in 2000 people) and are usually characterized by specific and
uncommon issues. Because of their unusual nature, rare diseases often risk being
neglected by the pharmacological industry and research policies. However, even though
a single rare disease can affect only one person in a million, overall rare disease patients
comprise about 7% of the EU population. Besides, these patients often have serious

clinical manifestations and fewer available options for treatment.

Investigating the underlying mechanism of rare diseases can lead to interesting
scientific discoveries. The research into rare diseases may help us to understand
fundamental mechanisms of human biology and disease, often applicable to disorders
that are more prevalent. For example, research on Liddle syndrome (a rare inherited
kidney disorder associated with early and severe hypertension) has contributed to
increase the knowledge about the pathology of hypertension, and studies of Fanconi
anemia have illuminated disease mechanisms of bone marrow failure, cancer, and
resistance to chemotherapy (Lifton, Gharavi, and Geller 2001; D’Andrea 2010).
Examining how and why a gene is not working properly in a particular disease can also
help to discover more about its function under normal conditions, which in turn can
shine light on the function of other genes that interact with it, as well as help to our
understanding of related common diseases. Vice versa, the analysis of the physiological
regulation of a disease-causing gene may help us to understand or unveil the

pathological consequences of its alteration.

This thesis work was focused on two different rare diseases: Townes-Brock
Syndrome and Congenital Erythropoietic Porphyria. Both diseases are extremely rare

conditions caused by proteostasis alterations. However, the mechanisms underlying
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each of these conditions are different, as well as the premises that drove our research

interest on them.

Although numerous advances have been made in understanding the molecular
alterations of the disease, CEP remains a metabolic disorder for which no effective
treatments are available yet. In addition, the lack of adequate models makes the study
of new possible therapies even more difficult. A new humanized and inducible CEP C73R
mouse could improve drug discovery by providing a more useful model that could
partially solve viability and health problems experienced with previous models,

facilitating experimental procedures.

TBS presents developmental defects that are known to be caused by mutations
in SALL1. Recently, TBS has been proposed to be a ciliopathy, as the truncated SALL1
might interfere with primary cilia regulation (Bozal-Basterra et al. 2018). However, very
little is known about the function of this transcription factor, which makes difficult to
understand the molecular basis of the disease. The discovery of a role for SALL1 in the
regulation of chromatin remodelling and modulation of developmental gene expression
through the regulation of CBX4 could shed light on its role in human development and

help to better understand molecular mechanism underlying TBS.

In summary, the results obtained throughout this work constitute a step forward
in the understanding of SALL1 function, and would help to advance in the development
of new CEP therapies, as well as to improve our knowledge about the pathogenesis of

both rare diseases.
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The results obtained along this thesis on the analysis of the UROS-C73R humanized and

inducible mouse cell model for CEP lead to the following conclusions:

Upon FLEX-Switch construct insertion by CRISPR/Cas9, human UROS correctly

replaces and rescues mouse UROS function.

Upon tamoxifen induction of Cre recombinase, UROS WT allele is correctly

converted to express the mutant C73R version.

FACS and HPLC analyses confirmed increased porphyrin levels after induction by

tamoxifen.

MG132 and ciclopirox treatments cause a reduction in porphyrin levels.

This cellular model represent a valid CEP model.

The results obtained along this thesis on the analysis of the relation between SALL1 and

CBX4 lead to the following conclusions:

SALL1 interacts with CBX4 at the protein level, probably through its N-terminal

part domain(s).

SALL1-826 truncated mutant interact with CBX4 at protein level.

SUMOylation of SALL1 is not required for its interaction with CBX4.

The analyzed SALL1 SIMs domains are not required for its interaction with CBX4.

SALL1, as well as its SUMO-related mutants, do not co-localize with CBX4 at Pc

nuclear bodies but they do co-localize in the nucleoplasm.
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VII.

VIII.

132

At high levels of SALL1, as well as of its SUMO-related mutants, endogenous CBX4

protein levels increase.

SALL1 increases CBX4 levels at post-transcriptional level.

SALL1, as well as its SALLLASUMO mutant form, influences size and number of

Pc bodies, which appeared more abundant and larger.

CBX4 targets are downregulated in presence of high levels of SALL1, however not

in presence of its SALLLASUMO mutant form.

SALL1 stabilizes CBX4 impairing its ubiquitination and consequent degradation

via the UPS.
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ABSTRACT

During the development of multicellular organisms, transcriptional regulation plays an
important role in the control of cell growth, differentiation and morphogenesis.
SUMOylation is a reversible post-translational process involved in transcriptional
regulation through the modification of transcription factors and through chromatin
remodelling (either modifying chromatin remodelers or acting as a 'molecular glue' by
promoting recruitment of chromatin regulators). SUMO modification results in changes
in the activity, stability, interactions or localization of its substrates, which affects
cellular processes such as cell cycle progression, DNA maintenance and repair or
nucleocytoplasmic transport. This review focuses on the role of SUMO machinery and
the modification of target proteins during embryonic development and organogenesis

of animals, from invertebrates to mammals.
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ABSTRACT

Townes-Brocks syndrome (TBS) is characterized by a spectrum of malformations in the
digits, ears, and kidneys. These anomalies overlap those seen in a growing number of
ciliopathies, which are genetic syndromes linked to defects in the formation or function
of the primary cilia. TBS is caused by mutations in the gene encoding the transcriptional
repressor SALL1 and is associated with the presence of a truncated protein that localizes
to the cytoplasm. Here, we provide evidence that SALL1 mutations might cause TBS by
means beyond its transcriptional capacity. By using proximity proteomics, we show that
truncated SALL1 interacts with factors related to cilia function, including the negative
regulators of ciliogenesis CCP110 and CEP97. This most likely contributes to more
frequent cilia formation in TBS-derived fibroblasts, as well as in a CRISPR/Cas9-
generated model cell line and in TBS-modeled mouse embryonic fibroblasts, than in
wild-type controls. Furthermore, TBS-like cells show changes in cilia length and
disassembly rates in combination with aberrant SHH signaling transduction. These
findings support the hypothesis that aberrations in primary cilia and SHH signaling are
contributing factors in TBS phenotypes, representing a paradigm shift in understanding

TBS etiology. These results open possibilities for the treatment of TBS.
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ABSTRACT

Breast cancer remains one of the leading causes of cancer mortality among women. It
has been proved that the onset of cancer depends on a very small pool of tumor cells
with a phenotype similar to that of normal adult stem cells. Cancer stem cells (CSC)
possess self-renewal and multilineage differentiation potential as well as a robust ability
to sustain tumorigenesis. Evidence suggests that CSCs contribute to chemotherapy
resistance and to survival under hypoxic conditions. Interestingly, hypoxia in turn
regulates self-renewal in CSCs and these effects may be primarily mediated by hypoxic
inducible factors (HIFs). Recently, microRNAs (miRNAs) have emerged as critical players
in the maintenance of pluripotency and self-renewal in normal and cancer stem cells.
Here, we demonstrate that miR-24 is upregulated in breast CSCs and that its
overexpression increases the number of mammospheres and the expression of stem cell
markers. MiR-24 also induces apoptosis resistance through the regulation of BimL
expression. Moreover, we identify a new miR-24 target, FIH1, which promotes HIFa
degradation: miR-24 increases under hypoxic conditions, causing downregulation of
FIH1 and upregulation of HIF1a. In conclusion, miR-24 hampers chemotherapy-induced
apoptosis in breast CSCs and increases cell resistance to hypoxic conditions through an

FIH1-HIFa pathway.
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