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1. ABSTRACT



1.1 English version

Missense mutations play a central role in non-physiological conditions.

On the one hand, they represent the molecular basis of many genetic diseases,
particularly rare diseases; on the other hand, common missense variants in the
general population can influence the course of different diseases.

The present Ph.D. project aimed at deepening this topic by using different
approaches and techniques.

Whole-exome sequencing analysis (WES) was employed to establish the genetic
causes of four cases of Beckwith-Wiedemann syndrome associated with Multi-
Locus Imprinting Disturbance, and in silico analysis of the identified mutations of
interest was performed to figure out their role on the mutant protein, PADIG6.

In silico docking was used as a starting point for rational drug discovery to find
pharmacological chaperones (PC) for the phosphomannomutase-2 deficiency
(PMM2-CDG). In vitro expression of recombinant proteins and their analysis via
canonical methods based on spectrofluorimetry or innovative techniques based on
3IP-.NMR, allowed the validation of in silico results. A potential PC for PMM2-
CDG was identified this way, namely B-glucose-1,6-bisphosphate.

Cell-based techniques represented the chosen method for drug repurposing. In
particular, the possibility of potentiating approved pharmacological chaperones by
modulation of proteostasis was evaluated for Fabry-Anderson disease. Aspirin
turned out to enhance and prolong the PC-induced protein stabilization.
COVID-19 outbreak represented the starting point to investigate the role of
common missense variants in influencing various conditions.

Bioinformatics analysis of literature was employed to identify common variants in
the general population potentially associated with SARS-CoV*. WES analysis on
patients with different clinical outcomes confirmed the prediction. In particular, one
variant was identified in TMPRSS2 that showed a deleterious effect on the protease
and a protective effect on the patients, especially in some age- and sex-related sub-

groups.



1.2 Italian version

Le mutazioni missenso hanno un ruolo di primo piano in situazioni non fisiologiche.
Da un lato, rappresentano le basi molecolari di molte malattie genetiche, in
particolare malattie rare; dall’altro, varianti missenso comuni nella popolazione
possono influenzare il decorso di varie malattie.

Questo progetto di dottorato ha avuto come scopo I’approfondimento di
quest’argomento attraverso I’impiego di diversi approcci e tecniche.

Il sequenziamento dell’esoma (WES) ¢ stato impiegato per stabilire le cause
genetiche di quattro casi di pazienti affetti da sindrome di Beckwith-Wiedemann
associata a disturbi dell’imprinting multi-locus (MLID), e successive analisi in
silico sono state effettuate per comprendere il ruolo delle mutazioni di interesse
identificate sulla proteina mutante, PADIG6.

Il docking in silico ¢ servito come primo step per 1’approccio razionale alla ricerca
di chaperones farmacologici (PC) per il deficit di fosfomannomutasi-2 (PMM2-
CDG). L’espressione in vitro delle proteine ricombinanti e la loro analisi attraverso
metodi canonici, basati sulla spettrofluorimetria, e tecniche innovative, basate sulla
3IP-NMR, hanno consentito la validazione dei risultati ottenuti in silico. In questo
modo, un potenziale PC per la PMM2-CDG é stato identificato: il p-glucosio-1,6-
bisfosfato.

L’utilizzo di test su cellule ha rappresentato il metodo d’elezione per il
riposizionamento di farmaci. In particolare, & stata valutata la possibilita di
potenziare lo chaperon in uso per la malattia Fabry-Anderson, attraverso 1’utilizzo
di modulatori della proteostasi. L’aspirina ha mostrato la capacita di potenziare e
prolungare gli effetti stabilizzanti indotti dal PC.

La pandemia COVID-19 é poi servita da spunto per studiare il ruolo di varianti
missenso comuni nell’influenzare varie condizioni. Nello specifico, un’analisi della
letteratura condotta per via bioinformatica ha consentito di identificare varianti
comuni nella popolazione generale e potenzialmente associate a SARS-CoV*.
L’analisi di esomi di pazienti con differenti quadri clinici ha confermato la
predizione. In particolare, € stata identificata una variante in TMPRSS2 che ha un
effetto deleterio sulla proteina ed un effetto protettivo sui pazienti, in particolare su

alcuni sottogruppi legati all’eta ed al genere.
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2. AIM OF THE WORK



The present thesis is organized in the form of a paper collection; thus, published or
submitted papers are presented after a general introduction. The narrative thread of
this Ph.D. project is represented by missense mutations, faced from two different
sides: 1. as causative of genetic diseases; 2. as influencing the acquisition or the
course of other diseases.

The scheme in Figure 2.1 synthetically describes the evolution of the project and

the connections between the different topics.
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Figure 2.1: project description

The perspective of deepening the role of common variants in influencing the
acquisition or the course of other diseases was challenged during the pandemic
emergence of COVID-19. The identification of risk factors for the severe course of
the infection represented an early challenge for the scientific community, but the
role of host genetic factors in influencing the course of the disease is still being

clarified.



During the first pandemic wave, we explored this topic starting with bioinformatics
analysis, which allowed us to identify thirteen common variants in the general
population associated with the term “SARS-CoV*” in literature. For five of these
variants, we were able to prove a correlation between the frequency in different
populations and the incidence/mortality rates of the associated countries. The
results of this research were published in (Monticelli, Mele, Andreotti, et al., 2021)
and are here presented in chapter four.

A collaboration with the GEN-COVID Multicenter Study and the group led by Pf.
A. Renieri from the Dept. of Medical Biotechnologies of the University of Siena,
allowed us to validate those results by analyzing whole-exome sequencing data
from patients classified according to the severity of the disease. In particular, the
common variant p.Vall97Met in TMPRSS2 emerged as a predictive factor to
identify patients at risk of a severe course of COVID-19, especially among two
groups: those of young men and elderly women. These results were published in

(Monticelli, Mele, Benetti, et al., 2021) and are presented in chapter five.

The core of the project is the research on rare diseases caused by missense mutations
through in vitro and in silico approaches, for diagnosis and drug discovery.

Whole-exome sequencing (WES) is among the most powerful new generation tools
to identify mutations possibly causing genetic diseases. The bioinformatics and
biochemistry supports are then central to strengthen the hypothesis and analyze
identified mutations concerning their effects on the protein. This approach was
applied in a collaboration with the group led by Pf. A. Riccio from the Dept. of
Ambiental, Biological and Pharmaceutical Sciences and Technologies (DiSTABIF)
of the University of Caserta, that provided the WES of four patients clinically
diagnosed with the Beckwith-Wiedemann syndrome (BWS) and those of their
parents. We were able to identify five novel pathogenic variants in the gene PADIS6,
encoding a component of the subcortical maternal complex. These maternal loss-
of-function variants were causative of BWS with multi-locus imprinting
disturbances. The results of this collaboration were published in (Cubellis et al.,

2020) and represent the object of chapter six.
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About diseases caused by missense mutations, one of the most interesting
therapeutic approaches is the use of the so-called “pharmacological chaperones”
(PCs). PCs are small molecules specific for a target protein, able to stabilize its
native form. In the last twenty years, there has been a lot of interest generated by
research on PCs, as many have been recently approved. We performed a deep
search of the literature and provided a comprehensive review of the topic, published
as (Liguori et al., 2020) and presented in chapter seven.

The possibility to use a PC as a therapeutical approach was faced for a rare disease
belonging to the Congenital Disorders of Glycosylation (CDG): the deficiency of
phosphomannomutase-2, also known as PMM2-CDG. This disease has currently
no therapeutic approach available. We explored the characteristics of a potential PC
that is analogous to the substrate, namely f-glucose-1,6-bisphosphate. We started
from in silico experiments, then moved to in vitro validation of its usefulness. These
results were published in (Monticelli et al., 2019) and are discussed in chapter eight.
PCs designed from analogous of the substrate are easy to find and have usually
good stabilizing properties but represent enzymatic inhibitors, and this is a
controversial side-effect; they can be identified as “first-generation PCs”. This is
the case of the PC currently used for the cure of Fabry-Anderson disease, a
lysosomal storage disease, also known as alpha-galactosidase deficiency. The PC
is 1-deoxygalactonojirimycin (DGJ), which requires an intermittent regimen to
minimize side effects. We were inspired by the recent approval by the FDA of
combined therapy for cystic fibrosis, we explored the possibility of boosting the
stabilization by DGJ combining it with other drugs. Thus, the dosage would be
reduced, and the inhibitory effect would be minimized. A powerful combined
therapy was obtained with acetylsalicylic acid, that strongly enhanced alpha-
galactosidase (AGAL) in cells in combination with DGJ and was shown to prolong
the PC effects. Since drug discovery for rare diseases is a difficult, long, and
expensive process, the possibility of drug repositioning is very attractive and cost-
effective. The results of this research were submitted as Monticelli et al. to the
International Journal of Molecular Sciences (EISSN 1422-0067) and are currently

under review; they represent the object of chapter nine.
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3.

INTRODUCTION



In the present thesis, the role of missense mutations in diseases has been addressed
from different points of view and using different approaches and techniques, in vitro
and in silico. Diagnosis and drug discovery for rare diseases met the analysis of
common variants’ roles in a viral pandemic, such as COVID-19.

This introduction retraces the different aspects, highlighting the essential issues to
be deepened in the next chapters. Following a general discussion about protein
folding and protein destabilization by missense mutations (p. 3.1), the paragraphs
continue according to the order of the papers collected. Thus, the first question to
be faced is the role common variants in the course of COVID-19 (p. 3.2). Next, the
definition of “rare disease” and its related implications (p. 3.3) precedes the
highlights about the three rare diseases object of the thesis: the Beckwith-
Wiedemann syndrome (p. 3.4), Phosphomannomutase-2 deficiency (p. 3.6) and
Fabry-Anderson disease (p. 3.7). Also, information about common approaches for
the treatment of rare disease are discussed (p. 3.5).

3.1 Protein folding and missense mutations

The three-dimensional structure of an active protein is called the “native state”. The
information related to the three-dimensional structure is contained in the protein
primary sequence, i.e. the amino acid sequence.

Small proteins can reach their native state through a two-state transition, including
a disordered denatured state and the ordered native state. Larger proteins undergo a
more complex folding process, which often implies the activity of molecular
chaperones (Baker, 2000).

Protein stability is thermodynamically measured as AG (free energy variation) and
is defined as the ratio of folded to unfolded molecules. Folded and unfolded states’
free energies are marginally different, and this implies that folded proteins are
marginally stable (typically, AG values are in the range -3 to -10 kcal mol™)
(DePristo et al., 2005). The transition from the unfolded to the native state includes
a passage through a higher-free-energy transition state (Baker, 2000). Folding is
essential for the correct protein function. Its leading biological role is well
represented by the big cell machinery dedicated to protein folding and unfolded and

aggregated proteins degradation (Molinari, 2007).
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Missense mutations occur when a single base-pair change causes the substitution
of an amino acid in the protein (NIH, n.d.). The effect of a mutation is measured as
AAG, which is the difference between the wild-type and the mutant free energy
variations. Negative values of AAG are characteristics of stabilizing mutations,
while positive values of AAG stands for destabilizing mutations (DePristo et al.,
2005).

3.2 The role of common variants in the course of COVID-19

COVID-19 is a viral infection caused by SARS-CoV-2, that causes fever, cough,
shortness of breath, dyspnea, and muscle pain, among the most frequent symptoms.
SARS-CoV-2 belongs to the Betacoronavirus genus; it was identified in Wuhan,
Hubei Province, China, in December 2019, and rapidly spread all over the world,
leading to the declaration of a pandemic emergence by the World Health
Organization in March 2020. The variety of symptoms and the variability of the
response to the infection led the scientific community to put a strong effort into the
identification of possible risk factors associated with a more severe outcome. Age
and co-morbidities were identified at the very beginning of the pandemic
emergency. In particular, cardiovascular diseases, diabetes, and chronic lung
diseases represent major risk factors for COVID-19 (Fang et al., 2020; Rod et al.,
2020; Zhou et al., 2021). Besides this, different countries experienced different
impacts by COVID-19, particularly during the so-called “first-wave”. A recent
paper clearly described the role that different factors, such as socio-behavioral
habits, political management, co-existence with other viruses, could have in
influencing the pandemic course (Yamamoto & Bauer, 2020). Among these,
particular relevance should be given to host genetic factors. It must be noticed that
the influence of genetic factors has been hypothesized since the beginning but
represented the most difficult to be proved, due to the factors listed above.
Moreover, the globalized world we live in certainly complicates the association
between population variants reported in literature and countries, thus the
identification of genetic factors would require the analysis of patients’ samples.
We faced this challenge at the very beginning of the emergence when data coming

from all over the world were not biased by pharmaceuticals variables, such as that
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of vaccinated people percentages. We were initially interested in the identification
of common variants with different frequencies among the populations, that could
represent the basis for the various experiences of the countries. We were able to
identify different variants of interest with bioinformatics analysis. As discussed
above, the analysis of patients’ samples could represent the only method to unbiased
the eventual effect. We were able to validate the data obtained from literature by
analyzing the exomes of 1177 Italian patients, thus confirming the important role
of a TMPRSS2 variant in influencing the course of COVID-19.

3.3 Rare diseases and their implications: from the diagnosis to the
treatment

A rare disease, also known as an orphan disease, affects a small number of people
compared to the general population. European Union considers as rare a disease
affecting fewer than 5 people in 10000 (European Commission, n.d.), but different
definitions exist worldwide (Orphan Drug Act, 1983). The global average
prevalence has been indicated in 40 cases per 100000 people (Richter et al., 2015).
The number of rare diseases is estimated to be comprised among 5000 and 8000,
with 7000 representing the most commonly cited number (Haendel et al., 2020).
Diseases caused by mutations in a single gene are defined as Mendelian diseases
(Alkuraya, 2021). Almost 80% of rare diseases are genetic diseases, and nearly all
of them are Mendelian (Rahit & Tarailo-Graovac, 2020). The common aspects are
related to the difficulties experienced in the diagnosis, treatments and management,
and the absence of cures.

The diagnosis of a rare disease is a real challenge, that implies a co-operation of
factors, including technologies, experience, and expertise (Salvatore et al., 2020).
Many patients affected by a rare disease remain undiagnosed for years, in so far that
the National Institutes of Health of USA (NIH) launched the Undiagnosed Diseases
Program (UDP) in 2008, including different participant countries (Taruscio et al.,
2015).

In 2010 the first case of a Mendelian disorder diagnosed by the use of whole-exome
sequencing (WES) was reported (Ng et al., 2010). The combination between the

draft genome and the next-generation sequencing technologies has been described
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as a “game-changer” in the field of Mendelian disease. This is true for diagnosis,
but also for drug discovery and, most importantly, for the development of
personalized medicine (Alkuraya, 2021).

The absence of a cure is a common aspect among rare diseases, with few exceptions.
Also, some patients can be treated by symptomatic treatments, which do not
represent a cure.

Drug discovery approaches can be classified into two major branches: de novo and
drug repositioning. De novo drug discovery is a time-consuming and expensive
process, that requires many years before approval and drug commercialization. For
these reasons, pharmaceutical industries are usually not very interested in investing
their financial resources for this approach in the field of rare diseases.

Drug repositioning is very interesting to overcome some of the problems related to
de novo discovery. It consists of the use of previously approved drugs for new
therapeutic purposes (Ashburn & Thor, 2004). Compared to de novo drug
discovery, drug repositioning reduces the time between “bench and bedside” and
the research-related costs; most important, it reduces the risk of failure, from more
than 95% to around 45% (Ashburn & Thor, 2004; Cha et al., 2018; Nosengo, 2016;
Wouters et al., 2020).

3.4 Multi-locus imprinting disturbance in the Beckwith-Wiedemann
syndrome: the role of the subcortical maternal complex

Genomic imprinting represents the epigenetic marking of parental origin; it results
in monoallelic expression (Monk et al., 2019).

Beckwith-Wiedemann syndrome (BWS) is a growth disorder characterized by
different symptoms and a generalized overgrowth. Imprinting defects in at least one
of two domains usually represent the molecular basis of BWS: the locus including
the H19 and IGF2 genes and the locus including the KCNQ1OT1 and CDKN1C
genes. Typically, the first locus shows gain-of-methylation while the second one
shows loss-of-methylation.

In addition to these defects, almost one-third of BWS patients show methylation
defects to a greater extent, a condition known as Multi-Locus Imprinting

Disturbance (MLID). The causes are generally unknown, but in some cases,
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mutations in maternal-effect or zygotic mutations have been identified. Many of
these genes are components of the Subcortical Maternal Complex (SCMC), a
multiprotein complex expressed in oocytes and early embryos (Bebbere et al.,
2016), which plays a fundamental role in the oocyte-to-embryo transition. It is
composed of at least NLRP2, NLRP5, OOEP, TLE6, PADI6, and KHDC3L
(Demond et al., 2019).

Whether the SCMC affects imprinting is currently unknown. One of its members,
KHDC3L, has been recently indicated as necessary for de novo methylation in
oocytes (Demond et al., 2019).

Very little is known about the SCMC.

Among its components, PADI6 has been recently identified as part of the complex,
but the catalytic activity of PADI6 has not yet been identified. Notwithstanding this,
most of the PADI6 mutations so far identified and associated with MLID or
infertility, affect the arginine deiminase domain.

We enriched the group of PADI6 mutations associated with MLID identifying five
new pathogenic variants in three different families, all of them localized in the
arginine deiminase domain, and suggested that maternal PADIG6 is necessary for

methylation maintenance in early embryos.

3.5 Pharmacological chaperones and small molecules for the treatment of
genetic diseases

The term “pharmacological chaperon” indicates a small molecule able to
specifically bind a target protein and stabilize its native form; it was introduced by
(Morello et al., 2000). The attention towards this kind of drug has enormously
increased in the last twenty years since they represent an easy approach for the
treatment of diseases caused by missense mutations (Liguori et al., 2020).

The peculiar characteristic of pharmacological chaperones, that differentiate them
from other non-specific small molecules, is the specificity of the binding to a target
protein. Osmolytes, hydrophobic chaperones and proteasome inhibitors are
different types of small molecules used at the same scope but acting generically on
unstable proteins. The effect of all these molecules is the increase in the intracellular

concentration of mutant proteins. The mechanism of action of PCs is to raise the
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difference between the free energy of the folded and unfolded states by lowering
the first one (Liguori et al., 2020).

Pharmacological chaperones (PCs) typically have side effects that depend upon
their discovery approach. The easiest way to find a new ligand specific for a protein
of interest is starting from the structure of its natural ligands. The design of a drug
based on a natural protein-ligand usually leads to an active site ligand. The main
consequence of this approach is that the drug is also an enzymatic activity inhibitor.
These kinds of drugs can be referred to as “first-generation” pharmacological
chaperones.

One of the recent methods used to overcome this issue is the search of allosteric
ligands, which can be achieved by bioinformatics techniques, such as molecular
docking, as described in (Citro, Pefia-Garcia, et al., 2016).

Techniques for the screening of PCs include in vitro tests and cell-based assays.
Among the most interesting approaches, the Thermal Shift Assay (TSA) should be
named. TSA is a fluorescence-based method that offers many advantages over
different techniques, such as calorimetry, circular dichroism, limited proteolysis,
and so on. It is a fast high-throughput method that allows the processing of many
samples with a limited amount of protein. Among the limitations associated with
this technique, the necessity of pure proteins is of utmost importance. The best
results would be obtained performing the assay directly on the mutants of interest;
anyway, when this is not possible, the eventual stabilization of the wt-protein
usually represents a good index of possible action on the mutants (Andreotti et al.,
2015).

3.6 PMMZ2-CDG: a rare disease without a chaperon

Phosphomannomutase-2 deficiency is the most common of congenital disorders of
glycosylation, also known as PMM2-CDG or Jaeken disease. It was firstly
described by Pf. Jaak Jaeken in the late 1970s, and since then almost 1000 patients
have been identified worldwide (Jaeken et al., 1997; Van Schaftingen & Jaeken,
1995). It has a very wide phenotypic spectrum, with a prevalent involvement of the

central nervous system (Grunewald, 2009; Monin et al., 2014; Serrano et al., 2015).
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PMM2-CDG is caused by mutations in the gene PMM2, encoding the enzyme
phosphomannomutase-2. Cytogenetic location of PMM2 is 16p13.2 (Bjursell et al.,
1998) and PMM2-CDG is transmitted as autosomal recessive. A total absence of
PMM2 activity is not compatible with life. As for the other CDGs, PMM2-CDG
has a low rate of homozygosity (Kane et al., 2016); often, patients are compound
heterozygotes with at least one hypomorphic mutation (Grinewald, 2009).

PMM2 is a 28 kDa protein and its active form is dimeric. It acts as a
phosphomannomutase, thus it catalyzes the inter-conversion of mannose-6-

phosphate (Man-6-P) and mannose-1-phosphate (Man-1-P), as shown in Figure 3.1.

oop-O" 0-p""
| O O
o (0] OH - HO
HO OH HO" OH
OH OH
Man-6-P Man-1-P

Figure 3.1: reaction catalyzed by phosphomannomutase-2

Man-1-P is the precursor to GDP-mannose, which is essential for the
MansGIcNAc2-PP-dolichol (Aebi, 2013; Maeda & Kinoshita, 2008).

The mechanism of action of PMMZ2 requires the activation by a bisphosphate sugar,
either mannose-1,6-bisphosphate (Man-1,6-P) or glucose-1,6-bisphosphate (Glc-
1,6-P).

Phosphomannomutase-2 has a paralogous enzyme in humans, which is
phosphomannomutase-1 (PMML1). They share 63% of identity and derive from a
duplication event that happened very early in vertebrate evolution (Quental et al.,
2010).

Both the enzymes have phosphomannomutase activity, but PMM1 has also
phosphatase activity on bisphosphate sugars. In particular, phosphatase activity is
strongly enhanced in the presence of inosine monophosphate (IMP) [42]. No
syndrome is associated with PMM1 mutations. In humans, PMML1 is expressed in

many tissues, especially in the heart, brain, and liver; the tissue distribution of
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phosphomannomutase expression is reminiscent of the pathology in patients with
PMM2-CDG syndrome (Matthijs et al., 1997).

Given these information and associated with the lack of compensation by wt-PMM1
in PMM2-CDG patients, one hypothesis has been advanced, that PMM1 could even
counteract the low PMM2 activity in patients by hydrolyzing its bisphosphate
activators.

Since the CNS is prevalently involved in the disease, PMM2-CDG cannot benefit
from Enzyme Replacement Therapy. Therapies with small molecules would be
ideal, as far as they are proved to cross the blood-brain barrier.

According to the hypothesis regarding the role of PMML1, the use of bisphosphate
sugars as PCs would be useful to partially restore PMM2 activity in cells. For these
reasons, we explored the possibility of using the [-anomer of glucose-1,6-
bisphosphate for a therapeutic approach, to exploit its stabilizing properties and
avoid the hydrolysis by PMML1.

3.7 Fabry disease: what if pharmacological chaperones are not enough?
Fabry-Anderson disease is a lysosomal storage disease caused by mutations in the
gene GLA, located at Xq22.1, firstly described in 1898 by a German dermatologist
(Kint, 1970). Fabry disease has a large phenotypic and genotypic spectrum, ranging
from severe to mild cases, whose onset is during adulthood. More than 700 variants
have been reported for GLA so far, with no prevalent mutations. Most of them are
missense mutations occurring in the hydrophobic core, thus causing a
destabilization.

GLA encodes alpha-galactosidase A (AGAL), a homodimeric enzyme that
hydrolyses the terminal galactose from glycosphingolipids; its main substrate is
globotriaosylceramide (Gb3, figure 3.2). The mature lysosomal form is 46 kDa, but
it is synthesized as a 50 kDa precursor (ER and Golgi forms) (Lemansky et al.,
1987). Patients affected by Fabry disease face a Gb3 accumulation in lysosomes.
Anyway, it has been demonstrated that lyso-Gb3, the deacylated form of Gb3, is a
good biomarker for the disease (Nowak et al., 2017).
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Figure 3.2: globotriaosylceramide (Gb3), the substrate for AGAL

Differently from what was discussed above for PMM2-CDG, Fabry disease has
currently different therapeutic options. Mainly, patients can be treated with Enzyme
Replacement Therapy (ERT), thanks to the lack of involvement of CNS, or with a
pharmacological chaperone. Two different formulations of the recombinant enzyme
are available, namely Fabrazyme® from Sanofi and Replagal® from Shire
Pharmaceuticals. The approved PC is commercialized as Galafold® from Amicus
Therapeutics; it is 1-deoxygalactonojirimycin (DGJ), an imino-sugar analogous of
the substrate. It acts as a classical PC, binding the active site, stabilizing the protein
but inhibiting its enzymatic activity. Patients are treated with an intermittent
regimen, and the therapy would have two alternating phases. In the first one, i.e. in
the presence of DGJ, AGAL would be stabilized but inhibited; in the second one,
I.e. in the absence of DGJ, AGAL would be active but slowly degraded.

The response to DGJ is mutant-specific, thus the choice for the therapy requires a
personalized analysis and must consider inter-assay variability on DGJ amenability
(Cimmaruta et al., 2017; Citro, Cammisa, et al., 2016; Lukas et al., 2020). To help

physicians in the choice of eligible patients, an online tool has been developed by
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our research group, based on the comparison of data present in the literature
(Cammisa et al., 2013).

The limitations to the use of PCs are well-known. Recently, the Food And Drug
Administration (FDA) approved a combined therapy for cystic fibrosis (Ridley &
Condren, 2020), that potentiates the beneficial effects of the drugs already used for
the disease.

We advanced the hypothesis that a combined therapy approach would be useful in
the case of Fabry disease, to potentiate DGJ usefulness and reduce its side effects.
Such an approach had been proposed by our collaborator Dr. Jan Lukas and co-
workers from the Department of Neurology of the University Medical Center
Rostock (Seemann et al., 2020). The very innovative approach that we present is
the possibility to modulate AGAL quantity inside cells combining DGJ with a very
common use drug: acetylsalicylic acid (aspirin).
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4 WHY DOES SARS-COV-2 HIT IN DIFFERENT WAYS?
HOST GENETIC FACTORS CAN INFLUENCE THE ACQUISITION OR
THE COURSE OF COVID-19
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ABSTRACT

The identification of high-risk factors for the infection by SARS-CoV-2 and the
negative outcome of COVID-19 is crucial. The genetic background of the host
might account for individual responses to SARS-CoV-2 infection besides age and
comorbidities. A list of candidate polymorphisms is needed to drive targeted
screens, given the existence of frequent polymorphisms in the general population.

We carried out text mining in the scientific literature to draw up a list of genes
referable to the term “SARS- CoV*”. We looked for frequent mutations that are
likely to affect protein function in these genes. Ten genes, mostly involved in innate
immunity, and thirteen common variants were identified, for some of these, the
involvement in COVID-19 is supported by publicly available epidemiological data.
We looked for available data on the population distribution of these variants and
we demonstrated that the prevalence of five of them, Arg52Cys (rs5030737),
Gly54Asp (rs1800450) and Gly57Glu (rs1800451) in MBL2, Ala59Thr (rs25680)
in CD27, and Val197Met (rs12329760) in TMPRSS2, correlates with the number
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of cases and/or deaths of COVID-19 observed in different countries. The
association of the TMPRSS2 variant provides epidemiological evidence of the
usefulness of transmembrane protease serine 2 inhibitors for the cure of COVID-
19. The identified genetic variants represent a basis for the design of a cost-effective

assay for population screening of genetic risk factors in the COVID-19 pandemic.

Introduction

Many people affected by COVID-19 develop fever, cough, fatigue, shortness of
breath, muscular pain, and headache. In the most severe cases medical conditions,
such as respiratory failure, occur and eventually lead to death.

Age and comorbidities, such as cardiovascular diseases, diabetes, and chronic lung
diseases, are known risk factors for worse outcomes (Fang et al., 2020).
Furthermore, altered biomarkers, namely C-reactive Protein, high-sensitivity
troponin T, prothrombin time, fibrin degradation products, D-Dimer, and CD4+
count, help differentiate patients who will develop severe symptoms from those
who will only be mildly affected (Zheng et al., 2020). These factors alone are not
sufficient to identify all subjects at high risk, and on top of that, they tend to overlap.
Genetic factors, on the other hand, also influence risks associated with COVID-19
but are more likely to be independent of age-related comorbidities. Specific studies
on the subject are very few and in most cases gene+*s have been selected regardless
of the existence of frequent polymorphisms in the general population, lowering
their potential as markers for large-scale genetic screenings (Hussain et al., 2020).
SARS-CoV-2 and SARS-CoV belong to the Betacoronavirus genus (Chen et al.,
2020) and share the same cellular receptor, the angiotensin-converting enzyme 2
(ACE2), and very similar nucleotide sequences (Yan et al., 2020).

In this paper, we carried out a bioinformatic analysis to predict polymorphisms that
could either influence the acquisition or the course of COVID-19. Text mining was
carried out to extract a list of human genes that have been associated with the term
“SARS-CoV*” in the literature. We highlighted the polymorphisms of these genes
that are very frequent in the general population and are likely to affect the function

of the mutated protein. We hope that our prediction can guide and speed up
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experimental tests and help to find those high-risk subjects that have not been
recognized by age, co-morbidities, or biomarkers so far.

Question: which host genetic factors are likely to influence sensitivity to
COVID-197?

High variability of symptoms and outcomes characterizes SARS-CoV-2 infection.
The phenotypic spectrum of the disease ranges from asymptomatic individuals to
patients requiring ventilation due to severe pneumonia (Garcia, 2020). Different
hypotheses have been put forward, the role of the host’s genetic background is
currently emerging (Godri Pollitt et al., 2020; Latini et al., 2020; Strafella et al.,
2020; Zhang, S.-Y. et al., 2020). Data from a genome-wide association (GWAS)
study involving 1980 patients with COVID-19 and 2381 healthy control
participants in Spain and Italy have been recently published (Group, 2020). Two
loci were strongly associated with susceptibility to SARS-CoV-2, one on
chromosome 9 covering the ABO blood group and another one on chromosome 3
covering six genes, SLC6A20, LZTFL1, CCR9, FYCO1, CXCR6, and XCR1.

We would like to contribute to gene-specific candidate-driven studies by suggesting
missense variants that can cause severe symptoms or facilitate the infection and
expand the list identified by GWAS studies. We evaluated missense mutations that
are frequent in the general population and occur in genes that do not cause
haploinsufficiency. We selected those that are deleterious for the protein product,
and we excluded those associated with blood groups. A deleterious mutation on a
single allele might not be enough to cause a life-threatening disease and hence it
could be relatively frequent but might confer special sensitivity or resistance to viral
infection. We excluded variants occurring in promoters, introns, or untranslated
regions because their deleteriousness is less predictable. Hence our study will
provide a subset of the genetic variants that are likely to affect the sensitivity to
infection or the course of COVID-19.

Procedure to identify candidate variants
We obtained from the EXome Aggregation Consortium (EXAC) a list of human

genes (14995) with a pLI <0.9. pL1I is a value that measures the probability of being
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loss-of-function intolerant (pLI). Genes with a pL1<0.9 have a low probability of
causing haploinsufficiency when affected by the severe mutation. We developed a
simple pipeline to use such a list of genes and corresponding proteins as input and
look within the Scopus database for papers containing any of these protein names
and the term “SARS-CoV*” in the article’s title, abstract, or keywords. The script,
which is written in R language and exploits the rscopus package, is provided in
Supplementary File S1. We excluded the genes covered by the GWAS analysis
(Group, 2020) and obtained a “SARS-CoV* referable genes” list (106 genes;
Supplementary File S2).

We searched within GnomAD for frequent variants, missense or loss- of-function,
in “SARS-CoV* referable genes”, setting the threshold to allele frequency at 1%.
Lastly, we used Polyhen2 (http://genetics.bwh. harvard.edu/pph2/), to exclude
benign mutations. Frequent missense variants were found in 56 genes and frequent
deleterious variants in 10 genes. The scheme of the search is provided in Fig. 4.1.
The list of identified variants with their frequencies is reported in Table 4.1. We
observed that the candidate variants were mostly in genes involved in innate
immune defense. References to databases and programs utilized in this analysis are
provide as a supplementary file S3.

Correlation between allele frequencies and COVID-19 cases and deaths per
population

Data on the prevalence in different populations were available for six of our
candidate variants. The datasets relative to rs12329760 (Val197Met, TMPRSS2),
rs25680 (Ala59Thr, CD27), and rs3775291 (Leu412Phe, TLR3) were found in
ALFRED; the data relative to the MBL2 variants rs5030737 (Arg52Cys), rs1800450
(Gly54Asp), and rs1800451 (Gly57Glu) were reported by Verdu et al. Data on the
population distribution of the remaining six variants were not available.
Notwithstanding the limitations associated with publicly available data on the
number of cases and deaths per country that are influenced by socio-economic
factors, we found interesting results for five variants, namely Arg52Cys
(rs5030737), Gly54Asp (rs1800450), and Gly57Glu (rs1800451) in MBL2,

Vall97Met (rs12329760) in TMPRSS2 and Ala59Thr (rs25680) in CD27.
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Fig. 4.1. Procedure to identify candidate variants. The EXome Aggregation Consortium (EXAC)
provided a list of human genes and annotated them with a value that measures the probability of
being loss-of- function intolerant (pLI). The names of the genes were associated to the names of the
corresponding proteins. Such list was used as the input to look within the Scopus database for papers
containing any of the protein names and the term “SARS-CoV*” in the article’s title, abstract or
keywords. “SARS- CoV referable genes”, encompassing frequent variants, missense or loss of
function, were identified setting the threshold to allele frequency to 1%, and excluding variants that
did not pass quality control or occur in non-canonical transcripts. The genes covered by the GWAS
analysis (Group, 2020) were excluded. Among these genes, those encompassing frequent deleterious

variants were identified.
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Table 4.1

Missense variants that might influence the acquisition or the course of COVID-19.

Gene Protein name/Mim phenotype  Reference Amino acid Variant GWAS
name SNP ID change frequency p-value
number
ACE Angiotensin-converting rs3730025 Tyr244Cys  0.0107
enzyme
AHSG Alpha-2-HS-glycoprotein rs140827890 Alal64Thr 0.0114 0.05
#203650
CD27 CD27 antigen #615122 rs25680 Ala59Thr 0.1912
GFAP Glial fibrillary acidic protein ~ rs59291670  Asp157Asn 0.11
#203450
IF130 Gamma-interferon-inducible  rs11554159  Arg76GIn 0.2281
lysosomal thiol reductase
MBL2 Mannose-binding protein C rs1800450 Gly54Asp  0.141
#614372
rs5030737 Arg52Cys  0.0558
rs1800451 Gly57Glu  0.0318
MEFV Pyrin rs3743930 Glu148GIn  0.0708
#134610
#249100
TLR2 Toll-like receptor 2 rs5743704 Pro631His  0.0281 0.02
#607948
rs5743708 Arg753GIn  0.0176
TLR3 Toll-like receptor 3 rs3775291 Leud12Phe 0.2789 0.03
#609423
TMPRSS2  Transmembrane protease rs12329760  Vall97Met 0.2452 0.01528
serine 2

Table 4.1: Likely deleterious frequent variants (allele frequency >1%) in genes referable to

the term “SARS-CoV*” in the literature. Variant frequency is referred to gnomAD total exome

frequency obtained from wAnnovar annotation. For variants covered in the GWAS study,

GCST90000255 Fisher p-values are provided.

MBL2 encodes a mannose-binding protein C that binds mannose, fucose, and N-

acetylglucosamine on different

microorganisms and activates the

lectin

complement pathway. The deficiency of mannose- binding protein C (MIM
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#614372) is associated with increased susceptibility to infection (Degn et al., 2011).
MBL2 binds and activates the lectin complement pathway in viral infections such
as HIV (Garred et al., 1997) and influenza (Kase et al., 1999). We tested three
frequent missense mutations in MBL2: Gly54Asp (rs1800450), Arg52Cys
(rs5030737), and Gly57Glu (rs1800451). All these mutations affect the ability of
the protein to bind carbohydrate surfaces and MASP-2, the mannan-binding lectin
serine protease 2 which activates the complement system (Turner, 2003); the lowest
interaction is observed with Arg52Cys (Larsen et al., 2004). In a study conducted
in China, it was proven that Gly54Asp (rs1800450) is significantly associated with
susceptibility to SARS-CoV infection but not with disease severity (Ip et al., 2005;
Zhang et al., 2005); unfortunately, the other two variants were not tested. We found
that the allele frequency per population of Arg52Cys (rs5030737) correlates
positively with the number of cases per country [p-value 0.0394] of COVID-19, but
not with the number of deaths (Fig. 4.2, panels A and B), while the allele frequency
per population of Gly54Asp (rs1800450) correlates positively both with the number
of cases [p-value 0.0018] and the number of deaths [p-value 0.02] (Fig. 4.2, panels
C and D). This finding supports the hypothesis that mannose-binding protein C
plays a protective role and that MBL2 inactivation is a risk factor for SARS-CoV-
2 infection, and that the immune response plays a role in the course of the disease.
Unexpectedly, the allele frequency per population of Gly57Glu (rs1800451) was
found to be negatively correlated with the number of cases [p-value 0.0122] (Fig.
4.3, panel A). The correlation with the number of deaths was significant when the
data from Iran were excluded [p-value 0.0241] (Fig. 4.3, panel B).

TMPRSS2 encodes transmembrane protease serine 2. Mouse models have shown
that SARS, MERS CoVs and Influenza viruses use this protease to cleave the Spike
protein and achieve viral internalization (Iwata-Yoshikawa et al., 2019). A negative
correlation between the allele frequency of VVal197Met and the number of cases [p-
value 0.0012] and deaths [p-value 0.0057] per country (Fig. 4.4 panels A and B)
was found. We observed the number of cases and deaths as a function of prevalence
clusters in two groups and the high mortality group is associated with a low
prevalence of the variant, indicating that genetic TMPRSS2 inactivation is a

protective factor against SARS-CoV-2 infection and progression towards severe
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cases. A lower frequency of Val197Met in Italian COVID-19 patients compared to
the allelic frequency of this variant in GnomAD for the EUR reference population
has recently been reported (Latini et al., 2020). Val197Met is a SNP covered by the
GWAS study (Group, 2020) and it is significantly associated with susceptibility to
(p-value < 0.05). TMPRSS2 is a druggable protein that can be inhibited by camostat
mesylate, a drug approved in Japan, by bromhexine and nafamostat. Clinical trials
are ongoing for their usage in COVID-19 (ClinicalTrials.gov Bromexhine:
NCT04355026, NCTO04273763, NCT04340349; Camostat: NCT04321096,
NCT04355052, NCT04353284, NCT04338906, NCTO04470544; Nafamostat:
NCT04352400; NCT04473053). Our data provide epidemiologic evidence of the
role of the protease in SARS-CoV-2 infection and encourages the usage of protease
inhibitors for the therapy (Hoffmann et al., 2020).

CD27 receptor is thought to have an essential role in connecting the CD4 and CD8
branches of the immune system. Unbalances between the two branches has been
associated with a worse prognosis in SARS-CoV infections (Li et al., 2008). Known
pathological mutations of CD27 exist, and they are associated with cytokine storms
(Amberger et al., 2009) and hemophagocytic lymphohistiocytosis (HLH) like
syndromes that frequently characterize severe SARS-CoV-2 infections (Shoenfeld,
2020). We observed a statistically significant negative correlation between the
allele frequency of Ala59Thr and the number of deaths per country [p-value 0.0337]
(Fig. 4.5, panel B), but not with the numbers of cases (Fig. 4.5 panel A).

Description of the other genes potentially related to COVID-19 response

As discussed above, the association between six inactivating variants (Table 4.1)
and SARS-CoV-2 susceptibility could not be demonstrated because of the absence
of data on population distribution. Nevertheless, literature data support a possible
role of some of them in COVID-19.

The role of ACE in innate immunity has been reviewed (Bernstein et al., 2018). A
very frequent intronic insertion/deletion 1/D polymorphism influences ACE
expression (Rigat et al., 1990). A recent paper has suggested the usage of ACE 1/D
polymorphisms for the identification of high-risk COVID-19 patients (Delanghe et

al., 2020). The hypothesis that variants of ACE are associated with COVID-19 risks
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is very interesting and is in line with several observations. Although ACEZ2, rather
than ACE, has been identified to be one of the receptors of the SARS-CoV-2, it has
been proposed that the unbalance between ACE and ACE2 expression leads to lung
injury (Guo et al., 2020). Children, who have higher levels of ACE than adults, are
much less affected by COVID-19 (Guo et al., 2020). ACE inhibitors have been
proven to upregulate ACE2, and some authors speculate a possible role of these

extremely commonly used drugs in infection.
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Fig. 4.2. MBL2 allele frequencies per population correlation with COVID-19 cases and deaths.
rs5030737 (Arg52Cys) allele frequencies in different countries from Verdu et al. were correlated
with the respective number of cases (panel A; p-value 0.0394) and deaths (panel B; n. s.) of COVID-
19. rs1800450 (Gly54Asp) allele frequencies were correlated both with cases (panel C; p-value
0.0018) and deaths (panel D; p-value 0.0199) of COVID-19 per country. Different symbols relate
to different populations associated with the same country [Purple circle: GBP; purple square: GBB.]

Details about populations and their association to countries are provided in supplementary file S1.
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(For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

Their role in COVID-19 disease, however, is very controversial, because
upregulation of ACE2 may have a protective role against lung inflammation and
fibrosis (Guo et al., 2020). Publications on ACE I/D polymorphisms and SARS-
CoV are of little help because they provide different results (Chan et al., 2005;
Itoyama et al., 2004). A final word on this subject could come from a very recent
paper by Richards and coworkers (Butler-Laporte et al., 2020). Although the
authors did not include Tyr244Cys (rs3730025) in their study, they found that
variants which decrease the expression of ACE do not increase COVID-19
susceptibility or severity.

AHSG encodes a protein known as human fetuin which is thought to be an immune
modulator, mainly acting on cytokine release from macrophages. Macrophages play
a central role in the IL1, 6, TNF alfa, INF gamma dependent cytokine storm. Its
deletion has already been linked to worse outcomes in SARS-CoV infected patients
(Zhu et al., 2011). The SNP Alal64Thr is covered by the GWAS study (Group,
2020) and significantly associates with susceptibility to COVID-19 (p-value 0.05).
The role of GFAP in COVID-19 might be prevalently associated to the severity of
the disease and in particular to the development of neuro- logical symptoms. GFAP
is a TGF-beta induced gene that participates in the ERG dependent TGF-beta
triggering of fibrosis consequent to ROS production. It has been proven that SARS-
CoV viruses possess a deubiquitinating protein named PLpro that stimulates such
pathway, inducing lung fibrosis in infected patients. Pulmonary fibrosis has been
described in cases of SARS-CoV infections, but so far it has not been described to
be a relevant feature of the disease (Yang et al., 2006). Very little is known so far
about COVID-19 pathology, and future studies could demonstrate the importance
of fibrosis since it is a central feature in uncontrolled activation of macrophage-

mediated inflammation.
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Fig. 4.3. MBL2 allele frequencies per population correlation with COVID-19 cases and deaths.
rs1800451 (Gly57Glu) allele frequencies were correlated with cases (panel A; p-value 0.0122) and
deaths (panel B; p-value 0.0241) of COVID-19 per country. The outsider Iran was excluded to
observe a significant correlation with the number of deaths. Different symbols relate to different
populations associated with the same country [Purple circle: GBP; purple square: GBB.] Details
about populations and their association to countries are provided in supplementary file S1. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version

of this article.)
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Fig. 4.4. TMPRSS2 allele frequencies per population correlation with COVID-19 cases and
deaths.

rs12329760 (Vall97Met) allele frequencies in different countries from ALFRED were correlated
with the respective number of cases (panel A; p-value 0.0012) and deaths (panel B; p-value 0.0057)
of COVID-19. Different symbols relate to different populations associated with the same country
[Blu circle: SA004049R; blu square: SA004617S. Light brown circle: SA001504K; light brown
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square: SA001503J. Red circle: SA004057Q; red square: SA0022550; red triangle SA001505L.
Light green circle: SA004050J; light green square: SA0015080.] Details about populations and their
association to countries are provided in supplementary file S1. (For interpretation of the references

to color in this figure legend, the reader is referred to the Web version of this article.)

IF130 (Gamma-interferon-inducible lysosomal thiol reductase, GILT) has a role in
protecting against the internalization of SARS-CoV viruses in the lung tissue
(Chen, D. et al., 2019). Polymorphisms in this gene may be correlated with a
predisposition to infection by SARS-CoV-2, as well as with a worse prognosis due
to higher initial viral charge. The viral charge has, in fact, already been proven to
be linked to worse clinical outcomes (Chen, D. et al., 2019).

MEFV (Pyrin) is associated to Familial Mediterranean Fever whose symptoms,
fever, abdominal/chest pain, elevation of C-reactive protein, and leucocytosis,
overlap in part with those of COVID-19. Deleterious variants in this gene might
influence the severity of the infection. MEFV is thought to be involved in the
NLRP3 dependant IL-1 beta modulation (Manukyan and Aminov, 2016). The
capability of SARS-CoV viruses to activate the NLRP3 inflammasome has already
been described (Chen, I.-Y. et al., 2019). There are some known pathological
mutations of MEFV that cause autoinflammatory disease due to a IL1, 6, TNF- alfa
INF-gamma cytokine storm (Manukyan and Aminov, 2016).

Toll like receptors activate Type-I interferon (alpha and beta) response that enhance
innate antiviral responses such as the limitation of cell replication, the induction of
apoptosis, and the synthesis of enzymes with direct antiviral effect (Kawasaki and
Kawai, 2014). Some viruses have been described to elude the Type | interferon
response by shifting the reply towards the Type Il (gamma) interferon branch,
which favors viral diffusion through tissues by activating a cytokine storm
(McGonagle et al., 2020).
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Fig. 4.5. CD27 allele frequencies per population correlation with COVID-19 cases and deaths.
rs25680 (Ala59Thr) allele frequencies in different countries from ALFRED were correlated with
the respective number of cases (panel A; n.s.) and deaths (panel B; p-value 0.0337) of COVID-109.
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association to countries are provided in supplementary file S1. (For interpretation of the references

to color in this figure legend, the reader is referred to the Web version of this article.)

Toll-like receptor 2 interacts with TICAM2 (Stack et al., 2014) that in turn
contributes to SARS-CoV pathogenesis in mice (Gralinski et al., 2017). Recent
papers on TLR2 have linked the function of this gene to viral as well as to the already
known bacterial targets (Carty and Bowie, 2010). TLR2 might bind SARS-CoV-2
proteins and have a key role in directing the immune response to this pathogen.
Arg753GIn (rs5743708) and Pro631His (rs5743704) in TLR2 are relatively
frequent in the European population, approximately 3%. A few papers confirm the
role of Arg753GIn (rs5743708) in respiratory diseases (Patar’ci’c et al., 2015)
(Smelaya et al., 2016). The effects of Arg753 substitution by glutamine on TLR2
were proven in vitro. The mutation impairs agonist-induced phosphorylation
hetero-dimerization with TLR6, and recruitment of myeloid differentiation primary
response protein 88 (MYD88) and MyD88 adapter-like (MAL) (Xiong et al., 2012).
The SNP
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Arg753GIn (rs5743708) is covered in the GWAS study (Group, 2020) and it is
associated with COVID-19 significantly (p-value < 0.05). The role in the
susceptibility to viral infection is confirmed by the finding that intranasal
administration of a TLR2/6 agonist reduces upper respiratory tract viral shedding
in an animal model (Proud et al., 2020).

Toll-like receptor 3 is known to be involved in the innate immune response to
SARS-CoV infections (Totura et al., 2015). Its role in the new epidemics is
supported by the fact that rare loss-of-function variants were found among male
patients with life-threatening COVID-19 pneumonia more frequently than in mildly
affected controls (Zhang, Q. et al., 2020). One frequent missense mutation in TLR3,
Leud12Phe (rs3775291) was associated with several viral diseases (EI-Bendary et
al., 2018; Fischer et al., 2018; Grygorczuk et al., 2017; Studzin’ska et al., 2017). It
has an allele frequency ranging from 25% to 35% worldwide except for African
populations, where it is 6%. Although it is necessary to be extremely cautious when
considering the causes of the low numbers of reported cases from Africa,
nonetheless it is tempting to associate it to the low incidence of rs3775291. Another
indication in favour of the role of rs3775291 in the susceptibility to SARS-CoV-2
comes from the GWAS study (Group, 2020) where a significative difference (p-
value < 0.03) was observed between affected people and healthy controls. When
we analysed the epidemiological data of general European populations, as we did
for variants in TMPRSS2 (Fig. 4.4) or CD27 (Fig. 4.5), we did not find significant
correlation (data not shown), but it would be interesting to look in a cohort of males.
Four deleterious frequent variation were found in the genes identified by GWAS
analysis (Group, 2020), although these SNPs were not covered by the study.
Thr199Met in the gene SLC6A20 encoding Sodium- and chloride- dependent
transporter XTRP3 and Asp182Asn in the gene LZTFL1 encoding Leucine zipper
transcription factor-like protein 1 are relatively frequent in the European population
but not in African and East Asian populations.

GIuE994Lys and Arg1140GIn are in the gene FYCOL1 encoding FYVE and coiled-
coil domain-containing protein 1 that participate in the transportation and

maturation of autophagosomes.
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Conclusion

COVID-19 pandemic upset the world. The fast spread of SARS-CoV-2 through
over the world and some peculiar novelties of the virus, such as the high number of
asymptomatic individuals, rendered it a difficult challenge from different aspects.
A strong effort was put in the discovery of risk factors associated with a more
serious phenotype. Besides this, different countries experienced different impacts
caused by SARS-CoV-2. As well described by Yamamoto and Bauer (2020), many
factors contribute to these differences, e.g. socio-behavioral habits, political
management, co-existence with other viruses, genetic factors. Genetic factors can
play a major role in defining the outcome of the infection. This correlation is hard
to prove due to all the side-factors described above, that certainly influence the
official data from the different countries. Moreover, the globalized world we live in
certainly complicates the association between population variants and
countries.

Nevertheless, our data showed that a statistically significant correlation could be
proved for some common variants in three genes, namely MBL2, TMPRSS2, and
CD27, with the number of cases or deaths observed per country.

These data suggest that the genetic background is of utmost importance in the
evaluation of COVID-19 susceptibility and that the discovery of target genes could
be useful in the treatment and prevention of the infection. Moreover, the evaluation
of the role of these polymorphisms might be necessary for the management of very

common drugs during a pandemic.
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Abstract

The protease encoded by the TMPRSS2 gene facilitates viral infections and has been
implicated in the pathogenesis of SARS-CoV-2. We analyzed the TMPRSS2
sequence and correlated the protein variants with the clinical features of a cohort of
1177 patients affected by COVID-19 in Italy. Nine relatively common variants
(allele frequency > 0.01) and six missense variants which may affect the protease
activity according to PolyPhen-2 in HumVar-trained mode were identified. Among
them, p.V197M (p.Vall97Met) (rs12329760) emerges as a common variant that
has a deleterious effect on the protease and a protective effect on the patients. Its

role appears particularly relevant in two subgroups of patients—young males and
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elderly women—and among those affected by co-morbidities, where the variant
frequency is higher among individuals who were mildly affected by the disease and
did not need hospitalization or oxygen therapy than among those more severely
affected, who required oxygen therapy, ventilation or intubation. This study
provides useful information for the identification of patients at risk of developing a
severe form of COVID-19 and encourages the usage of drugs affecting the

expression of TMPRSS2 or inhibiting protein activity.

Keywords: COVID-19; TMPRSS2; V197M; missense mutation; Whole-Exome
Sequencing (WES)

Introduction

The gene TMPRSS2 encodes a plasma membrane-anchored serine protease
(TMPS2_HUMAN) that activates several endogenous substrates such as pro-
hepatocyte growth factor [1], PAR-2 [2], matriptase/ST14 [3], and ACE2 [4]. In
addition to this, it is essential for the pathogenesis of several human viruses,
coronavirus 229E [5], Middle East respiratory syndrome coronavirus [6], influenza
A viruses [7], and parainfluenza viruses [8].

The protein is composed of a small cytoplasmic region (aa 1-121), a
transmembrane helix (aa 122-142), and an extracellular region (aa 143-529). In
turn, the last one is composed of three domains, an LDL-receptor-like domain (aa
149-186), a SRCR-like domain (aa 187-279), and a peptidase domain (aa 293—
526).

TMPRSS2 is expressed in the prostate glands predominantly, but also in type Il
pneumocytes in the lung, nasal goblet secretory cells, and small intestine [9-12]. It
is regulated by androgenic hormones in vivo [1].

Genetic determinants of susceptibility and/or severity of COVID-19 have been
sought in TMPRSS?2 in predictive [13-16] as well as in Whole-Exome Sequencing
(WES) studies [17,18]. An analysis extended to large cohorts confirms the
protective role of a common polymorphism p.VV197M (rs12329760) in TMPRSS2

and, in particular, its effect in young males and elderly women.
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Materials and Methods

Whole-Exome Sequencing (WES) data derived from the GEN-COVID Multicenter
Study [19] were analyzed. Odds ratio (OR) for different contingency tables were
calculated using unconditional maximum likelihood estimation (Wald’s method);
confidence intervals (CI) at 95% were calculated using the normal approximation.
Independence was tested using a Chi-squared test. All calculations were performed
within the R environment for statistical computing, using the OR function from the
epitools package. R scripts are provided in Supplementary file S1.

The sequence of human TMPS2_HUMAN was obtained from the UniProt database
[20]. Structural templates were searched using the SWISS-MODEL server [21] and
a model of the region spanning aa 187 to 526 was built using the structure of human
hepsin [22]. A protein model was visualized using PyMol [23]. The solvent
accessibility and the effect of mutations on protein stability were calculated for
variants occurring in the region spanning aa 187 to 526 using SDM [24].
PolyPhen-2 [25], which is a program that can graduate the severity of missense
variants [26], was used to identify mutations with a high impact on
TMPS2_HUMAN.

Results

We analyzed the WES data of 1177 patients affected by COVID-19 and selected
according to the following inclusion criteria: (i) endotracheal intubation; (ii)
CPAP/BIPAP ventilation; (iii) oxygen therapy; (iv) hospitalized without oxygen
support; and (v) not hospitalized. In this cohort, we identified 52 variants in
TMPRSS2, nine of which are relatively common (allele frequency > 0.01).
TMPRSS2 encodes two isoforms that differ for 37 aa at the amino-terminus and
both can activate respiratory viruses [27]. In this paper, the numbering of the longest
isoform is used to identify variants in coding regions. The frequencies of two
common mutations, one missense and one synonymous, p.V197M (rs12329760)
and p.G296G (rs2298659), correlate with COVID-19 severity (Figure 5.1 and Table
5.1).
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Figure 5.1. Prevalence of p.G296G or p.V197M in COVID-19 patients subdivided by different
clinical outcomes. The percentages of carriers (A,B), heterozygous (C,D) and homozygous (E,F)
individuals for p.G296G (A,C,E) or p.V197M (B,D,F) in each clinical category, i.e., patients who
needed intubation, ventilation (CPAP/BIPAP), or oxygen therapy, patients who did not need oxygen
therapy (no resp support) or were not hospitalized (nh), are reported. The 95% confidence interval
around the regression line is calculated as the product of the regression standard error and the value

of the 0.975-th quantile of a t distribution with 3 degrees of freedom.

The percentage of carriers in severely (intubation + CPAP/BIPAP + oxygen) or
mildly (no resp support + nh) affected patients differs significantly and is higher in
the latter group (p.V197M p =0.0289, OR =0.7601, LC = 0.5941, HC = 0.9724;
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p.G296G p = 0.0039, OR =0.6947, LC = 0.5422 HC = 0.8899; Table 5.1).

(A)  p.G296G

Mild Severe Marginal_Rows
Wild-type 306 (63%) 490 (71%) 796
G296G 178 (37%) 198 (29%) 376
marginal_cols 484 688 1172
(B) p.V197M

Mild Severe Marginal_Rows
Wild-type 313 (64%) 482 (70%) 795
V197M 176 (36%) 206 (30%) 382
marginal_cols 489 688 1177

Table 5.1. Contingency tables of TMPRSS2 mutations in the two categories of patients.
Patients were divided in two categories according to the severity of the disease: mild (including not
hospitalized and no respiratory assistance required) and severe (including oxygen therapy,

ventilation, or intubation required).

Both SNPs are covered by the GWAS study of Severe COVID-19 with Respiratory
Failure and are significantly associated with susceptibility (p.V197M p = 0.0153
OR =0.8497, p.G296G p = 0.0462 OR = 0.8730) [28].

Several lines of evidence support the hypothesis that p.VV197M affects the stability
and/or the function of the protease. It is predicted to be deleterious by SIFT [29]
and PolyPhen-2 [25], in both predictive modes, HumDiv and HumVar
(Supplementary file S2).

p.VV197M does not occur in the catalytic domain but in the SRCR domain that is
likely needed for protein-protein interaction [30,31]. The region spanning aa 187 to
526 can be built by homology modeling. The side chain of Valinel97 is buried
(Figure 5.2), and solvent accessibility (%) 15.4 and its substitution by Methionine
affects the stability of the protein (pseudoAAG= —2.00 kcal/mol).
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Figure 5.2. TMPRSS2 structure. A linear representation of TMPRSS2 is shown in panel (A). The
probably and possibly damaging mutations identified by the HumVar-trained model in wAnnovar
are highlighted. The model of the region spanning from aa 187 to 526 is shown as a cartoon in panel
(B). The SRCR-like domain is in deep teal cyan, peptidase domain is in marine blue, and the linker
is in light pink. V197 (red), F246 (green), and S265 (yellow) belong to the SRCR-like domain.

On the other side, the synonymous variant p.G296G, which corresponds to
NM_001135099:ex0n9:¢.C888T, is not annotated as an eQTL and does not fall at
the exon- intron junction. We hypothesize that the missense mutation is protective
and is often associated in cis with the synonymous variant, which has little effect
per se.

The frequency of the other common variants does not correlate with the disease
severity (Supplementary file S3). This is expected since most of them are
synonymous or intron variants. The only missense mutation is p.G8V that is
predicted to be benign by SIFT [29] and PolyPhen-2 [25] in both predictive modes,
HumDiv and HumVar (Supplementary file S2).

It has been observed and it is commonly accepted that age, sex, and co-morbidities
influence the severity of COVID-19. We divided patients according to sex and age
(below and above median values) and the severity of the disease. The number of

carriers of p.V197M (heterozygous + homozygous individuals) among mild and
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severe cases differs significantly in two sub-cohorts, those of young males (p =
0.0200, OR =0.5804, LC = 0.3663, HC = 0.9197) and elderly women (p = 0.0347,
OR =0.5346, LC = 0.2977, HC = 0.9601) (Table 5.2). To check whether slightly
altering the age frame may flip the p-value to non-significant, we tested different
ages and found that, provided that the boundary between young and old patients
falls between 52 and 66 years for males and between 54 and 70 years for females,
the protective effect remains significant for young males and elderly women
(Supplementary Figure S1).

We restricted the two groups of patients and analyzed young males and elderly
women who were affected by co-morbidities such as diabetes and/or hypertension
and/or obesity or other diseases (young males affected by co-morbidities p =
0.0057, OR =0.2969, LC = 0.1254, HC = 0.7027; elderly women affected by co-
morbidities p = 0.0391, OR = 0.4667, LC = 0.2262, HC = 0.9627) (Table 5.3). The
results hold significance when we consider the first quartile of the male or the last
quartile of the female population (very young males in Q1 affected by co-
morbidities p = 0.0343, OR = 0.2121, LC = 0.0485, HC = 0.9281; very elderly
women in Q4 affected by co-morbidities p = 0.0090, OR = 0.2455, LC = 0.0812,
HC = 0.7424) (Table 5.4).

Data in the two sub-cohorts of elderly males and young women are shown in
Supplementary file S4. The subdivision of patients was carried out starting from the
complete data set reporting the age, sex, and co-morbidities of individual patients.

It is provided in Supplementary file S5.

Table 5.2. Contingency tables of V197M TMPRSS2 in young males and elderly women.
(A) Male, Young (Age < 60)

Mild Severe Marginal_Rows
Wild-type 102 (63%) 140 (75%) 242
Val197Met 59 (37%) 47 (25%) 106
marginal_cols 161 187 348
(B) Female, Elderly (Age > 58)

Mild Severe Marginal_Rows
Wild-type 37 (57%) 131 (71%) 168
Val197Met 28 (43%) 53 (29%) 81
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marginal_cols 65 184

249

Patients were divided according to sex and age (above and below median age) and the severity of

the disease.

Table 5.3. Contingency tables of V197M TMPRSS2 in young males and elderly women

affected by co-morbidities.

(A) Male with Co-Morbidities, Young (Age < 60)

Mild Severe Marginal_Rows
Wild-type 16 (50%) 65 (77%) 81
Vall197Met 16 (50%) 19 (23%) 35
marginal_cols 32 84 116
(B) Female with Co-Morbidities, Elderly (Age > 58)

Mild Severe Marginal_Rows
Wild-type 21 (54%) 105 (71%) 126
Val197Met 18 (46%) 42 (29%) 60
marginal_cols 39 147 186

Patients with co-morbidities were divided according to sex and age (above and below median age)

and the severity of the disease.

Table 5.4. Contingency tables of V197M TMPRSS2 in very young males and very elderly

women affected by co-morbidities.

(A) Male, Very Young (Age < 50)

Mild Severe Marginal_Rows
Wild-type 7 (39%) 12 (75%) 19
Val197Met 11 (61%) 4 (25%) 15
marginal_cols 18 16 34
(B) Female, Very Elderly (Age > 71)

Mild Severe Marginal_Rows
Wild-type 6 (37.5%) 66 (71%) 72
Val197Met 10 (62.5%) 27 (29%) 37
marginal_cols 16 93 109

Patients were divided according to sex and age (quartiles) and the severity of the disease.
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It is not surprising that the effects of a deleterious mutation in TMPRSS2 are seen
in both sexes because the expression of the gene is only slightly higher in males
[13]. The difference in the times of life can be explained because androgens and
estrogens have opposite effects on gene expression, as proved by the data collected
from the Expression Atlas [32] (Supplementary file S6). Young males who do not
carry p.V197M are at risk because of high testosterone levels. Particularly relevant
is the risk of wild-type elderly women who are not protected by estrogens.
Androgenic hormones decline with age less rapidly than estradiol after menopause
and this effect might explain the risk in elderly females and the protective role of
the variant.

Other rare missense mutations are found in the Italian cohort in heterozygosity
(Supplementary file S2). We will discuss the germline mutations that can affect the
protein. A few fall in the region spanning aa 187 to 526 that can be modeled by
homology, thus precluding a comparative analysis based on structural effects.
PolyPhen-2 [25] uses sequence conservation to predict deleterious effects and two
databases for training and testing predictions. The HumDiv model is trained using
Mendelian disease variants vs. divergence from close mammalian homologs of
human proteins (>95% sequence identity). HumVar is trained using all human
variants associated with some disease (except cancer mutations) or loss of
activity/function vs. common (minor allele frequency > 1%) human polymorphism
with no reported association with a disease of other effects.

The HumVar-trained model, which is best suited for distinguishing mutations with
drastic effects, predicts that only one rare variant, p.L128P (rs147711290), has a
strong effect (probably damaging, D, supplementary file S2) on the protein, perhaps
because it occurs in the transmembrane anchor where proline destabilizes the helix
[33]. p.L128P, which is relatively frequent only among Ashkenazy Jews (0.2%),
was found in the Italian cohort in a single patient on oxygen therapy. The HumVar-
trained model predicts that p.S2651 and p.F2461 (rs150554820), which occur on the
surface of SRCR-like domain (aa 187-279) (Figure 5.2), p.P78L (rs138651919)
and p. Y82D (rs201679623), which are located in the poorly characterized
cytoplasmic region, have a moderate effect (possibly damaging, P, supplementary

file S2) that is not sufficient to protect the patients. The effects of p.S2651 and
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p.F2461 (rs150554820) were calculated using the model shown in Figure 5.2. Both
mutations affect relatively buried amino acids, S265 and F246 (Solvent
accessibility (%) 11.5 and 1.2, respectively), but have a very mild effect on protein
stability (S2651 and F2461 pseudoAAG = —0.29 kcal/mol and —0.07 kcal/mol,
respectively).

These variants are not enriched in the mildly affected patients but were observed in

severely affected ones too, 5 and 6, respectively.

Discussion and Conclusions

From our analysis, based on the WES of a large cohort of Italian patients, a variant
in TMPRSS2 emerges as a predictive factor to identify patients at risk of a severe
course of COVID-19.

The allele frequency of p.V197M in our study is 0.18, in line with what was already
reported (0.17 [13]). This value is well below the one reported in GnomAD for
Eastern Asians (0.38), Finns (0.37), and Africans (0.29). Among Non-Finnish
Europeans, the allele frequency of p.VV197M is 0.23 with an apparent gradient from
North to South, Northern Sweden 0.29, Estonia 0.31 (Genetic variation in the
Estonian population), UK 0.21 (UK 10K study—Twins), and Spain 0.17 (Medical
Genome Project healthy controls from Spanish population). It is highly suggestive
correlating the low frequency of VV197M with the high impact that the first wave of
the epidemics had in Italy.

Other missense mutations are not enriched in the mildly affected patients, possibly
because their effect on the protein is weak.

The protein encoded by TMPRSS2 belongs to a family of membrane proteases,
some of which promote SARS-CoV-2 infection [4,5,11]. No common deleterious
missense mutations are found in these genes but for a variant in TMPRSS4,
p.P413L, which is frequent among Latinos and mixed Americans (0.1259) but not
among Europeans (0.002). The fact that a missense mutation with a destabilizing
effect on the protein product, such as p.V197M, influences the course of COVID-
19 implicitly suggests that TMPRSS2 can be targeted for therapies either reducing

its expression or inhibiting its protein product.
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Sexual hormones can be used for therapeutic purposes [34,35]. Quite interestingly,
and in line with our results, Seeland et al. reported that: “their retrospective study
of hormone therapy in female COVID-19 patients shows that the fatality risk for
women > 50 years receiving estradiol therapy (user group) is reduced by more than
50%; the OR was 0.33, 95% CI (0.18, 0.62) and the hazard ratio (HR) was 0.29,
95% CI (0.11,0.76). For younger, pre-menopausal women (15-49 years), the risk
of COVID-19 fatality is the same irrespective of estradiol treatment, probably
because of higher endogenous estradiol levels” [36].

To obtain more targeted effects, specific inhibitors at the protein level could be
considered since they could have a protective effect analogous to that exerted by
the mutation. Preliminary clinical data concerning Camostat [37,38] and
Nafamostat [39,40] have been published. Their identification was the result of
reposition which is a useful approach to reduce the time and costs of drug
development [41] and has been largely employed during the emergency posed by
COVID-19 [42,43].

In vitro Camostat and Nafamostat bind and inhibit TMPS2_HUMAN with great
affinity, IC50 6.2 nM and 0.27 nM, respectively, but are not specific [44] and are
not devoid of side effects in the patients [45]. In silico docking experiments have
been carried out to find other inhibitors of TMPS2_HUMAN [46], but in vitro
validation of the hits has not yet been carried out.

The effect of V197M on TMPS2_HUMAN was predicted by several authors [13—
18]. WES analysis conducted on a large cohort of patients proves that the variant
has indeed a statistically significant protective role in COVID-19. We do hope that
our study will not only help to identify at risk patients, especially among elderly
women, but also encourage the development of drugs for their treatment.

During the revision of this paper, we became aware that an independent research
group proved the protective role of TMPRSS2 variants in COVID-19 in the general
population [47].

Supplementary Materials: The following are available online at
www.mdpi.com/2073- 4425/12/4/596/s1, Supplementary Tables S1: R scripts;

Supplementary Tables S2: TMPRSS2 variants in COVID-19 patients’ cohort;
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Supplementary Tables S3: contingency tables of TMPRSS2 common variants with
no correlation; Supplementary Tables S4: contingency tables of old males and
young women; Supplementary Tables S5: complete data set reporting the age, sex,
and co-morbidities of individual patients; Supplementary Tables S6: differential
expression data for TMPRSS2 from Expression Atlas. Supplementary Figure S1:
influence of the boundary age on the statistical significance of p.VV197M protective
effect.
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6. LOSS-OF-FUNCTION MATERNAL-EFFECT MUTATIONS OF PADI6
ARE ASSOCIATED WITH FAMILIAL AND SPORADIC BECKWITH-
WIEDEMANN SYNDROME WITH MULTI-LOCUS IMPRINTING
DISTURBANCE
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Abstract

Background: PADI6 is a component of the subcortical maternal complex, a group
of proteins that is abundantly expressed in the oocyte cytoplasm, but is required for
the correct development of early embryo. Maternal-effect variants of the subcortical
maternal complex proteins are associated with heterogeneous diseases, including
female infertility, hydatidiform mole, and imprinting disorders with multi-locus
imprinting disturbance. While the involvement of PADIG6 in infertility is well
demonstrated, its role in imprinting disorders is less well established.

Results: We have identified by whole-exome sequencing analysis four cases of
Beckwith-Wiedemann syndrome with multi-locus imprinting disturbance whose
mothers are carriers of PADI6 variants. In silico analysis indicates that these
variants result in loss of function, and segregation analysis suggests they act as
either recessive or dominant- negative maternal-effect mutations. Genome-wide
methylation analysis revealed heterogeneous and extensively altered methylation
profiles of imprinted loci in the patients, including two affected sisters, but not in

their healthy siblings.
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Conclusion: Our results firmly establish the role of PADIG6 in imprinting disorders.
We report loss-of-function maternal-effect variants of PADI6 that are associated
with heterogeneous multi-locus imprinting disturbances in the progeny. The rare
finding of two siblings affected by Beckwith-Wiedemann syndrome suggests that
in some cases, familial recurrence risk of these variants may be high. However, the
heterogeneous phenotypes of the other pedigrees suggest that altered oocyte PADI6
function results in stochastic maintenance of methylation imprinting with
unpredictable consequences on early embryo health.

Keywords: Multi-locus imprinting disturbance, PADI6, Beckwith-Wiedemann
syndrome, Genomic imprinting, DNA methylation, Maternal-effect variants,

Subcortical maternal complex, Infertility

Background

Differential DNA methylation between the maternally and paternally inherited
chromosomes controls the monoallelic and parent-of-origin dependent expression
of the imprinted genes, a group of about 100 loci with important roles in fetal
growth, metabolism, and behavior [1]. The organization in clusters or domains of
the imprinted genes enables their fine-tuned and coordinated regulation by cis-
acting control regions. In particular, each imprinting cluster typically harbors one
germline DMR (gDMR), in which differential allelic methylation is acquired during
gametogenesis and is maintained throughout development in somatic cells, es-
caping the methylation reprogramming occurring in early embryogenesis.
Currently, 38 gDMRs have been identified in the human genome and the majority
of them are methylated on the maternal chromosome. Differential methylation of
the gDMR is required for maintaining the parent-of-origin dependent expression of
the entire imprinted gene cluster.

Genetic and epigenetic defects altering the expression of imprinted genes are
associated with 12 rare clinical conditions, known as imprinting disorders [2].
Among this group of pathologies, the Beckwith-Wiedemann syndrome (BWS,
OMIM #130650, prevalence of 1:10,340 live births [3]) is characterized by
macrosomia, macro- glossia, abdominal wall defects, neonatal hypoglycemia,
lateralized overgrowth, and predisposition to Wilms tumor and other embryonal
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cancers [4]. At the molecular level, this disorder is caused by molecular defects
affecting one or both of two imprinting domains located at chromosome 11p15.5:
the telomeric domain that includes the H19 and IGF2 genes and is controlled by the
H19/IGF2:1G-DMR, and the centromeric domain that includes the KCNQ10T1 and
CDKN1C genes and is controlled by the KCNQ1OT1:TSS-DMR. The molecular
defects of BWS are as follows: loss of methylation (LOM) of the KCNQ1OT1:TSS-
DMR that is present in 50% of cases, mosaic segmental paternal unidisomy of
chromosome 11p15 (upd(1l)pat) in 20%, gain of methylation (GOM) of the
H19/IGF2:IG-DMR in 5-10%, and maternal loss-of-function mutations of
CDKN1C gene in 5% [4].

A subset of patients with imprinting disorders display methylation changes in
addition to that of the locus that is normally associated with the clinical phenotype.
This condition is known as multi-locus imprinting disturbance (MLID) and appears
particularly frequent (one third of the cases according to ref. [4]) in BWS with
KCNQ1OT1:TSS-DMR LOM [5, 6]. Its etiology is unknown in the majority of the
cases [7]. However, in a number of families, causative loss-of-function mutations
affecting either zygotic or oocyte-derived trans-acting factors have been found in
the patients with MLID or in their mothers, respectively [1]. In particular, zygotic
mutations affecting the zinc-finger ZFP57 gene have been identified in the transient
neonatal diabetes type 1 (TNDML1) [8], while maternal-effect mutations have been
reported in healthy women with offspring with MLID and variable imprinting
disorders including BWS, or women with reproductive problems, such as infertility,
recurrent pregnancy loss, or hydatidiform mole [7]. Maternal-effect genes are
abundantly expressed in oocytes but exert their phenotypic effect in the offspring,
being critical for correct development of early embryos. Most of the maternal-effect
genes associated with MLID or hydatidiform mole encode for components of the
subcortical maternal complex (SCMC) that is localized in the periphery of the
oocyte cytoplasm and early embryo until the blastocyst stage [9]. Among these
genes, more compelling pieces of evidence have been provided for association of
NLRP2, NLRP5, NLRP7, and KHDC3L, while the role of PADI6, OOEP, and
TLEG6 in the etiology of imprinting disorders is not definitely established [7].

Although several important functions have been attributed to the SCMC during
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oocyte-to-embryo transition and early development (for a review, see [9]), the
mechanisms through which this protein complex influences methylation imprinting
remain elusive.

PADI6 encodes a member of the peptidylarginine deiminase (PAD) family, a class
of enzymes converting arginine residues to citrulline. All mammalian PADs,
including PADI6, share 70-95% identity in their amino acid sequence including
two immunoglobulin- like domains at the N terminus and a highly conserved C-
terminal domain that harbors the active site [10]. PADI6 is the only PAD for which
no enzymatic activity has been detected in vitro [11]. Mouse and human studies
demonstrate that PADIG6 is highly expressed in oocytes and early embryos, where it
co-localizes with the other components of the SCMC [12, 13]. PADIG6 is required
for the formation of the oocyte lattices that are believed to work as ribosomal
storage for early embryo [14]. Indeed, the development of Padi6-null embryos is
arrested at the 2-cell stage, and their ribosomal components, de novo protein
synthesis, and embryonic genome activation are impaired [15]. In humans,
homozygous loss-of- function mutations of PADI6 are associated with female
infertility and hydatidiform mole (Additional file 1: Table S1) [13, 16-19]. In
addition, biallelic or monoallelic missense PADI6 variants have been linked with
three cases of Silver-Russell syndrome and one case of BWS [20].

Other important aspects needing clarification concern the phenotypes associated
with MLID and their risk of recurrence in the families in which maternal-effect
variants segregate. A few familial cases with MLID have been described so far, and
highly variable expressivity and incomplete penetrance of the phenotype have been
reported [20-22]. In some cases, siblings with different imprinting disorders or
complex phenotypes, or pedigrees with multiple pregnancy losses and imprinting
disorders were observed [20, 23].

Here, we describe four BWS cases with MLID that are associated with maternal-
effect loss-of-function variants of PADI6. Two of the probands are siblings,
indicating that maternal variants of PADI6 may act as trans-acting mutations in

either familial or sporadic BWS.
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Results

Clinical cases

The four patients described in this study were referred to our laboratory with clinical
diagnosis of BWS [4]. Family 1 included two sisters with typical BWS features.
The older one (111-1, Fig. 6.1a) was a 4-year-old girl born from non-consanguineous
parents. She was born pre- term (32 weeks of gestation) because of maternal pre-
eclampsia and polyhydramnios, with birth weight of 1980 g (50-70th centile),
length of 44 cm (70-90th centile), and cranial circumference of 31 cm (75-90th
centile). At birth, she presented breathing and feeding difficulties, placental
hyperplasia, and macroglossia. Hypoglycemia and anemia occurred in the perinatal
period. After birth, patent foramen ovale was observed, with closure at 18 months.
She also showed visual defects. Clinical examination at three and a half years
revealed the presence of lateralized overgrowth of the body with the right side
bigger than the left side (1 cm dysmetry), angiomas, naevus flammeus, umbilical
hernia, and diastasis recti. According to the recent BWS consensus, these features
correspond to a score of 8 points that is consistent with the clinical diagnosis of
classical BWS [4]. Her sister (I11-2, Fig. 6.1a) was a 1-year-old child, born at 39
weeks of gestation with placental hyperplasia and polyhydramnios. At birth, her
weight was 3000 g (25— 50th centile), length 48 cm (25th centile), and cranial
circumference 32 cm (3-10th centile). Typical BWS features were observed,
including neonatal hypoglycemia, macroglossia, naevus flammeus, and umbilical
hernia. Clinical examination at 6 months revealed the presence of angiomas and
patent foramen ovale. Overall, a clinical score of 6 was reached, confirming the
clinical diagnosis of classical BWS, also in this case. No clinical signs of BWS were
reported in the parents (11-1; 11-2), grandparents (I-1 and 1-2), and uncles (11-3 and
11-4).
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Fig. 6.1 Genetic characterization of the three families under study. Pedigree and corresponding
PADIG6 variants of families 1 (a), 2 (b), and 3 (c). Black filled symbol represents individual with
BWS features, and black central dot unaffected carriers of PADI6 variants. Weeks of gestation (gw)
are reported for the aborted fetus in family 2. MLID status and the number of DMRs with altered

methylation are also reported

The proband of family 2 (11-3, Fig. 6.1b) was a 33-year- old lady born at 35 weeks
of gestation from healthy unrelated parents. Birth weight was 2950 g (75-90th
centile), birth length 51 cm (90-95th centile), and head circumference 34 cm (75—
90th centile). She also presented diastasis recti, macroglossia, umbilical hernia, ear
lobe creases, naevus flammeus, facial dysmorphism, organomegaly, renal
dysplasia, and asymmetry of the chest, which allowed the clinical diagnosis of
classical BWS (points = 8). Overgrowth started at the age of 6 months, no
lateralized overgrowth and no feeding difficulties were observed, and normal
developmental milestones were achieved. The patient was followed annually for
the first 12 years of life with clinical evaluation and abdominal ultrasound. Last
evaluation was at the age of 30 years. Intellectual development was normal, and she
obtained a university degree. The proband’s mother had a healthy phenotype, but
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reported a spontaneous pregnancy loss at 20 weeks of gestation when she was 28
years old. At birth of the first son, she was 30 years old and her husband 32 years
old. The proposita was born 5 years later. No conception difficulty was reported for
the couple, and no clinical signs of BWS were observed in the other family
members (Fig. 6.1b).

The proband of family 3 (11-2, Fig. 6.1c) was an 18-year- old male born from
healthy non-consanguineous parents. He was born at 38 weeks of gestation, with
birth weight of 5530 g (> 95th centile) and birth length of 54 cm (> 95th centile).
During the postnatal period, he was affected by convulsions. Clinical examination
at 1 year revealed the presence of macroglossia, prognathism, lateralized
overgrowth, cryptorchidism, and patent foramen ovale, which together with
macrosomia correspond to a clinical score of 5 that is sufficient for the clinical
diagnosis of classical BWS. During follow-up, delay of language development and
dorsal scoliosis were observed. More recently, because of recurrent occurrence of
headache, the patient was subjected to magnetic resonance imaging, and Arnold-
Chiari I malformation was diagnosed. The other family members showed no feature
of BWS (Fig. 6.1c).

DNA methylation analysis

Molecular testing for BWS was performed by DNA methylation analysis of the
11p15.5 region [4]. DNA methylation was measured by bisulfite treatment of
peripheral blood leukocyte (PBL) DNA followed by pyrosequencing.
KCNQ1OT1:TSS-DMR LOM and normal methylation of the H19/IGF2 1G-DMR
were found in all four cases, confirming the diagnosis of BWS (Additional file
2: Figure S1). Since MLID is frequently associated with KCNQ1OT1:TSS-DMR
LOM, we extended the DNA methylation analysis to five further DMRs that are
frequently hypomethylated in BWS patients [5]. The results demonstrated that
all four patients had at least one additional hypomethylated DMR, thus confirming
the molecular diagnosis of MLID (Additional file 2: Figure S1). To better
characterize the methylation abnormalities of our patients, we determined their

genome-wide methylation profiles in PBL DNAs by employing the Illumina
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Infinium methylation EPIC array, and compared them with those of their siblings
and mothers, and 12 age-matched controls. After quality control filtering,

~ 736,000 CpG sites in each sample were retained. All these datasets were proven
to be comparable after batch adjustment by principal component analysis (PCA,
Additional file 3: Figure S2), and no evident difference was observed in the bimodal
distribution of their genomic DNA methylation (Additional file 4: Figure S3).
However, when only the CpGs underlying imprinted DMRs were considered, the
four patients clustered separately from the controls and their healthy relatives,
indicating that different methylation levels were present in imprinted loci (Fig. 6.2).
To better compare the methylation profiles, we generated a heatmap (Fig. 6.3)
depicting the methylation levels of all known imprinted DMRs [25] that were
covered by at least three CpGs in our dataset. A striking difference was seen in the
methylation of multiple DMRs between the four patients and controls. The
methylation level of several DMRs of the patients differed in a statistically
significant manner and was generally hypomethylated with respect to the controls,
while only a few DMRs differed moderately in the control individuals from their
average (Fig. 6.3 and Additional file 5: TableS2). In addition, the number and
methylation level of the affected DMRs differed among the patients and even
between affected siblings. Overall, the probands of family 1 had the most dramatic
changes: I11-1 and I11-2 showed the most intense methylation changes and the
highest number of affected DMRs. Overall, the most frequently affected loci in
addition to KCNQ10T1 were GNAS, MCTS2P, NHP2L1, PPIEL, DIRAS, ZNF331,
IGF1R, ERLIN, and WRB. Hypomethylation was observed in both maternally (e.g.,
KCNQ1OT1, GNAS, MCTS2P) and paternally methylated (e.g., MEG3) gDMRs.
The paternally methylated secondary DMRs GNAS-NESP, ZNF597-TSS, and
ZDBF2/GPR1 were found hypermethylated, likely as consequence of
hypomethylation of their respective maternally methylated gDMRs. A slight
hypomethylation of the KCNQ1OT1:TSS-DMR was also evident in the mother of
the family 3 proband (I-2 in Fig. 6.3 and Additional file 2: Fig S1c).
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Identification of maternal PADI6 variants

To investigate whether familial MLID was associated with genetic variants, whole-
exome sequencing (WES) was performed on the DNAs of the probands and their
parents of family 1. After filtering and exclusion of frequent variants, no damaging
variant that was present in homozygosity or compound heterozygosity in both the

probands was identified.
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Fig. 6.2 PCA of imprinted DMR methylation. DNA methylation of the imprinted DMRs of the
four probands, their mothers and siblings, and 12 age-matched healthy controls was compared by
PCA. Symbol code: circles represent members of family 1, triangles members of family 2, rhombi
members of family 3, and squares the controls. Color code: probands are represented in dark blue,

mothers in pink, siblings in light blue, controls in gray.

Then, we looked for rare homozygous and compound heterozygous variants in their
mother (Additional file 6: Table S3). According to the score of the mutation
prediction tools (e.g., PolyPhen-2 and SIFT) of these variants and available

information on the affected proteins, we identified PADI6 as the best candidate gene
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causative of MLID in this family. Two single-nucleotide variants (SNVs) of PADI6
were found in compound heterozygosity in the mother of the probands (I1-2). The
identified variants were a novel stop-gain mutation (chrl, g.17718714 G — A,
p.W356X) in exon 10 and an extremely rare missense mutation (chrl, 9.17727743
C — G, p.P632A) in exon 17, respectively (Table 6.1). Both variants affected the
arginine deiminase domain of PADIG6 (Fig. 6.4). P632 was conserved in orthologous
proteins, and the P632A variant was predicted to be damaging by PolyPhen-2 and
deleterious by SIFT (Table 6.1). Segregation of the variants was demonstrated by
exome-seq and Sanger sequencing (Additional file 6: Table S3, Additional file 7:
Figure S4a). 11-2 inherited the missense variant from her father (1-1) and the stop-
gain mutation from her mother (I-2). The variants were not present in the patients’
father (11-1), and only the missense variant was inherited by the probands. The
presence of biallelic damaging variants in the probands’ mother indicates that they
act as loss-of-function maternal-effect mutations, as previously suggested [20].

To look for further maternal-effect variants associated with MLID, WES was
performed on 1-4 of family 2 and I-2 of family 3. Two extremely rare missense
variants (chrl, g.17727929 C — T, p.P694S; chrl, g.17721538 A — G, p.M477V)
of PADIG6 were identified in compound heterozygosity in the former woman and a
novel heterozygous frameshift variant (GRCh37/hgl9, chrl, g.17727855 C — -,
p.T669K fs*85) also in PADIG6 in the latter (Additional file 6: Table S3 and Table
6.1). Both P694 and M477 are conserved in orthologous proteins, and P694S is
predicted to be damaging by PolyPhen-2 and deleterious by SIFT, but is considered
neutral on the protein structure by the prediction tool SDM, while M477V is
predicted to be benign by PolyPhen-2 and tolerated by SIFT, but internally located
(accessible surface area A2 = 3.2) and destabilizing the protein structure by SDM
(Table 6.1). As with the variants of family 1, also those identified in families 2 and
3 affect the arginine deiminase domain of PADI6 (Fig. 6.4). Segregation analysis
demonstrated that M477V was inherited by the healthy proband’s brother (II-2) and
P694S by the proband (I1-3) and her maternal aunt (I-2), in family 2 (Additional
file 7: Figure S4b). In family 3, the frameshift variant pT669K fs*85 was inherited
by the proband (I1-2) and his healthy youngest sister (11-3, Additional file 7: Figure

S4c). The frameshift T669Kfs*85 modifies the carboxy-terminal of PADIG6, the last
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residues being substituted by a longer peptide (Fig. 6.5a). Since this PADI6 variant
was present in heterozygosity in 1-2 of family 3, we wondered if this mutation could
have a dominant effect. We generated a 3D structural model of human PADI6 by
aligning it to the paralogous PADI4 that is known to be a dimer [26]. On the basis
of this model, we observed that the carboxy-terminal part of PADI6 was not
involved in dimerization; hence, the formation of heterodimers with dominant-

negative effect in the heterozygous patient is possible (Fig. 6.5b).
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Fig. 6.3 DNA methylation analysis of imprinted DMRs. Heatmap showing imprinted DMR
methylation levels of the probands of families 1, 2, and 3 (F1_III-1, F1_1l1-2, F2_11-3, F3_l11-2);
their mothers (F1_I1-2, F2_I-4, F3_I-2) and siblings (F2_I1-2, F3_1I-1, F3_11-3); and 12 age-
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matched control individuals, organized by hierarchical clustering. Clustering is based on CpG
methylation levels of 736 probes overlapping with 43 imprinted DMRs, containing at least three
CpGs. Maternally methylated germline DMRs are in dark pink; maternally methylated secondary
DMRs are in light pink. Paternally methylated germline DMRs are in dark blue; paternally
methylated secondary DMRs are in light blue. The KCNQ1OT1:TSS-DMR and the H19/IGF2:1G-
DMR diagnostic of BWS are highlighted in green. The VTRNA2-1 DMR has been reported to be
polymorphic [24].
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Table 6.1: List of the PADI6 pathogenic variants and prediction of their effect on the protein structure and function.

17727856

Position Alleles | Variant ID Allele AA Molecular | Conservation | Prediction Genotype | Family
frequency effect in SIFT Polyphen- | SDM (AAG) Accessible
orthologous 2 surfaces
proteins area
chrl 17718714 G>A - - Trp356Ter Nonsense - - - - - Comp 1
het
chrl 17727743 C>G rs755260464° | 0.000004012 Pro632Ala Missense Yes Deleterious Possibly Stabilizing A2=0.61
damaging (0.600
kcal/mol)
chr1:17721538 A>G rs761556429° 0.000004008 Met477Val Missense Yes Tolerated Benign Destabilizing A2=32 Comp 2
(—0.400 kcal/
chr1:17727929 C>T rs1368496637¢ | 0.000008 Pro694Ser Missense Yes Deleterious Possibly Neutral (0.000 | A2=61.7
damaging kcal/mol)
chrl:17727854- Del C - - Thr669Lys fs*85 - - - - - Het 3

Allele frequency was worldwide, as reported by GhomeAD Comp het compound heterozygous, Het heterozygous

20bserved only in heterozygosity in a Swedish male

Observed only in heterozygosity in a Southern European male

°Observed only in two males in heterozygosity
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Fig. 6.4 Position of the pathogenic variants in the PADI6 protein. The variants associated with
infertility of the carrier women are represented with black rhombi, and variants associated with
MLID in the offspring with orange or red rhombi, if described in present or previous studies,

respectively.

Discussion

DNA methylation defects of imprinting disorders arise in early embryogenesis,
often as consequence of genetic mutations that act either in cis or in trans. In the
latter case, MLID generally occurs in the patients [1]. Recently, a number of
maternal-effect variants mostly affecting the components of the oocyte SCMC have
been associated with MLID. However, the presence of heterogeneous phenotypes
in the offspring of the carrier mothers makes prediction of the clinical condition and
determination of recurrence risks very challenging [7]. Several studies have
indicated PADIG6 variants as the cause of female infertility [16—19], but its role in
imprinting disorders is less well established [20]. We report on four cases of BWS
with MLID, which arise from maternal-effect loss-of-function PADI6 mutations,
and characterize their genomic methylation profiles. Our results firmly establish the
role of PADI6 in imprinting disorders and provide novel information on the
recurrence risk and the extent by which these variants impact DNA methylation.
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Fig. 6.5 Effect of the frameshift variant on PADI6 protein structure. a Alignment of the C-
terminal residues of the wild-type PADI6 with those of the protein resulting from the T669Kfs*85
variant. b Model of human wild-type PADI6 in dimeric form. The amino acids that are colored are
the sites were mutations occur. The model is represented as a cartoon, and the two chains are colored
in light or dark gray, respectively. The 26-aa carboxy-terminal region of the protein that is
substituted by a longer peptide in the frameshift variant T669Kfs*85 is colored in blue; the side
chains of M477 (yellow), P632 (orange), and P694 (red) are shown as balls-and-sticks.

The most compelling evidence of the association of PADI6 with BWS and MLID
as maternal-effect gene is provided by our family 1. In this case, the healthy mother
of two girls with BWS carries a truncating mutation and a deleterious missense
variant in compound heterozygosity. The truncating variant is present also in the
maternal grandmother, indicating that monoallelic inactivation of PADI6 is not
sufficient to cause the BWS phenotype in the progeny. Consistent with this
observation, two damaging PADI6 mutations have also been identified in the
proband’s mother of family 2. In this case, one of the variants (M477V) was
predicted as benign by PolyPhen-2 but destabilizing by a structure prediction tool,
and it occurs at a site that is completely conserved in orthologous PADI6 proteins
and is buried in the protein structure (Table 6.1). Differently from the previous
cases, the frameshift PADI6 variant affects the proband's mother of family 3 in only
one allele. This variant removes the last 26 residues of the wild-type protein and
substitutes them with an 85-aa-long peptide. By generating an in silico model, we

predicted that if PADI6 dimerizes as the paralogous PADI4, this mutant protein
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would be able to heterodimerize with the wild-type isoform and possibly act as
dominant-negative mutant in the heterozygous patient.

The progenies of the carrier mothers of families 2 and 3 included both affected and
healthy siblings. Also, the proband’s mother of family 3 showed slight KCNQ1OT1
hypomethylation suggesting maternal inheritance of the frameshift variant, but she
had no feature of BWS. Incomplete penetrance of the clinical phenotype associated
with maternal variants of PADIG6 is also evident in two previously reported
pedigrees [20] and is consistent with the findings on other SCMC members [20,
23]. This could be due to partial loss of protein activity resulting in mosaic and
heterogeneous alteration of DNA methylation in early embryos. Therefore,
although the presence of two affected siblings in family 1, and a BWS patient and
a miscarriage in family 2, suggests that in some cases recurrence risk of maternal
SCMC variants may be high, this is not always the case, and analysis of larger
cohorts is needed for better predictions.

Our genome-wide methylation analysis revealed that the MLID associated with
maternal PADI6 variants may involve many imprinted loci. Strikingly, in the most
intensely affected patient (111-1 of family 1), up to 50% of the investigated DMRs
showed abnormal methylation. Interestingly, the methylation profile differed
among patients and was extremely heterogeneous even in the affected siblings of
family 1. Both maternally methylated and paternally methylated imprinted DMRs
were found hypomethylated in the patients, suggesting that the methylation defects
arise post-fertilization. Some secondary DMRs were hypermethylated, consistent
with the described hierarchical control by their respective gDMR [1]. Also, both
hypo- and hypermethylation were present at variable level, indicating that the
methylation disturbances were mosaic.

It is possible that the methylation abnormalities of loci other than KCNQ1OT1 may
modify the typical clinical picture of BWS [22, 27-29]. Consistent with this
hypothesis, we observe some clinical features (e.g., absence of macrosomia at birth)
that are infrequent in BWS. It is also worth to mention that three of the four MLID
cases with PADI6 variants described so far displayed a Silver- Russell syndrome
(SRS) phenotype [20]. These patients have H19/IGF2:1G-DMR LOM, and some

clinical features (feeding difficulties and body asymmetry) overlapping with the
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cases of the present study. This demonstrates that maternal PADI6 variants may
result in a so far unpredictable wide spectrum of DNA methylation profiles and
clinical phenotypes in the offspring (Additional file 1: Table S1). These variants
add further to the complexity of phenotypes associated with MLID and maternal
variants so far (Additional file 8: Table S4). The great majority of these maternal
variants affect SCMC protein members. However, investigation on larger cohorts
is needed to establish how frequent these variants are and how large the spectra of
the involved genes and phenotypes are.

Human PADI6 variants have been associated with female infertility and
hydatidiform mole [13, 16-19]. It is possible that the reproductive outcome is
correlated with the severity of the PADI6 variants. Indeed, infertility is more
frequently associated with truncating variants completely disrupting the protein
function or missense variants that according to SDM strongly destabilize protein
structure (Additional file 1: Table S1). Conversely, MLID is more frequently
associated with missense variants only partially reducing protein function
(Additional file 1: Table S1). MLID-associated variants are generally non-
destabilizing (e.g., P632A and P694S) or only moderately destabilizing (e.g.,
M477V), or a destabilizing variant is in compound heterozygosity with a non-
destabilizing variant (Table 6.1 and Additional file 1: Table S1). Both P632A and
P694S may have functional effect, because they are included in regions that are
very conserved in all PAD proteins. In particular, P694 that is the last residue of the
protein is part of the consensus sequence FxxWxMxP of the human C-terminome,
which is known to have a functional role [30]. Concerning P632 variants, in
addition to P632A we identified in MLID patients, the variant P632L has been
associated with female infertility [18]. Since P632 is poorly exposed to solvent and
buried inside the protein, substitution of proline with alanine may be less deleterious
than substitution with leucine that has a longer side chain. In conclusion, severe
loss-of-function variants may lead to female infertility, while hypomorphic variants
may cause MLID. Intriguingly, in the present study, the relatively more severe
maternal PADI6 genotype (a truncating variant and a functionally damaging
missense variant) is associated with a rare pedigree with two affected sib- lings,

suggesting that severity of PADI6 variants may also influence recurrence risk.
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It is unknown how PADI6 or the other SCMC members affect methylation
imprinting. It has been recently demonstrated that KHDC3L that is associated with
recurrent hydatidiform mole is necessary for de novo methylation in human oocytes
[31]. NLRP2, NLRP5, and PADIG6 that are associated with MLID and mosaic hypo-
methylation of both maternal and paternal gDMRs more likely affect post-zygotic
imprinting maintenance. Although it is unclear if PADIG6 has catalytic activity, most
of the pathogenic missense variants of PADIG6 identified so far affect its arginine
deiminase domain (Fig. 6.4), indicating an important role of this domain for protein
function. It is possible that imprinting disturbances arise as consequence of
defective storage, de novo synthesis, cellular localization, or inappropriate
degradation of several maternal-zygotic factors including those controlling DNA
methylation maintenance in early embryos. Our study suggests that hypomorphic
PADI6 mutations cause MLID, while complete loss-of-function variants lead to
female infertility. Thus, further functional studies reproducing the hypomorphic
variants that are present in the MLID patients may help clarifying the role of SCMC

in the maintenance of epigenome integrity.

Conclusions

In summary, we investigated the etiology of MLID cases associated with BWS.
Using WES analysis, we identified several loss-of-function variants of PADI6 that
segregated with MLID and BWS, as maternal-effect mutations. Further, we showed
that the genomic methylation profiles of the MLID patients with PADI6 variants
can be extensively altered but also very heterogeneous. Overall, our data suggest
that maternal PADIG6 is necessary for methylation maintenance in early embryos
and that its deficiency results in stochastic imprinted disturbances that may variably

impact the health of the progeny.

Methods

Patient cohort

The four patients described in this study were part of a cohort of 72 BWS patients
with KCNQ1OT1:TSS-DMR LOM. Of these, 18 (25%) were demonstrated to have

MLID after testing 7 DMRs by pyroseq, COBRA, or MS- MLPA. In four pedigrees
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we have sent out for exome sequencing so far, maternal NLRP5 variants were
identified in one family [22] and PADIG6 variants in the other 3 families (present

study).

Ethics

Genetic analyses were performed after written informed consent was obtained from
the patients or patients’ parents. The research work was carried out in accordance
with the ethical principles and the Italian legislation. The study was approved by
the Ethical Committee of the University of Campania “Luigi Vanvitelli” (Naples,
Italy; approval number: 1135, 13 October 2016).

Genomic DNA extraction
Genomic DNA was isolated from peripheral blood lymphocytes (PBLs) by using
the salting-out procedure ([32]; Nucleic acids research). Nucleic acid concentration

was determined by using NanoDrop spectrophotometer (Termo Fisher Scientific,

Italy).

DNA methylation analysis

Locus-specific analysis by pyrosequencing

One and a half micrograms of PBL DNA was treated with sodium bisulfite by using
the EpiTect Bisulfite kit (Qiagen- Italia, Milan, Italy) following the manufacturer’s
protocol. About 200 ng of converted DNA was amplified by using the PyroMark
PCR kit (Qiagen-Italia, Milan, Italy) in a final volume of 25 pl. Fifteen microliters
of PCR product was used for quantitative DNA methylation by pyrosequencing on
a Pyromark Q48 Autoprep system with the PyroMark Q48 Adv. CpG Reagents Kit
(Qiagen-ltalia, Milan, Italy) and PyroMark Q48 Magnetic Beads. Results were
analyzed by using the Pyromark Q48 Autoprep software. The primers, used for
PCR amplification and sequencing, were designed with Pyromark Assay Design
SW 2.0 and reported in Additional file 9: Table S5.

Genome-wide methylation array profiling

Genomic DNA was extracted from PBL of probands, siblings, mothers, and 12
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controls (whose sex, gender, and age are listed in Additional file 10: Table S6) and
subjected to bisulfite conversion methylation array processing as described
previously [22]. Data was analyzed using R version 3.6.1. Beta values were
extracted from “idat” files by using the “champ.load” module of the “Champ” R
package (v. 2.16.2), with quality control options set as default and array type as
“EPIC.” The quality control step retained 736,048 probes, which were used for
further analysis. Probes overlapped with SNP (96, 368) and with a detection p value
< 0.01 (3456), bead count < 3 in at least 5% of samples in one or more samples
(10,453) were eliminated. X or Y chromosome probes (16,664), non-cg probes
(2918), and probes aligning to multiple locations (11) and unannotated probes were
also removed from analysis. No background correction was carried out. BMIQ
normalization was ap- plied, with the default options for array type as “EPIC.”
BMIQ normalized samples were assigned with respective genome coordinates
using B4 annotation of Illumina manifest file (hg19) (lllumina Inc., USA). Since
six out of twelve controls included in our study were from our pre- vious study
(GSE133774), we have performed batch correction using Combat function from
sva package (sva version). PCA plots (scale = TRUE) were generated to understand
clustering with CpGs underlying whole genome and human ICRs. Hierarchical
clustering was per- formed and visualized as heatmap using pheatmap package with
“Euclidean” distance and “Ward.D” clustering method. Violin plots were created
using ggplot2 (3.2.1). Heatmap was plotted using pheatmap (v.1.0.12). The raw and
processed files are deposited in GEO under the accession GSE153211. Methylation
level of imprinted DMRs was calculated as average of the methylation levels of
their respective CpGs. Hypo- and hypermethylation of the DMRs were indicated if

methylation level exceeded + 2 standard deviation from average of 12 controls.

DNA sequencing

Whole-exome sequencing analysis

Whole-exome sequencing was performed on genomic DNA of the probands and
their parents (11-1, 11-2, 111-1, 111-2) of family 1, 1-4 of family 2, and 1-2 of family 3.
The DNA samples were sequenced 150 bp pair-end at BIODI- VERSA srl Service

(Milan, Italy) using the Agilent SureSelect V6 + UTR (~ 89 Mbp target) library and
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the Illumina NovaSeq6000 platform. The bioinformatic analysis was performed as
previously reported [22]. In brief: reads were aligned to the human genome
reference assembly (Genome Reference Consortium Human GRCh37) using the
BWAmem software package v0.7.15 [33]. PCR duplicates were filtered out by
Picard v2.9 (http://picard.source forge. net), and the GATK v3.7 suite was used to
locally realign around inferred Insertion/Deletions (InDels) and recalibrate base
quality scores. Single-nucleotide variants and InDels were called using GATK
HaplotypeCaller and  GenotypeGVCFs [34] and recalibrated with
VariantRecalibrator. Recalibrated variants were annotated using wAN- NOVAR
[35]. Genome variants with low coverage (< 15) or low quality (< 20) or in
VQSRTran- cheSNP99.00t099 or frequently occurring in general population (MAF
> 0.01 in 1000 Genomes Project [36] or Exac (http://exac.broadinstitute.org/) [37]
or gnomAD [38]) were filtered out.

The effect of the variants was predicted using the sequence-based tool PolyPhen-2
(http://genetics.bwh. harvard.edu/pph2) [39], whose scores correlate with the
residual activity of the protein affected by the mutation [40], as well as Site Directed
Mutator (SDM) that analyzes if the variants occurring at specific structural
environment are tolerated within the family of homologous [41]. Template-based
modeling was used to obtain a 3D structural model of human PADI6, due to the
lack of crystal structure for this protein. The sequence was retrieved from the
UniProt database (UniProt ID: Q6TGC4). Residues 10-694 of PADI6 could be
aligned to protein-arginine deiminase type-4 (PADI4). A 3D model of a PADI6
dimer was built with SWISS-MODEL [42] in the automated mode. The program
generated a list of the best possible templates. We chose 4dkt [43], which is the X-
ray structure of PADI4, and built the model. Amino acids from 10 to the carboxy-
terminus 694 could be modeled. The accessible surface area (ASA) was calculated
with the protein interfaces, surfaces, and assemblies service PISA at the European

Bio- informatics Institute [44].

Sanger sequencing
About 100 ng of genomic DNA was amplified by PCR and then sequenced by

Sanger sequencing (Eurofins Genomics) to obtain the genotypes. PCR primers are
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listed in Additional file 11: Table S7.

Web resources

The following web resources were used:

PolyPhen-2, http://genetics.bwh.harvard.edu/pph2 GnomAD,

http://gnomad.broadinstitute.org/ SDM, http://marid.bioc.cam.ac.uk/sdm2

PISA, http://www.ebi.ac.uk/pdbe/prot int/pistart.html
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Additional file 1: Table S1. Pathogenic variants of PADI6 and
corresponding clinical phenotype.

Additional file 2: Figure S1. Pyrosequencing analysis of seven
imprinted DMRs.

Additional file 3 Figure S2. Batch effect adjustment of array datasets.

Additional file 4: Figure S3. Violin plots showing whole-genome DNA
methylation profiles of probands, their siblings and mothers, and 12
controls.

Additional file 5: Table S2. Methylation defects of imprinted DMRs in
tion mutations in PADI6.

Additional file 6: Table S3. Maternal genetic variants in homozigosity
or compound heterozigosity identified by WES.

Additional file 7: Figure S4. Sanger sequencing validating the PADI6
variants identified by WES.

Additional file 8: Table S4 . List of the maternal-effect gene variants
associated with MLID in the offspring identified so far and corresponding
clinical phenotype.
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7. PHARMACOLOGICAL CHAPERONES: A THERAPEUTIC
APPROACH FOR DISEASES CAUSED BY DESTABILIZING MISSENSE
MUTATIONS
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Abstract: The term “pharmacological chaperone” was introduced 20 years ago.
Since then the approach with this type of drug has been proposed for several
diseases, lysosomal storage disorders representing the most popular targets. The
hallmark of a pharmacological chaperone is its ability to bind a protein specifically
and stabilize it. This property can be beneficial for curing diseases that are associated
with protein mutants that are intrinsically active but unstable. The total activity of
the affected proteins in the cell is lower than normal because they are cleared by the

quality control system. Although most pharmacological chaperones are reversible
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competitive inhibitors or antagonists of their target proteins, the inhibitory activity
is neither required nor desirable. This issue is well documented by specific
examples among which those concerning Fabry disease. Direct specific binding is
not the only mechanism by which small molecules can rescue mutant proteins in the
cell. These drugs and the properly defined pharmacological chaperones can work
together with different and possibly synergistic modes of action to revert a disease

phenotype caused by an unstable protein.

Keywords: disease; pharmacological chaperones; low molecular weight drugs;
protein stability; drug repositioning; lysosomal storage disorders

Introduction

Pharmacological chaperones have ceased to be a niche category and have entered
the clinical practice for some rare diseases caused primarily by protein instability.
Many reviews exist to cover this subject with different points of view (a few
examples [1-15]). We wanted to contribute by providing the readers with a list of
research papers organized per disease that covers the years from 2000 to 2018.
Different protein targets have been addressed, although enzymes associated with
lysosomal storage disorders represent altogether half of the cases and most
pharmacological chaperones that have been proposed are their reversible specific
inhibitors. It is difficult to write a comprehensive report hence we chose to use the
example of Fabry disease for which a drug has recently been approved, as a
leitmotiv to put in evidence certain concepts that we believe require some
clarification. We discussed a few papers to emphasize successes, stress limits, and
indicate possible solutions.

Even in the most favorable cases, such as that of the drug approved for Fabry disease,
inhibitors are not the ideal drugs as they can be able to stabilize their target proteins
but might not be able to fullyrevert the disease phenotype. It has been proposed to
modify first generation pharmacological chaperone to enhance their therapeutic
effects.

Specifically, binding and stabilization of a protein target define a pharmacological

chaperone, but a certain degree of confusion exists about the assignment of this term.
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Other small molecules thatrescue mutant proteins in the cell without direct binding.
Beyond the correctness of the definition, the possibility of employing different
types of small molecules in synergy with pharmacological chaperones can

potentiate their therapeutic effect.

Pharmacological Chaperones: The Time-Lapse

The term “pharmacological chaperone” was introduced by Morello and co-workers
in 2000 [16]to define the action of a specific antagonist of the receptor of
vasopressin. Missense mutations of the receptor cause Nephrogenic Diabetes
Insipidus. If the antagonist is administered to cells carrying a mutant form of the
receptor that is unable to reach the cell surface, it favors the accumulation of the
mature protein. The authors wrote that molecules like the antagonist of vasopressin
“would act as pharmacological chaperones that promote receptor processing
through their specific binding activity” [16].

Specific binding is the hallmark that serves to distinguish pharmacological
chaperones from other small molecules that can be useful in the treatment of
diseases caused by unstable proteins. Since the pioneering work of Morello, the
fortune of the term raised and the number of research articles mentioning
“pharmacological chaperone” per year increased significantly. The approach with
pharmacological chaperones was extended to other diseases.

We looked in UniProt [17] for the human proteins associated with MalaCards [18],
the human disease database. We extracted the names of the diseases associated with
each entry from the annotation in UniProt. The list (column 2 in Table S1) is
partially redundant because we wanted to take into account that a given disease can
be known with different names. For instance mutations affecting the Uniprot entry
P10253 cause a disease known with different names, acid maltase deficiency, alpha-
1,4-glucosidase deficiency, and, cardiomegalia glycogenica, gaa deficiency,
glycogen storage disease, glycogenosis ii or Pompe disease. We queried Scopus to
search for articles that contained the term “pharmacological chaperone” and one of
the disease names extracted from Uniprot in either the title, the abstract or the
keywords, respectively. In Figure 7.1 we provide a histogram describing the

distribution of the researchpapers per year.
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The association of the papers with specific target proteins required manual curation
of data. Those papers for which the association with the protein target was not
evident in the abstract were excluded from the analysis. For the others, we added
the annotations of the protein target, i.e., the functional type, the localization (Table
7.1).

Disease Gene Uniprot Protein Type Subcellular Location N.
Code Oof
Articles
Gaucher GBA P04062 enzyme lysosome 64
Fabry GLA P06280 enzyme lysosome 42
GM-1, MorgioB  GLB1 P16278 enzyme lysosome 16
Pompe GAA P10253 enzyme lysosome 14
Cystic fibrosis CFTR P13569 transporter plasma membrane 14
Retinitis RHO P08100 receptor plasma membrane 12
pigmentosa
Phenylketonuria  PAH P00439 enzyme cytosol 9
Krabbe disease GALC P54803 enzyme lysosome 9
Nephrogenic V2R P30518 receptor plasma membrane 8
diabetes insipidus
Long QT SyndromeKCNH2 Q12809 transporter plasma membrane 7
Parkinson PARK?7 Q99497 enzyme plasma membrane,5
nucleus,mitochondrion
Niemann-Pick NPC1 015118 receptor lysosome 5
Hyperoxaluria AGXT Q86XE5 enzyme mitochondrion 5
Obesity MC4R P32245 receptor plasma membrane 4
GM-2, SanfilippoGNRHR P07686 enzyme lysosome 4
syndrome
GM-2, Tay-SachsHEXB P06865 enzyme lysosome 4
syndrome
Galactosemia HEXA P07902 enzyme cytosol 4
Hypoparathyroidis PTH P01270 hormone extracellular or secreted 3
m
Parkinson GALT P04062 enzyme lysosome 3
Hypogonadotropic ATP7B P30968 receptor plasma membrane 2
hypogonadism
Wilson PMM2 P35670 transporter Golgi apparatus 2
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PMM2-CDG SLC26A4 015305 enzyme cytosol 2

Pendred MMAB 043511 transporter plasma membrane 2

Methylmalonic ABCB4 Q96EY8 enzyme mitochondrion 2

aciduria

Intrahepatic DRD4 P21439 transporter plasma membrane 2

cholestasis

Hyperactivity ABCCS8 P21917 receptor plasma membrane 2

disorder

Diabetes GPR56 Q09428 receptor plasma membrane 2

Polymicrogyria  PGK1 Q9Y653 receptor plasma membrane,1
extracellular or secreted

Phosphoglycerate SNCA P00558 enzyme cytosol 1

kinase 1 deficiency

Parkinson SUMF1 P37840 regulator presynaptic vesicle 1

Multiple sulfataseNPM Q8NBK3 enzyme E.R. 1

deficiency

Leukemia PKR2 P06748 regulator nucleus, cytoskeleton 1

Intrahepatic ABCB11 095342 transporter plasma membrane 1

cholestasis

Nocturnal ~ frontal CHRNB2/CHRN P17787/P43681  transporter plasma membrane 1

lobe epilepsy Al

Hypomagnesemia CLDN16 Q9Y5I7 transporter plasma membrane 1

Creutzfeld-Jacob, PRNP P04156 unclear/prion plasma membrane 1

Kuru

Homocystinuria ~ CBS P35520 enzyme nucleus 1

Fibrodysplasia ACVR1 Q04771 enzyme plasma membrane 1

ossificans

Epilepsy, Migraine SCN1A P35498 transporter plasma membrane 1

Dystonia SLC2A1 P11166 transporter plasma membrane 1

Diarrhea (choleraNHE3 P48764 transporter plasma membrane 1

toxin)

Diabetes KCNJ11 Q14654 transporter plasma membrane 1

Intrahepatic ATP8B1 043520 transporter plasma membrane,1

cholestasis Golgiapparatus, E.R.

Breast cancer NBS 060934 regulator nucleus 1

Amyotrophic SOD1 P00441 enzyme nucleus, mitochondrion 1

lateral sclerosis

Amyloidosis VPS29/VPS26  Q9UBQO/O75436 transporter endosome 1

Allan-Herndon-  SLC16A2 P36021 transporter plasma membrane 1

Dudley

Alkaptonuria HGD Q93099 enzyme cytosol 1

Aspartylglucosami AGA P20933 enzyme lysosome 1

nuria
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Ceroid PPT1 P50897 enzyme lysosome 1

lipofuscinosis

Schindler disease NAGA P17050 enzyme lysosome 1
Diabetes mellitus  IAPP P10997 hormone extracellular or secreted 1
GM-1 IDS P22304 enzyme lysosome 1
Morquio A, HunterGALNS P34059 enzyme lysosome 1
disease

Table 7.1. Distribution of research papers per disease and per protein target. The table summarizes
how many articles use the term “pharmacological chaperone” andthe corresponding disease context
(we chose arbitrarily what we considered the most representative name of the disease). The UniProt
entry of the affected protein, the name of the gene, the protein type, and the protein localization are

also shown.
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Figure 7.1. The number of the research articles indexed in Scopus that cite the term

“pharmacological chaperone” in the title, in the abstract or the keywords and a specific disease.

Pharmacological Chaperones: Rational and Application

Pharmacological chaperones have been tested for many diseases but the distribution
of papers is not even. Approximately one-fourth of them concern Gaucher disease,
and more than half the lysosomal storage disorders (LSD: Gaucher, Fabry, GM-1,
Pompe) all together (Figure 7.2). Besides LSDs, the diseases most frequently
associated with pharmacological chaperones are cystic fibrosis, retinitis

pigmentosa, phenylketonuria, Parkinson.
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Figure 7.2. Distribution of papers citing “pharmacological chaperone” per disease. The less

representeddiseases are in gray.

Protein targets of pharmacological chaperone can be diverse. Enzymes, in particular

transferases, represent the most populated group (45%) followed by transporters

(28%) and receptors (15%) (Figure 7.3).

0 45% enzymes
[ 28% transporters
B 15% receptors
[ 6% regulators
[ 4% hormones

3 2% prionic

Figure 7.3. Protein targets of pharmacological chaperones based on their function.

The proteins targeted by pharmacological chaperones can have different subcellular

localizationand, in the majority of the cases, are translocated across the endoplasmic

reticulum (Figure 7.4).
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Figure 7.4. Distribution of protein targets of pharmacological chaperones per cell localization.

Pharmacological Chaperones: Direct Specific Binding to Folded or Partially
Folded TargetProteins as a Mechanistic Hallmark

Pharmacological chaperones are low molecular weight chemical molecules and
should not be confused with molecular chaperones that are proteins [19,20].
According to the original definition by Morello and co-workers [16],
pharmacological chaperones exert their action by binding specifically their target
proteins. Direct specific binding differentiates pharmacological chaperones from
other low molecular weight chemical molecules, such as chemical chaperones and
regulators of protein homeostasis, that promote correct processing of a pathological
mutant by different mechanisms.

In principle, direct binding and stabilization should be tested on purified mutants.
This is unpractical for mutants that have disulfide bridges and post-translational
modifications such as thosethat are secreted, that are resident in membranes (e.g.,
plasma membrane) or the endomembrane system (e.g., lysosomes, Golgi,
endoplasmic reticulum or endosomes) because they cannot be produced and
purified with a high yield. They represent the majority of the cases because proteins
that transit in the endoplasmic reticulum are the most frequent targets of
pharmacological chaperones (Figure 7.4). However, although the effect of
pharmacological chaperones is more evident on responsive mutants, it can be
observed on the corresponding wild type proteins too (an example is providedin
[21] and is shown in Figure 7.5). This means that a preliminary screening can be

run on the wild type protein.
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Figure 7.5. The effect of pharmacological chaperones is observed on responsive mutants as well as
on wild type proteins. Thermal shift analysis of wild type phosphomannomutase2 (wt-PMM2 in
panel A) and two pathological mutants (V129M-PMM2 in panel B and F119L-PMM2 in panel C)
in the absence or in the presence of two different pharmacological chaperones, 1,6-alpha glucose-
bisphosphate (a«G16P)or 1,6-beta glucose-bisphosphate (BG16P) (extracted from reference [21]).

Direct protein stabilization can be proved by chemical-physical technigues such as
differential scanning calorimetry [22], by circular dichroism, i.e., measures of
ellipticity as a function of temperature [23], or as a function of denaturant
concentration [24]. Recently thermal shift assay has gained great popularity because
it can process many samples at the same time; it requires small amounts of protein
and equipment that is available in the majority of biomedical laboratories [25-28].
Incubation at a relatively high temperature of purified wild type protein targets in
the presence or the absence of drugs followed by the measurement of residual
enzymatic activity was used for the screening of relatively large libraries [29]. In
some cases, the stabilizing effect of chaperones was testedin vitro on mutant proteins
that were present in cellular extracts. Often the extracts were incubated in the
absence or the presence of the chaperone at different temperatures and then assayed
under standard conditions to measure the residual activity [30]. Alternatively, the
extracts were incubated atdifferent concentrations of urea, denatured proteins were
selectively degraded by limited proteolysisand folded undigested proteins were
detected by Western blot [24].
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Pharmacological Chaperones: The Quick Path to Success is not Always the
Best One

Most pharmacological chaperones have been discovered among reversible
competitive inhibitors and have been tested for their stabilizing effect with the
techniques mentioned beforehand. In this paper, we would like to stress on the
prevalence of inhibitors among pharmacological chaperones occurred for practical
reasons since many targets are enzymes (Figure 7.3). Competitive inhibitors often
resemble chemically known substrates or products and an activity-based screening
Is straightforward. Indeed, competitive inhibitors are ligands that bind preferentially
the folded state of an enzyme, and for this reason, they stabilize the protein.
However, the stabilizing activity is required for chaperones, whereas the inhibitory
activity is neither required nor desirable. Hence the concept of chaperone andthat of
inhibitor should not be assimilated.

The development of drugs for Fabry disease well illustrates this issue.

Fabry disease is an X-linked lysosomal storage disorder due to mutations in the
gene GLA that encodes acid alpha-galactosidase A (AGAL). The enzyme cleaves
globotriaosylceramide, generatinggalactose that is a product and a reversible
inhibitor of the enzyme. There exist more than 400 pathological missense
mutations, the majority of which reduce the stability of the protein but do not affect
the active site [31,32]. In 1995, some years before Morello et al. had coined the term
“pharmacological chaperone,” Okumya et al. [33] showed that galactose stabilizes
missense mutants of alpha-galactosidase. They showed that administering 100 mM
galactose to cells expressing certain missense mutants, a greater amount of the
protein could be detected by Western blot and consequently a higher activity could
be measured in the extracts. The authors explained the effect suggesting that the
ligand stabilized responsive mutant AGAL. A few years later, Frustaci et al. [34]
reported that infusions of galactose (1 g per kg body weight), improved the cardiac
function of a Fabry patient. Interestingly the therapywas administered every other
day. Although galactose cannot be considered a practicable therapeutic agent
because of the high dosage needed to measure the effect in vitro and in vivo, the
road was marked toward the usage of pharmacological chaperones for the treatment

of Fabry patients carryingmissense destabilizing mutations. In 1986 1,5-dideoxy-
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1,5-iminogalactitol, which is an iminosugar analog of galactose where the
endocyclic oxygen is substituted by nitrogen, was synthesized [35,36]. The IUPAC
name of that molecule is (2R,3S,4R,5S)-2-(Hydroxymethyl)-3,4,5-
piperidinetriol, the usual name is 1-deoxygalactonojirimicin abbreviated in DGJ,
but other names have also been employed, 1,5-dideoxy-1,5-imino-D-galactitol,1-
deoxygalactonojirimycin, 1-deoxygalactostatin, Amigal, Migalastat, Galafold
(trademark). DGJ was considered a good candidate as a practicable therapeutic
agent because its K; is at least two or three orders of magnitude lower than that of
galactose [37]. In 1999 it was demonstrated that DGJ is more potent than galactose
as a stabilizer of responsive AGAL mutants [30]. When DGJ was administered at
20 micromolar for four days to the R301Q or Q279E lymphoblasts from Fabry
patients, it raised the residual activity in the cell lysates by seven—eight folds.
Although Fan and co-workers showed that DGJ binds R301Q in vitro and correctly
interpreted the mode of action of the drug, they proposed “the concept of ‘chemical
chaperon’ to describe a small molecule whose function is to assist a protein to fold
properly and enter normal processing pathway smoothly.” The term “chemical
chaperon” for specific stabilizing ligands would have been soon overtaken by
“pharmacological chaperone.”

Since the pioneering work by Fan and co-workers, the effect of DGJ has been tested
on hundredsof missense mutations either on cells derived from patients or on
transfected cells. To overcome the difficulty of obtaining lymphoblasts or
fibroblasts from patients, Benjamin and co-workers [38] havedeveloped a cell-
based assay in HEK-293 cells that consents to test any mutations. After having been
transiently transfected with expression vectors encoding GLA mutants, the HEK-
293 cells are exposed to the drug, washed, and lysed. The amount of AGAL is
quantified in the extracts by Western blot and standard enzymatic assays with a
fluorogenic substrate. Almost 50% of the missense mutations tested so far are
responsive to DGJ [39]. However, activity in cell extracts should not be confused
withintracellular activity. AGAL dosage on cell extracts, in transfected cells as well
as in cells derived from patients, represents a simple and effective way to
demonstrate the stabilization of responsive mutantsbut does not prove that AGAL

activity is increased in the presence of the drug in vivo.
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DGJ is a potent inhibitor of AGAL, it binds and stabilizes the enzyme at the neutral

pH as well as at acidic pH, (Kopt7 = 3.7 x 10 © mol/L, Koprs = 6.0 x 10 ° mol/L)
[37]. Itis unlikely that DGJ stabilizes AGAL in ER without inhibiting it in the
lysosomes. A proof of the double intracellular activity of thedrug, the beneficial
AGAL stabilization on one side and the deleterious AGAL inhibition on the other
side, comes from the experiment carried out by Valenzano and co-workers [40].
They treated the Fabry fibroblasts carrying the responsive mutations R301Q or
L300P with DGJ either with a discontinuous regimen, seven days followed by a
three-day washout, or for a continuous regimen, ten days without washout. They
observed augmented intracellular AGAL activity, namely the clearance of the
AGAL substrate that accumulates in the cells of the patients, only when the
treatment with the drug was discontinuous. The result was confirmed in a mouse
model where a “4 on/3 off” regimen was more effective than a daily administration
of DGJ to reduce the substrate of AGAL [41]. The benefits of an intermittent
administration of DGJ can be explained by the fact that the half-life of most AGAL
mutants is longer than the half-life of DGJ in vivo. The therapy would have two
alternating phases. In the first one, i.e., in the presence of the drug, the enzyme
would be stabilized but inhibited; in thesecond one, i.e., in the absence of the drug,
the enzyme would be active but slowly degraded. DGJ was approved by FDA for
the use of responsive mutations [42]. An intermittent regimen isadopted in patients,
and 150 mg of the drug is administered orally every other day.

The first reports on real clinical cases suggest that the beneficial long terms effects
of DGJ shouldbe evaluated carefully. In fact, a raise in AGAL residual activity has
been observed in the leucocytes in patients of a Swiss cohort but regrettably, it did
not correlate with a decrease in lyso-Gb3 concentration measured in dried blood
spots [43].

Pharmacological Chaperones: Promising Drugs with a Restriction

Pharmacological chaperones cannot be used by all patients affected by a given
genetic disease. They act by binding specifically unstable folded (or partially
folded) mutant proteins. Hence they are not useful in all the cases, e.g., in which
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the protein is absent because the gene is affected by a deletion, a stop gain mutation,
a splicing mutation, or a mutation occurring in the regulatory regions.Frameshift or
stop loss could be treated if the mutation caused the production of a protein with
some few extra amino acids at the carboxy-terminus that is able to fold.
Pharmacological chaperones are of no use if the active site is affected. Hence, some
mutations can be excluded ab initio, the other ones, which are potentially
responsive, must be tested individually. The situation is even more complex incases
where patients are composite heterozygous and hetero-oligomeric proteins can be
formed [44].For some diseases the percentage of responsive mutations is low (for
example Pompe disease [45]), forothers, it is relatively high (for example Fabry
disease [39]). For some diseases, there are prevalent mutations that can be
prioritized in the analysis (for example cystic fibrosis [46,47] and Gaucher disease
[48,49]). For other diseases, this not the case and all potentially responsive disease
mutations must be systematically tested. In the last case, i.e., when there are a large
number of private mutations, it is very important to have a cellular model for the
test because it is unpractical to obtain cells from patients. Moreover, it is important
that the test is carried out by independent labs in order to assure the robustness of
the results. Preliminary tests are carried out assessing the ability of a
pharmacological chaperone (and more in general of small molecules) to increase
the intracellular concentration of the target protein. In the case of Fabry disease,
an enzymatic assay is carried out on the extracts of transiently transfected cells [38].
This test can be carried out on any mutation; it is relatively simple and practical
protocols are available [50]. Successive experiments should be carried out to
assess the ability of the drug to revert the phenotype of the disease, in cell models
or, more ambitiously, in animal models. DGJ has been approved for the therapy of
responsive Fabry patients. Hence it is not surprising that for this disease a large
number of potentially responsive genotypes have been tested by the company that
developed the drug into a commercial product, galafold (trademark) [38,40,51] or
by independent laboratories [50,52-54]. A database that keeps track of all results,
FABRY_CEP, helps clinicians Choose Eligible Patients [55].
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Pharmacological Chaperones: Improvement of a Drug

DGJ is able to stabilize a large proportion of missense mutations associated with
Fabry disease and has been approved for the therapy and its long-term effects on
the phenotype are still under verification. It might not be the ideal drug. However,
certainly, it represents a good starting point. In the meantime, moving from the
structure of DGJ, similar glycomimetic molecules have been proposed.

Its enantiomer L-DGJ is 1000-fold less active than D-DGJ and its mode of action is
different because it is a non-competitive inhibitor of AGAL. Interestingly the two
sugars act synergistically [56].

Iminosugars like DGJ are charged molecules with a negative octanol-water
partition coefficient (Log Po/w) that indicates a low capacity to cross membranes
[57]. The most obvious modification to enhance lipophilicity was alkylation.
Unfortunately, N-alkylation, which was useful for molecules such as 1-
Deoxynojirimycin, lowered DGJ efficacy [58].

Druglikeness could be improved synthesizing DGJ-thioureas derivatives. DGJ is an
iminosugar analog of galactose. Galactose, in turn, is the terminal part of the natural
substrate globotriaosylceramide. Hence it could be expected that extending the
structure of DGJ it would be possible to derive a more selective and potent
pharmacological chaperone. Although DGJ-thioureas derivatives inhibited AGAL
at neutral and at acidic pH similarly to DGJ, the authors [59] stated that p-
methoxyphenyl and the fluorophenyl thiourea derivatives had a chaperoning effect
superior to that of DGJ in cells. DGJ-thioureas can be described as compounds in
which thiourea bridges two moieties, a sugar-like part, which in chemical terms is
known the glycone to a non-sugar-like part, which in chemical termsis defined as a
non-glycon. Ortiz Mellet and co-workers [60] proposed synthesizing a pH-sensitive
thiourea. The non-glycone moiety is an orthoester group, which is stable at neutral
pH but it is easily degraded at acidic pH. Hence the extended contacts with the
target enzyme are possible inthe endoplasmic reticulum but not in the lysosomes.
When the DGJ-thiourea-orthoester PC was administered to fibroblasts derived from
Fabry patients, it produced a reduction of Gb3 far more significant than that
obtained with the parental drug DGJ. Remarkably, the approach can be extendedin

principle to all lysosomal diseases and a proof of concept was offered by the same
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authors who synthesized 1-deoxynojirimycin (DNJ)-thiourea-orthoesters for the
cure of Gaucher disease.

pH-sensitive inhibitors can be found among molecules that do not look like
substrates or products, screening large collections of small molecules. This was the
case of ambroxol that is a mixed-type inhibitor and a stabilizer of lysosomal acid
glucosylceramidase (Gaucher disease) and was found screening a library of 1040
FDA-approved compounds. It acts in the endoplasmic reticulum better than in the
lysosome because its Ki is 5 times lower at pH 7 than at pH 5.6 and reduces the
storage of the glucosylceramide in cells harboring a responsive mutation [29]. A
similar reduction of glucosylceramide was not obtained with another inhibitor, the
iminosugar isofagomine, which binds the enzyme at neutral pH as well as at acidic
pH. Ambroxol can rescue some mutants of lysosomal alpha-galactosidase and
alpha-glucosidase in cells harboring responsive mutations of Fabry or Pompe
disease too, but inthese cases, it is effective only if it is co-administered with the
respective iminosugar pharmacological chaperones 1-deoxygalactonojirimycin
(DGJ) and 1-deoxynojirimycin (DNJ) [61]. How comes that ambroxol is active on
different enzymes? It might be a promiscuous ligand because lysosomal
glycosidases, such as glucosylceramidase, alpha-galactosidase, and alpha-
glucosidase share the sameTIM-barrel architecture and have very similar structures
[22]. On the other hand, ambroxol could stabilize glucosylceramidase not only by
binding the protein but also by other mechanisms and theseother mechanisms could
be effective for other lysosomal storage disorders too.

Indeed most efforts to develop a pharmacological chaperone useful in clinical
practice were concentrated on Gaucher disease (Figure 7.2). Isofagomine, an
unmodified iminosugar, appeared to be very promising in stabilizing mutant
glucosylceramidase [62] but did not reduce the accumulation oflipids significantly
[14,63]. Besides the approaches already mentioned with alkylated or pH-sensitive

molecules, another interesting option was evaluated. It consisted of the synthesis of

compounds where nitrogen with high spz-hybridation character takes the place of the

amine-type endocyclic nitrogen found in iminosugars [64].
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Pharmacological Chaperones: Besides the Inhibitors

Besides inhibitors, other ligands can act as pharmacological chaperones. It has been
proposed for Fabry disease to look for allosteric ligands that stabilize missense
unstable mutants but do not bind the active site and do not inhibit the activity. These
molecules would be the ideal pharmacological chaperones. In a pilot study one
molecule, 2,6-dithiopurine, was identified by in silico docking and tested by
thermal shift assay before passing to tests on transfected cells [65]. Another example
is offered by an elegant approach by Millet and co-workers [66] who were looking
for drugs to cure congenital erythropoietic porphyria, which is caused by
deficiencies of uroporphyrinogen Ill synthase. They used in silico docking to
identify an allosteric binding site on the surface of the enzyme, they looked for
ligands among 2500 diverse chemical fragments, they tested the binding of the best
hits by thermal shift assay and NMR. The most promising chemical fragments were
used to search a library of approved drugs and look for similar compounds. Millet
and co-workers found that ciclopirox, an anti-fungal, could stabilize
uroporphyrinogen 111 synthase in cells. This paper shows that drug repositioning
should be always considered since this would cut the costs and the time needed to
offer actual therapy to the patients [67]. Besides soluble enzyme multi-pass, G-
coupled receptors have been targeted with allosteric modulators. Three molecules,
cinacalcet, NPS-2143, and NPS-568 respectively, an FDA approved and two
investigational drugs, were able to recover membrane expression and impaired
function of some pathological mutants of the human calcium-sensing receptor
[68,69]. The thienopyrimdine, Org 42599, a derivative of an allosteric modulator of
the luteinising hormone receptor, was able to rescue severalpathogenic mutants that
are retained intracellularly and promote their localization on the plasma membrane
and maturation. However, only some of the rescued mutants regained activity [70].
Besides allosteric non-inhibitory ligands, other types of molecules should be
considered such as activators compounds. In this case, the example comes from
PMM2-CDG a disorder caused by deficiencies in the gene encoding
phosphomanno-mutase2. The enzyme catalyzes the conversion of mannose 6-
phosphate into mannose 1-phosphate and uses as activator glucose 1,6

bisphosphate. The activator binds the active site but is not consumed. It stabilizes
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several pathological mutants [44,71,72]. Other non-inhibitory ligands, which bind
the active site and stabilize some mutants in the cells, have been described, 11-cis-
retinal and tetrahydrobiopterin, which are the natural cofactors of rhodopsin [73]
and phenylalanine-hydroxylase respectively, for retinitis pigmentosa and
phenylketonuria [74—76].

Pharmacological and Chemical Chaperones: Two Types of Drugs Often
Confused

So far we have described pharmacological chaperones. We now move to other small
molecules, the so-called “chemical chaperones.” They have been proposed for the
treatment of genetic diseases that are caused by unstable proteins too, but “chemical
chaperones,” such as osmolites and hydrophobic compounds, do not bind their
targets specifically. It has been proposed that osmolites such as betaine,sarcosine,
glycerol, glycine, trimethylamine N-oxide increase the energy of the unfolded state
of proteins. Hence pharmacological chaperones would raise the difference between
the free energy of the folded and unfolded states by lowering the first one whereas
osmolites would obtain the same effectmainly by raising the second one [2] (Figure
7.6).

Osmolytes are relatively aspecific and were proved active on different proteins such
as cystathionine p-synthase [77], aspartylglucosaminidase [78], adenosine
triphosphate (ATP)-binding cassette subfamily A member 3 [79], alpha-1 anti-
trypsin [80] in cellular models. Particularly interesting is the example offered by
another chemical chaperone, 4-phenyl-butyrate (4-PBA). 4-PBA is a drug
approved for the treatment of disorders of the urea cycle. Besides being an ammonia
scavenger, it can stabilize a wide range of proteins. In fact, 4-PBA contains an
aromatic moiety and is able to bind hydrophobic patches of unfolded or partially
folded proteins. For this reason, it acts as a “hydrophobic chaperone.” It can rescue
DeltaF508 cystic fibrosis transmembrane conductance regulator (CFTR) [81],
cystathionine B-synthase [77], alpha-1 anti-trypsin [80], ABCC6 protein [82], ATP-
binding cassette transporter Al [83], parathyroid hormone [84], and Wilson protein
(Copper-transporting P-type ATPase ATP7B) [85] and the list might not be

exhaustive. However, the interaction with hydrophobic patches of unstable proteins
112



can only in part account for the effects of 4-PBA. In fact, it down-regulates the
expression of Hsc70 [86], transiently increases Hsp70 expression [87], reduces the
upregulation of ER stress markers CHOP and GRP78 [88], and inhibits histone
deacetylases activity [89,90] and signaling [87]. Disentangling the different roles
of 4-PBA can be difficult [91].
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Figure 7.6. Schematic representation of the effects of pharmacological chaperones or osmolyte

chemicalchaperones on protein stability.

Other “Small Molecules”: Alternative or Synergistic Approaches to Treat
Diseases Caused byDestabilizing Missense Mutations

Small molecules can stabilize missense mutants acting indirectly. This is the case
of heat-shock protein inducers. The first example is provided by 4-PBA that could
act as a hydrophobic chaperone as well as an inducer of hsp70. Other heat-shock
response co-inducers have been described. Arimoclomol is an aromatic
heteromonocyclic compound that underwent clinical trial phase 3 for Amyotrophic
Lateral Sclerosis [92]. It rescues glucocerebrosidase in fibroblasts of Gaucher
patients both in terms of quantity and in terms of maturation [93] and prevents

aggregation of a missense mutant of rhodopsin, P23H, which is frequently

113



encountered in retinitis pigmentosa [94]. Kelly et al. [95] suggested that co-
administration of a proteostasis regulator and of pharmacological chaperone could
have a synergistic effect on rescuing missense pathogenic mutants. They proved
their concept utilizing Celastrol, a triterpene derived from the traditional Chinese
herb known as Thunder of God Vine and an alkylated deoxynojirimycin. The first
molecule activates the heat shock protein response in various cell types [96] and
inhibits proteasome [97], while the latter binds and stabilizes specific mutants of
lysosomal acid glucosylceramidase which are responsible for Gaucher disease [98].

A similar approach with proteostasis regulators was tested with Fabry disease [99].

Conclusions

Most disease mutations destabilize the affected protein but do not affect the active
site and mutant pathogenic proteins can be rescued. This goal can be achieved using
small molecular weightmolecules that can be administered orally and reach difficult
districts such as the central nervous system. The approach is not limited to
enzymopathies and has been transversally proposed for manydiseases. Admittedly
the pathway from tests in vitro to a clinical trial is long but the steps to be followed
are clear since they are well established in traditional medicinal chemistry. On the
contrary,other very promising approaches such as gene therapy are still at their

infancy. Different classes of small molecules (Figure 7.7) can be considered.
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Figure 7.7. Different classes of small molecules can rescue proteins destabilized by mutations and

increase their intracellular concentration.

Pharmacological chaperones play a special role among them. In fact, they are by
far more specific than the others for a given protein. It is important to realize that
most pharmacological chaperones tested so far are inhibitors or antagonists of their
targets and that this occurred only for practical reasons. Special regimens must be
envisaged to maximize their stabilizing activity and minimize their inhibitory
activity. We might consider these molecules as first-generation drugs. They played
an important role to prove the value of the approach but more effective molecules
should be sought. If this was not feasible, we should consider combined therapies,
using a specific pharmacological chaperone at a low dosage but potentiated by other
types of small molecules. Unspecific drugs that promote protein folding and restore
proteostasis can be useful for diverse diseases and can be foundamong approved or

experimental drugs in the first place.
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Abstract

A large number of mutations causing PMM2-CDG, which is the most frequent
disorder of glycosylation, destabilize phosphomannomutase2. We looked for a
pharmacological chaperone to cure PMM2-CDG, starting from the structure of a
natural ligand of phosphomannomutase2, a-glucose-1,6-bisphosphate. The
compound, B-glucose-1,6-bisphosphate, was synthesized and characterized via 3!P-
NMR. B-glucose-1,6-bisphosphate binds its target enzyme in silico. The binding
induces a large conformational change that was predicted by the program PELE and
validated in vitro by limited proteolysis. The ability of the compound to stabilize
wild type phosphomannomutase2, as well as frequently encountered pathogenic
mutants, was measured using thermal shift assay. B-glucose-1,6-bisphosphate is
relatively resistant to the enzyme that specifically hydrolyses natural esose-

bisphosphates.

Keywords: PMM2-CDG; pharmacological chaperone; glucose-1,6-bisphosphate
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Introduction

In humans there exist two phosphomannomutases, PMM1 and PMM2, that
interconvert mannose-6-phosphate (M6P) into o-mannose-1-phosphate (aM1P)
and to a minor extent, glucose-6-phosphate into a-glucose-1-phosphate (aG1P) [1].
Both enzymes require a sugar bisphosphate, a-mannose-1,6-bisphosphate or a-
glucose-1,6-bisphospate, for their mutase activity. Besides being a mutase, PMM1
is phosphatase and plays a prevalent role in the degradation of esose bisphosphate
in particular in the presence of inosine monophosphate (IMP) [2,3].

The following scheme summarizes the activities of PMM1 and PMM2.

a-hexose-1,6-P2 + PMM : hexose-6P (or a-hexose-1P) + PMM-P (1)
a-hexose-1P (or hexose-6P) + PMM-P : a-hexose-1,6-P2 + PMM (2)
PMM-P + H20 : PMM + Pi (3)

hexose = mannose, (1) + (2) = phosphomannomutase activity
hexose = glucose, (1) + (2) = phosphoglucomutase activity

hexose = mannose or glucose, (1) + (3) = phosphatase activity

Only PMM2 has been associated with human diseases and is responsible for the
most common congenital disorder of glycosylation (CDG) [4]. PMM2-CDG, also
known as CDG-1A or Jaeken syndrome, is a rare autosomic recessive disease
without a cure. The disease is particularly frequent in Scandinavian countries but is
pan-ethnically distributed. More than 110 pathological mutations have been
associated with the disease [5,6]. A complete absence of PMM2 activity is not
compatible with life [7]. Usually, patients are composite heterozygous with one
inactivating mutation and one hypomorphic mutation, more rarely they carry two
different hypomorphic mutations in heterozygosis or one in homozygosity [8,9].
R141H, which is the most common allele, is inactive because the mutation affects
the active site [10], but has never been observed in homozygosity [6].

Pharmacological chaperones (PCs) are low molecular weight molecules that are
able to rescue the activity of hypomorphic mutants if the active site is integer [11].

These mutants are intrinsically functional and the low residual activity in the cell is
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due to their instability. Usually [12], but not necessarily, pharmacological
chaperones are non-covalent competitive inhibitors of their target enzymes [13—
15]. They bind and stabilize mutant enzymes, but natural substrates can compete
with them for the active site. In fact, the ultimate test for PC is proving that after
the administration to cells, the activity of their target enzyme increases. The
genotypes associated with PMM2-CDG retain residual activity and are in principle
amenable of treatment with PCs since they all retain residual activity. Even a slight
increase in PMM2 activity produced by PCs could alleviate the symptoms of the
patients since heterozygous carriers with just 50% normal phosphomannomutase
activity in fibroblasts are asymptomatic, patients with approximately 25% normal
enzymatic activity exhibit a moderate clinical picture whereas patients with less
than 10% normal enzymatic activity present a severe phenotype [16,17]. Common
hypomorphic PMM2 mutants are thermo-sensitive, but can be stabilized by low
molecular weight molecules [5,10,18-21]. In general, this has been observed on
single mutants, but in some cases, it has been proved in heterozygosity [22].

Some attempts have been carried out to find PC for PMM2-CDG either starting
from large collections of commercially available products [19,23] or from known
ligands of PMM2 [10,18,22], yet no drug is available.

Perez and coworkers [19] screened 10,000 small molecules from the Myria screen
diversity collection and found four hits that did not resemble chemically the natural
ligands of PMM2. These molecules were able to stabilize PMM2 mutants in vitro
and rescued the activity in human cells. One molecule, 1-(3-chlorophenyl)-3,3-
bis(pyridin-2-yl) urea, appeared very appealing for drug development since it did
not inhibit PMM2 and did not possess predictable adverse features. Perlestein and
co-workers [23] undertook drug repositioning testing 2560 compounds consisting
of FDA approved drugs, bioactive tool compounds, and natural products, on a yeast
strain whose phophomannomutase gene is defective.

Drug repositioning is a very useful approach to look for medicines for rare diseases
because, in case of success, it decreases the gap from bench to bedside [24]. Three
compounds, a-cyano-4-hydroxycinnamic acid, suramin hexasodium, and 2J,2J-

bisepigallocatechin digallate, suppressed growth deficiencies
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of the defective yeast strain. Their mechanism of action is not known because they
were not tested on purified mutant proteins. None of these molecules resembles
natural ligands of PMM2. a -cyano-4-hydroxycinnamic acid enhanced PMM2
enzymatic activity in fibroblasts derived from patients and in a nematode model of
PMM2-CDG [25]. Since a -cyano-4-hydroxycinnamic acid shares the carboxylic
acid-containing pharmacophore of aldose reductase inhibitors, Perlestein and co-
workers [25] tested other commercially available inhibitors of the same enzyme in
the nematode model and fibroblasts. They found that epalrestat, which is a safe,
orally bioavailable, and brain penetrant aldose reductase inhibitor used to treat
diabetic peripheral neuropathy, rescued PMM2 enzymatic activity in both species.
Epalrest is a monocarboxylic acid and contains a phenyl and a rhodanine group and
does not resemble chemically PMM2 ligand. Direct binding and stabilization to
mutant PMMZ2 proteins is not among the modes of actions proposed by Perlestein
and co-workers for epalrest [25].

a-D-Glucose 1,6-bisphosphate (aG16P) could be considered an effective chaperone
to rescue unstable pathological variants because it binds PMMZ2, induces the closure
of the enzyme, raises the melting temperature, and activates catalysis [10,18,22].
However, it is rapidly hydrolyzed by PMML1 in particular in the presence of IMP
[2,3].

In this paper, we describe a novel approach. We synthesized a molecule, -glucose-
1,6-bisphosphate (BG16P) that is an analog of a natural ligand of PMM2, aG16P.
BG16P and aG16P were fully characterized by *'P-NMR. This technique can be
very useful to measure the activity of PMM1 and PMM2 directly without the aid of
ancillary enzymes. In silico observations using the program PELE [26] show that
BG16P induces a large conformational change in the structure of PMM?2 and the
closure of the active site. BG16P can bind PMM?2 and stabilize the wild type and
hypomorphic PMMZ2. As it is the case for the majority of PCs used so far for other
diseases, BG16P is an inhibitor of its target enzyme [12]. Compared to aG16P, the
B anomer is more resistant to the hydrolysis by PMMI.
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Results

Synthesis and 3!P-NMR Characterization of BG16P

BG1P was synthesized from maltose with bacterial phosphorylase and
phosphorylated with phosphofructokinase to generate the bisphosphate sugar
(about 40 mg were obtained starting from 650 mg of maltose). BG16P was analyzed
by 3!P-NMR spectroscopy and compared to commercial aG16P. *H-decoupled one-
dimensional 3'P spectrum shows two signals, one at 5.30 pmm and one at 7.45 ppm,
for the P nucleus in the position 1, P(1), and in position 6, P(6) respectively (Figure
8.1A). Both signals are deshielded compared to those of the a anomer (5.06 and
7.36 ppm). 2D HSQC *H-3!P spectra were recorded for both anomers. The signals
of BG16P are clearly resolved and distinguishable from those of aG16P (Figure 8.1
B,C).
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Figure 8.1. 3'P-NMR characterization of a-D-Glucose 1,6-bisphosphate (aG16P) and p-glucose-1,6-
bisphosphate (BG16P). (A) *H-decoupled one-dimensional P spectrum. (B,C) Selected regions of
the *H-3P HSQC spectrum. Both the spectra were acquired in H,O + D,O 10% in the presence of
EDTA 50 mM; ppm were referred to creatine phosphate (0 ppm, 3P scale) and to
trimethylsilylpropanoic acid (0 ppm, H scale). P(6) and P(1) indicate the positions of phosphorous

nuclei in the molecules; 8: inorganic phosphate.

BG16P Binds PMM2 and Induces a Conformational Change
In silico docking was carried out to test the binding of BG16P onto PMM2 with the
program PELE [26]. PMM2 is a homodimer and each subunit is made up by a core
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(res 1-81; 189-247) and a cap (res 86—185) domain, connected by hinge peptides.
The structure of the enzyme is deposited in the PDB with the code 2AMY. Due to
the absence of a few atoms and to some disordered regions in 2AMY, the structure
cannot be used as such for in silico docking. In a previous paper of ours, we
described how 2AMY can be fixed and a native-like model can be generated [10].
The native-like model, which is in open conformation as 2AMY, was used to carry
out in silico docking of BG16P. The ligand was initially placed far from the active
site (~30 A) and was free to explore the protein surface with no bias. After a global
search, a refinement was carried out. The binding of BG16P binding into the active
site induces a large backbone motion and the closing up of PMM2. Actually, we
observed two binding modes, in one case the phosphate at position 1, P(1), interacts
with the catalytic site (Aspl2, Aspl4, and Asp 217 that form an acidic triad
coordinated with Mg?*), in the other case, it is the phosphate at position 6, P(6) to
interact with the catalytic site. We will refer to the first case as P1_Mg mode and
the second case as P6_Mg mode. In Figure 8.2 we show the initial unbound PMM2
structure and the two bound structures. It can be observed that the closure is tighter
in the P6_Mg mode than in P1_Mg mode. In Figure 8.3A,B, we show the residues
that interact with BG16P by hydrogen bonds or salt bridges in P1 Mg mode and
P6_Mg mode respectively.
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Figure 8.2. In silico binding models for PMM2 and BG16P: either the phosphate proximal to C6,
P6_Mg mode (A), or the phosphate proximal to C1, P1_Mg mode (B), can interact with the catalytic
site. PMM2 in the initial state is in cyan (A,B); the two closed conformations are in green (A) and

pink (B); BG16P is red; Mg?* are shown as spheres.

For comparison, we show the interactions that were observed when aG16P was
docked onto the same PMM2 native-like structure (Figure 8.3C,D) with the same
protocol [10]. PMM2 forms fewer contacts with G16P than with aG16P, in
particular in P1_Mg mode, and Asp14 of acidic triad does not come in contact with
the phosphate. Upon BG16P binding, the core and the cap domain close up and the
distance between Arg21 and GIn138 alpha carbons experiences the largest change.
The number of contacts correlates with the tightness of the closure of PMM2. In
fact, we measured that the distance between Arg21 and GIn138 alpha carbons is
12.2 and 9.8 A for BG16P respectively in P1 Mg mode and P6 Mg mode and 7.7
and 7.4 for aG16P in P1 Mg mode and P6 Mg mode respectively.
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Figure 8.3. Interactions between PMM2 and ligands: residues that interact with BG16P by hydrogen
bonds or salt bridges in P1_Mg mode (A) and P6_Mg mode (B) respectively; residues that interact
with aG16P by hydrogen bonds or salt bridges in P1 Mg (C) mode and P6 Mg mode (D)

respectively

When the core and cap domains close up, the solvent accessibility of some residues
changes. In particular, the exposure of Arg21 to solvent decreases dramatically
passing from 98% in the open model to 15% in the closed model. The
conformational change that is observed in silico can be tested by limited proteolysis
with trypsin. Under the conditions used in the experiment, neutral pH NaCl 150
mM, it had been demonstrated that wt-PMMZ2 is a dimer [18]. In Figure 8.4 we
show the results obtained incubating wt-PMM2 with the protease in the absence or
in the presence of ligands and demonstrate that fG16P binding protects PMM?2
from the protease as well as aG16P possibly by rendering the enzyme more
compact. The results obtained by SDS-PAGE are qualitative but were observed in
three independent experiments. The conformational change induced by aG16P has

already been discussed in a previous paper of ours [10].
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Figure 8.4. Limited proteolysis of wild type PMMZ2 by trypsin. Wild type PMM2 was incubated at
37 oC with trypsin in a 50:1 ratio in the presence or the absence of G16P or aG16P 0.5 mM.
Aliquots were withdrawn at specified times (0, 20, 60, 120 min) and analyzed by SDS-PAGE and

Coomassie staining.

PG16P Inhibits PMM2

PMM2 has two enzymatic activities since it acts as a phosphomannomutase
(interconversion of aM 1P and M6P) or as phosphoglucomutase (interconversion of
aG1P and G6P) and in both cases a bisphosphate sugar activator is needed [1,18].
Standard enzymatic tests for PMM2 require the use of ancillary enzymes. Dosing
phosphoglucomutase activity is simpler and requires only glucose6P
dehydrogenase to monitor the formation of G6P measuring the production of
NADPH spectrophotometrically or fluorimetrically. We carried out the fluorimetric
assay of phophoglucomutase activity using different pairs of substrates and
activators. In Figure 8.5A, it can be observed that BG1P is not a substrate (3G1P +
aG16P) and that BG16P is not an activator (a¢G1P + BG16P). The controls were
carried out employing only beta (BG1P + BG16P) or only alpha anomers (aG1P +
aG16P).
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Figure 8.5. PMM2 phosphoglucomutase activity monitored by fluorescence spectroscopy (A) and
phosphomannomutase activity monitored by 3P-NMR (B). (A) A total of 0.08 pg PMM2 were
incubated at room temperature with different combinations of o or G1P as substrates and a or
BG16P as activators, in the presence of G6PDH and NADP*. (B) A total of 0.12 ug PMM2 were
incubated at 32°C with 1 mM a-mannose-1-phosphate (oM1P); aG16P 5 uM was used as an
activator, in the absence or the presence of BG16P 5 or 50 uM.

Standard spectrophotometric tests of mannomutase activity are more complex and
require three ancillary enzymes to generate NADPH. Alternatively, the formation
of M6P and the consumption of aM1P can be monitored directly by recording 3!P-
NMR spectra.

These experiments require the accumulation of several scans for each NMR
spectrum to have a good S/N ratio. They cannot be used to measure initial velocities,
but show clearly all the phosphorylated species present in the solution and permit
to avoid the usage of ancillary enzymes. These experiments confirm that BG16P is
not an activator and show that it inhibits PMM2 (Figure 8.5B).

BG16P Stabilizes PMM?2
We carried out a thermal shift assay to test the ability of BG16P to work as a
chaperone, i.e., to stabilize PMM2. The effects of aG16P and PG16P were

compared (Figure 8.6A). It can be observed that both anomers stabilize PMM2
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although the extent of the stabilization is higher for aG16P: the increase of the
melting temperature was about 4°C in the presence of G16P (from 54.8 £ 0.3 to
58.5 +£0.5°C) and about 9°C in the presence of aG16P (from 54.8 + 0.3 to 63.4 +
0.4°C).

aG1P is a stabilizer of PMM?2 too. Its effect is strengthened by vandate, an inhibitor
of PMM2 which mimics phosphate and recreates a non-covalent complex with
aG1P similar to sugar 1,6-bisphosphate in the active site. BG1P does not stabilize
PMM?2 either in the absence or in the presence of vanadate (Figure 8.6B). This

observation and the lack of activity (Figure 8.4) suggests that BG1P does not bind
PMM2.
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Figure 8.6. Thermal stability in the presence of ligands. wt-PMM2 0.3 mg/mL was incubated with
different ligands 0.5 mM ((A) aG16P and fG16P; (B) aG1P and BG1P, with and without vanadate);
the melting curves were measured in the presence of dithiothreitol (DTT) 1 mM and Sypro Orange
2.4x, from 20 to 90°C with increments of 1°C/min.

We also tested the effect BG16P on two pathological mutants, F119L and V129M.
Overall, BG16P 0.5 mM caused an increase of about 4°C, from 46.1 + 0.4t0 50.3 +
0.4°C, while aG16P at the same concentration produces an increase of about 8°C,
up to 54.2 + 0.8°C. As far as V129M-PMMZ2 is concerned the melting temperature
in the presence of BG16P increases of about 7°C, from 47.3 £ 0.4 to
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53.9 £ 0.4°C, and of about 10°C in the presence of aG16P, up to 58.1 + 1.3°C

(Figure 8.7B).
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Figure 8.7. Thermal stability of pathological mutants in the presence of ligands. F119L-PMM2 (A)
and V129M-PMM2 (B) 0.3 mg/mL were incubated with different ligands, aG16P (0.5 mM), and
BG16P (0.5 mM). The melting curves were measured in the presence of DTT 1 mM and Sypro
Orange 2.4x, from 20 to 90°C with increments of 1°C/min.

Cell viability tests showed that BG16P is well tolerated by cells when administered
at 0.25 or 0.5 mM.

BG16P is a Poor Substrate of PMM1

aG16P is degraded rapidly by PMM1 in particular in the presence of IMP [2,3]. We
tested the stability of BG16P to the hydrolysis by PMMI1 both in the absence and in
the presence of IMP using 3!P-NMR. It is very convenient that the signals of aG16P
and BG16P can be clearly distinguished in the spectra. Hence, the experiment can
be carried out by incubating both bisphosphates with PMM1 and examining
whether or not only the alpha anomer is hydrolyzed.

The results are summarized in Table 8.1. PMMI1 hydrolyses aG16P preferentially
and the different susceptibilities of the two anomers are larger in the presence of
IMP.,
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Table 8.1. Phosphatase activity monitored by 3P-NMR. A total of 40 ug PMM1 were incubated for
90 min at 32°C with 145 pM aG16P or BG16P or a combination of both, in the absence (—) or the
presence (+) of inosine monophosphate (IMP) 170 uM.

Bisphosphate IMP Residual aG16P Residual pG16P
(145 pM) (170 pM) (%) (%)

aG16P - 542+1.6 -

BG16P - - 625+7.0
aG16P + BG16P - 533+13 93.6+1.2
aG16P + 0 -

pG16P + - 65.7+114
aG16P + pG16P + 0 746+3.1

It was also noticed that the hydrolysis of aG16P produces Pi, aG1P, or G6P
conversely the hydrolysis of BG16P produces Pi and BG1P only, suggesting that
BG1P is not a substrate of PMM!1 (data not shown).

Although several therapeutic approaches for PMM2-CDG [27,28] have been
proposed including mannose supplementation [29,30], membrane-permeable a-
mannose-1-P [31,32], and the increase mannose-6-P flux into glycosylation
pathways [33], metformin [34] and acetazolamide [35], a drug addressing unstable
PMM2 mutants is not yet available.

In many cases, the reduced activity of PMM2 hypomorphic mutants is a
consequence of their reduced intracellular concentration that in turn is the
consequence of the clearance of unstable proteins by the quality control systems of
the cell. Using the program SDM [36] we could predict that 70% of pathological
mutations are destabilizing. In such cases, PCs represent a good choice for patients
[19].

There are two approaches to find pharmacological chaperones. The first one
requires the screening of large libraries of molecules. The effort, which is big both
in terms of time and budget, does not guarantee finding a drug ready for clinical
trials but may produce a lead compound that requires further maturation. The other

approach requires an educated guess. One can start from the structures of known
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ligands of the enzyme and try to modify them to improve their potency, their safety,
and their half-life. Although the second approach may seem reductive, it has
produced drugs for other pathologies that have been approved and introduced into
clinical practice [37,38]. In this paper, we applied the second approach. We
synthesized an analog of aG16P, which is a natural ligand of PMM2. aG16P itself
could be considered an effective chaperone to rescue unstable pathological variants
because it binds PMM2, induces the closure of the enzyme, raises the melting
temperature, and activates catalysis. Regrettably, aG16P is hydrolyzed by PMM1
in particular in the presence of IMP [2,3].

Although data concerning the half-life of aG16P in vivo are not available, it can be
predicted that its hydrolysis by PMML1 can hinder its utility as a drug. For this
reason, we explored the possibility of employing an analogous bisphosphate sugar
that would not be degraded as easily as aG16P by PMMI1.

We synthesized the anomer PG16P and characterized it by NMR. 3P-NMR proved
to be a useful technique because it consents to monitor most phosphorylated
metabolites and to distinguish aG16P from BG16P anomers. We proved that BG16P
binds PMM2 in silico. Incidentally, our experiments confirm the usefulness of
PELE [26] as a program for in silico docking. In fact, the number of contacts and
the extent of closure predicted by PELE for the two anomers are fully in line with
the experimental results.

BG16P is a “classical” PC since it is a mild non-covalent inhibitor of PMM2.
Usually, the chaperoning effect of drugs is tested in vitro on wild type enzymes. In
the case of PMM2 some mutants can be expressed in E. coli and purified. Hence
the chaperoning effect of BG16P can be tested on pathological mutants as well as
on the wild type enzyme. We have chosen two mutants, F119L and V129M.
Particularly, F119L is a very frequent variant and it has been observed both in
association with R141H and in homozygosis [8,9,39]. Since F119 does not occur in
the active site, the mutant is active although less stable than the wild type. V129M
is relatively common in Italy where it has been observed in association with R141H
[40]. Position 129 is not located in the active site and the mutant retains more than
50% activity but is less stable than wt-PMM2 [41]. F119L and V129M are

amenable for the cure with pharmacological chaperones in principle. We could
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prove that BG16P stabilizes pathogenic mutants. fG16P is a poor substrate of
PMMI1 and for this reason, it can be preferred to aG16P as a PC. We are confident
that the pharmacokinetics of BG16P can be superior to those of aG16P. The next
step of the process that starts from the known ligand, would be enhancing its
bioavailability reducing the charges by chemical modification with nontoxic
acetoxymethyl groups as proposed for mannose-1 phosphate [31] and using the
hydrophobic derivative BG16P as a prodrug. Once inside the cell, the modifying
groups would be hydrolyzed generating BG16P. Another possibility to facilitate the
entrance of BG16P is offered by liposomes as proposed by Glycomine [42]. The
stabilizing effect of BG16P (through the usage of hydrophobic derivatives or with
liposomes) could be tested on fibroblasts derived from patients either measuring the
increase of PMM2 activity or monitoring the normalization of N-glycosylated
biomarkers [28].

Materials and Methods

Materials

a-D-Glucose 1,6-bisphosphate potassium salt hydrate, a-D-Glucose 1-phosphate
disodium salt hydrate, a-D(+)Mannose 1-phosphate sodium salt hydrate, Inosine
5’-monophosphate disodium salt hydrate, Adenosine 5’-triphosphate disodium salt
hydrate, Maltose phosphorylase from Enterococcus sp., Fructose-6-phosphate
Kinase from Bacillus stearothermophilus, Trimethylamine, 3-(4,5-dimethylthazol-
2-yl)-2,5-diphenyltetrazolium bromide were purchased from Sigma-Aldrich
(Sigma-Aldrich, Milan, Italy). Trypsin was purchased from ICN Pharmaceuticals
(MP Biomedicals Germany GmbH).

AG1x8 Resin 200-400 Mesh Hydroxide Form was purchased from Bio-Rad (Bio-
Rad Laboratories Srl, Milan, Italy).

Sypro Orange was from Invitrogen Molecular Probes (Invitrogen Molecular
Probes, Monza, Italy), StepOne™ Real Time PCR System from Applied
Biosystems (Applied Biosystems, Foster City, CA, USA), strips from Sarstedt
(Multiply—uStrip Pro 8-strip low profile) (Sarstedt Srl, Milan, Italy).
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D(+)Maltose monohydrate, [B-Nicotinamide adenine dinucleotide phosphate
sodium salt, Glucose-6-phosphate Dehydrogenase, Creatine phosphate disodium
salt thetrahydrate were from Alfa Aesar (Alfa Aesar, Thermo Scientific, Kandel,

Germany).

Synthesis of a-Glucose-1-Phosphate and pB-Glucose-1,6-Bisphosphate
B-glucose-1-phosphate and B-glucose-1,6-bisphosphate were prepared as described
by [43] with minor changes. Briefly, for B-glucose-1-phosphate a solution
containing maltose 1 M, potassium phosphate 100 mM pH 7.5, MgCl> 2 mM was
incubated with maltose phosphorylase 5 U/mL for 2 h at room temperature.
Synthesis of BG1P was verified by 3!P-NMR and the concentration of BG1P was
estimated by comparison with an internal standard. B-glucose-1,6-bisphosphate was
produced incubating BG1P and ATP-Mg?* (1:1 ratio) with phosphofructokinase 15
U/mL overnight at room temperature in a buffer containing potassium phosphate
25 mM, Hepes 14 mM pH 7.5.

BG1P and BG16P were purified on an AG1x8 Hydroxide Form column equilibrated
with 0.01 M triethylammonium bicarbonate pH 7.5. A step gradient of
triethylammonium bicarbonate from 0.01 M to 1 M was used to elute the sugars;
fractions (lyophilized and dissolved in water) were analyzed by 3!P-NMR. BG1P
was eluted at 0.3-0.4 M, BG16 was eluted at 0.8-0.95 M. Triethylammonium
bicarbonate 1 M was prepared by bubbling CO> gas into a triethylammine 1 M
solution until reaching the desired pH.

3IP-NMR Spectroscopy

A Bruker AVANCETMIII HD spectrometer 400 MHz, equipped with a BBO BB-
H&F-D CryoProbe™ Prodigy fitted with a gradient along the Z-axis, was used for
the NMR analysis (Bruker Italia Srl, Milan, Italy).

The H-decoupled one-dimensional P (zgpg) spectra were recorded at 161.976
MHz; spectral width 120 ppm, delay time 1.2 s, pulse width of 12.0 ps were applied.
The phase-sensitive 2D HSQC using Echo/Antiecho-TPPI gradient selection, with
decoupling during acquisition, (hsgcetgp) ‘H-3'P spectra were recorded at

400.13/161.97 MHz; spectral width 32 ppm, delay time 1.2 sec, pulse width of 12.0
144



us, frequency offset of 2nd nucleus —4.0 ppm were applied. Coupling constant was

120 Hz; function type was non-uniform sampling, with a NUS amount of 70%.

Docking and Structure Analysis

In silico docking of G16P was carried out as described for aG16P [10].

Briefly two different exploration runs were performed: (a) a global free search and
(b) a local refinement.

(a) The global search was performed by combining a long (6 A) and a short (1.5 A)
ligand perturbation steps, with a 75%/25% probability, respectively. Rotations were
kept in the [0°—90°] range. A randomly chosen search direction was kept for two
Monte Carlo steps, allowing a more complete exploration of the entire protein
surface. No information about the bound structure was used to drive the search.
Anisotropic normale mode perturbation included the lowest six modes, with
maximum displacements of the alpha carbon of 1 A. Within the lowest six modes,
a randomly chosen mode was kept for six steps to facilitate large conformational
exploration.

(b) The local search used translations of only 0.5 A and rotations in the [0°-180°]
range. Furthermore, to keep the ligand in the active site, random search direction
was maintained to only one iteration.

Residue percent accessibility was calculated with PISA (PISA v1.48 European
Bioinformatics Institute, Hinxton, UK) [44]. Active site residues were identified
with DrosteP [45]. The figure of superimposed proteins was prepared with PyMOL
(PyMOL 2.3.0 Schrodinger, LLC, New York, NY, USA) [46]. Ligand protein
interactions were drawn with Maestro (Maestro, Schrédinger Release 2015-2:
Maestro, Schrodinger, LLC, New York, NY, USA, 2015) [47].

Protein Expression and Purification

wt-PMML1 [3,48], wt-PMM2 and its mutants (F119L-PMM2 and V129M-PMM2)
[18,41] were expressed and purified as already described.

All the PMMs were expressed (using the vector Pet22b™) in E. coli BL21(DE3)
strain grown at 37°C in LB broth containing ampicillin 0.2 mg/mL. The expression

of wt-PMM1 was performed by adding IPTG 0.4 mM when the optical density was
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0.5 and prolonging the incubation for 4 h after induction. Bacteria were then
harvested, washed with PBS, suspended in Hepes 50 mM pH 7.5 (containing 2-
mercaptoethanol 0.1 mM, EDTA 1 mM, phenylmethylsulfonyl fluoride 0.1 mM),
and enzymatically lysed with lysozyme 1 mg/mL, treated with Deoxyribonuclease
I 0.005 mg/mL after adding MgCl> 10 mM, and centrifuged. Ammonium sulphate
was added to the clear homogenate up to 50% saturation. The precipitate was
recovered, dissolved, dialyzed (in Hepes 50 mM pH 7.1, MgCl, 5 mM, 2-
mercaptoethanol 1 mM), and fractionated on a DEAE-Sepharose ff with a salt
gradient (0-0.7 M NaCl in Hepes 50 mM pH 7.1, MgCl. 5 mM, 2-mercaptoethanol
1 mM). A subsequent fractionation step was conducted on a Butyl-Sepharose ff
column (equilibrated in Tris 50 mM pH 7.1 containing MgCl, 5 mM, 2-
mercaptoethanol 1 mM, ammonium sulphate 20%). Ammonium sulphate 20% was
added to the sample and then loaded onto the column, the proteins were eluted with
a gradient 20%-0% ammonium sulphate. The active fractions, judged pure by SDS-
PAGE, were dialyzed (in Hepes 20 mM pH 7.5, MgCl> 1 mM, NaCl 150 mM),
concentrated, and stored at —20 °C.

The expression of PMM2s (wt and mutants) was performed by adding IPTG 0.4
mM when the optical density was 0.5 (V129M) or 0.8 (F119L and wt) and
prolonging the incubation for 4 h after induction. Bacteria were harvested, washed
with PBS, suspended in Tris 50 mM, pH 7.5 (containing 2-mercaptoethanol 1 mM,
EDTA 5 mM, and phenylmethylsulfonyl fluoride 1 mM), and enzymatically lysed
with lysozyme 1 mg/mL, treated with Deoxyribonuclease | 0.005 mg/mL after
adding MgCl210 mM, then centrifuged. Ammonium sulphate was added to the clear
homogenate up to 60% saturation. The precipitate was recovered, dissolved, and
dialyzed (in Hepes 50 mM pH 7.1 containing 5 mM MgCl; and 2-mercaptoethanol
1 mM), then loaded on a DEAE-Sepharose ff column. The pass-through was
collected, concentrated, and subsequently fractionated on a Superdex 75 column (in
Hepes 20 mM, MgClI2 1 mM, NaCl 150 mM, pH 7.5). The active fractions, judged
pure by SDS-PAGE, were pooled, concentrated, and stored at —20°C.
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Limited Proteolysis

Limited proteolysis is a useful assay to test PCs [49]. wt-PMM2 to a final
concentration 0.3 mg/mL was incubated with trypsin in a 50:1 ratio, in Hepes 20
mM pH 7.5, MgCl> 1 mM, NaCl 150 mM, in the presence or the absence of BG16P
or aG16P 0.5 mM. The incubation was carried out at 37°C for 120 min, collecting
samples at specified time intervals. The reaction was stopped by addition of sample
buffer up to Tris 50 mM pH 6.8, 10% glycerol, 2% SDS, dithiothreitol (DTT) 100
mM, 0.1 bromophenol blue, then boiling for 5 min and quick cooling. Samples were
analyzed by SDS-PAGE.

Enzyme Assay by Fluorescence Spectroscopy

Phosphoglucomutase activity was measured recording the reduction of NADP* to
NADPH. 0.08 pg PMM2 were incubated at 25°C in a solution containing Hepes 20
mM pH 7.5, MgCl, 5 mM, G6PDH 2.6 U/mL, NADP* 0.25 mM, BSA 0.1 mg/mL.
aG1P or BGIP 40 uM were used as the substrate; aG16P or BG16P 27 uM were
used as the activator. Fluorescence at 340/445 nm (ex/em) was recorded for 30 min
using a Varian Cary Eclipse Fluorescence Spectrophotometer equipped with a
Microplate Reader (Agilent Technologies Italia SpA, Milan, Italy).

Enzyme Assay by 3P-NMR

Enzymatic activities of phosphomannomutases (phosphomannomutase and
phosphatase activities) can be analyzed recording *!P-NMR spectra [3]. Both these
activities were measured in Hepes 20 mM pH 7.3, MgCl> 1 mM, creatine phosphate
(CP) 0.5 mM, D20 10%. The reaction was stopped by addition of EDTA 11 mM
and heating for 5 min at 60°C. The samples were then quickly cooled and stored at
20°C until NMR analysis.

3IP-NMR spectra were acquired as described in the appropriate paragraph and the
content of the substrate and/or the product of the enzyme reaction was measured by
integrating the area of the signal. CP 0.5 mM was used as an internal standard.

Quantitative results are the average of two independent experiments.
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Phosphomannomutase activity was assayed by incubating 0.12 pg PMM2 at 32°C
with 1 mM aM 1P as substrate and aG16P or BG16P (5 or 50 uM) or a combination
of both, as the activator. Samples were collected over a period of 30 min.
Phosphatase activity was assayed by incubating 42 ug PMML1 at 32°C for 90 min
with aG16P or BG16P 145 uM or a combination of both; at t0 (0J) and at t1 (90J)
samples were collected. Each condition was also tested in the presence of IMP 170
MM,

Thermal Shift Assay

Thermal shift assay was carried out as described [50]. In particular wt-PMM2,
F119L-PMM2 or V129M-PMM2 to a final concentration of 0.3 mg/mL were
equilibrated in Hepes 20 mM pH 7.5, MgCl; 6.25 mM, NaCl 150 mM, DTT 1.25
mM, Sypro Orange 3x, then distributed in 0.2 mL PCR-strip (20 pL each). The
appropriate ligand solution (5 pL) was added and the strips were sealed and heated
from 20 to 90°C with temperature increments of 1°C/min using a StepOne Real
Time PCR System. Ligands aG1P, BG1P, vanadate, aG16P, and BG16P were used
to a final concentration of 0.5 mM. Four replicas were run for each condition.

Miscellaneous

Cell viability assay was performed as described in [51] on Hek-293 and Caco2 cells
using BG16P 0.25 and 0.5 mM for 18 h.

Proteins were quantified with the Quick Start Bradford (Bio-Rad Laboratories Srl,
Milan, Italy) using BSA as the standard [52]. SDS-PAGE was performed as in the

standard procedures [53].
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Abbreviations

CP  creatine phosphate
DTT dithiothreitol

aG1P a-glucose-1-phosphate

aG16P a-glucose-1,6-bisphosphate
BG16P B-glucose-1,6-bisphosphate
IMP  inosine monophosphate

aMI1P a-mannose-1-phosphate M6P mannose-6-phosphate
PC  pharmacological chaperone
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9. DRUG REPOSITIONING FOR FABRY DISEASE: ASPIRIN
POTENTIATES THE STABILIZATION OF LYSOSOMAL ALPHA-
GALACTOSIDASE BY PHARMACOLOGICAL CHAPERONES
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The content of this chapter is currently under revision.
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Abstract: Fabry disease is caused by a deficiency of lysosomal alpha galactosidase
and has a very large genotypic and phenotypic spectrum. Some patients who carry
hypomorphic mutations can benefit from an oral therapy with a pharmacological
chaperone. The drug requires a very precise regimen because it is a reversible
inhibitor of alpha-galactosidase. We looked for molecules that can potentiate the
pharmacological chaperone specific for Fabry disease among drugs that have
already been approved for the other diseases. We tested the candidates on
fibroblasts derived from a patient carrying a large deletion in the gene GLA and

stably transfected with plasmid expressing hypomorphic mutants. On our cell
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model three drugs were able to potentiate the action of the pharmacological
chaperone. We focused our attention on one of them, acetylsalicylic acid (aspirin).
We trust that aspirin can be used in synergy with the pharmacological chaperone

approved for Fabry disease and prolong its stabilizing effect on alpha-galactosidase.

Keywords: drug repositioning; pharmacological chaperones; aspirin; AGAL,;

Fabry disease; lysosomal storage diseases

Introduction

Fabry disease (FD) is caused by a deficiency of the enzyme lysosomal alpha-
galactosidase (AGAL) that removes a terminal galactose residue from globotriao-
sylceramides like Gb3. It is encoded by the gene GLA on the X chromosome [1-
5].

FD exhibits a large spectrum of phenotypes, ranging from severe, early-onset forms
to atypical or mild, late-onset forms, and is associated with more than 1000
genotypes, none of which is prevalent [6-9].

Contrary to what was observed in other X-linked diseases, FD affects heterozygous
females as well as hemizygous males [10-12]. Patients who do not produce AGAL
require enzyme replacement therapy (ERT). ERT consists of repeated intravenous
in-fusions of a recombinant AGAL [13]. Patients who carry a missense mutation in
GLA may benefit from oral therapy with a pharmacological chaperone (PC) [14],
but, un-fortunately, not all of them are eligible. Since hundreds of different
genotypes are known, a big effort was put in place to predict and test experimentally
which missense variants are treatable with PCs [15,16]. Only in a few cases, the
experiments have been carried out ex vivo, on fibroblasts or leucocytes, due to the
difficulty of obtaining cells from patients [17—20]. In most cases, experiments have
been carried out with vectors containing the GLA gene variants for heterologous
expression in COS1, COS7, or HEK293 cells [9,21-28]. PCs bind and stabilize
variants mildly destabilized by missense mutations mainly occurring in flexible
exposed regions of the protein [29] but cannot rescue severely destabilizing
mutations as well as those affecting the active site or di-sulfide bridges [30]. 1-

Deoxygalactonojirimycin (DGJ), also known as Migalastat, is an imino sugar
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analog of galactose, that stabilizes wild-type AGAL as well as responsive variants
[31]. It binds the active site and acts as a competitive inhibitor specifically.
Although a few attempts have been carried out to find a molecule that stabilizes
AGAL but does not inhibit it in the lysosomes [32,33], DGJ is the only approved
PC for FD so far and it is merchandised under the name of Galafold® (Amicus
Therapeutics, Philadelphia, PA, USA) [34]. PCs and ERT are not a cure for FD but
chronic treatments. DGJ requires a precise dosage and an intermitted regimen
where the stabilizing and inhibitory effects are carefully balanced [17,35-37].
Combining DGJ with other drugs that raise the activity of AGAL variants acting by
different mechanisms would be a possibility to ameliorate the therapy [38].

AGAL is synthesized as a high molecular weight precursor, imported into the
endoplasmic reticulum, transferred to the lysosome, and partly released
extracellularly [39]. The enzyme undergoes maturation which includes proteolysis,
glycosylation, and phosphorylation on mannose residues during this process
[40,41]. Unstable variants are cleared by the quality control system and their
concentration, and consequently, the total activity in the cell is lower than normal.
Several pathways contribute to proteostasis and could represent the source of novel
targets for the treatment of FD as it was proposed for other lysosomal storage
disorders [42,43]. A paper by Seemann et al. described the screening of proteostasis
regulators as potentiators of DGJ. The authors found that Clasto-Lactacystin -
lactone, MG132, and Bortezomib enhance the effect of DGJ in two lines of
fibroblasts derived from Fabry patients [44]. On the same cellular model, they could
not confirm the positive effect of ambroxol (ABX) that had been previously
observed in transiently transfected cells [45]. An effector of heat-shock proteins, 4-
phenylbutyrate (4-PBA), was tested on fibroblasts derived from FD patients in
monotherapy. The drug raised the amount of intracellular AGAL precursor but did
not enhance the enzymatic activity [46]. The mode of action of proteostasis and
heat-shock regulators is not as straightforward as one could predict. For example,
Bortezomib affects proteostasis as well as GLA expression [45] and 4-PBA acts as
a chemical chaperone binding hydrophobic patches of misfolded proteins, [47]

controls ER stress. Disentangling its precise role can be difficult [48].
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We propose a practical approach based on repositioning in which the effects of
drugs on AGAL total activity, is tested in synergy with DGJ on a suitable cellular
mod-el. Transient transfection of a plasmid expressing AGAL mutants in COS or
HEK cells is very useful for PCs because any missense mutation can be tested but
may cause un-foreseen artificial results due to overexpression, e.g. an
unphysiological overload of the ER protein folding apparatus not observed in cells
even in pathological conditions. We propose a cellular model where the advantages
of FD-derived cells and the versatility of transfection are combined. We produced
stably transfected fibroblasts derived from an FD patient carrying a large deletion
to test FDA-approved drugs in synergy with DGJ. We started from 4-PBA and ABX
and moved on to other DGJ potentiators looking for safe and cheap drugs that can
be used for life-long chronic treatment.

We found that aspirin can raise the total amount and activity of AGAL in synergy
with DGJ on responsive mutations.

Results

Establishment of versatile cell models that do not overexpress AGAL

DGJ is routinely tested on different missense variants in transiently transfected
HEK?293 cells [9,15]. In the genome of these cells wt-GLA is present, nonetheless
the effect of the drug can be evaluated since the missense mutant to be tested is
overexpressed. We felt that testing proteostasis regulators under conditions of
super-expression is not appropriate. Nonetheless the versatility of transfected cells
IS needed to test any possible missense variant. It is for this reason that we stably
transfected a line of fibroblasts derived from a male FD patient carrying a large
deletion of exons 3 and 4 in GLA. The cells were immortalized (IF cells) as
described in methods. Starting from a single clone, IF were stably transfected with
a plasmid encoding wt-GLA, obtaining IF-GLA cells, or encoding hypomorphic
GLA mutants, obtaining IF-GLA-MUTSs, or with an empty vector, obtaining IF-
NULL cells (Figure 9.1, panel A). Transcriptional levels of GLA in the cell lines

were comparable or lower than healthy fibroblasts (Figure 9.1, panel B).
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Figure 9.1. Cell lines establishment. Fabry patient’s fibroblasts carrying a deletion of exons 3 and 4
in the GLA gene were obtained from Telethon biobank, immortalized (IF) then stably transfected
with an empty vector (IF-NULL), the wt-GLA (IF-GLA) or different GLA pathogenic mutants (IF-
GLA-MUTSs, panel A, workflow). GLA expression was measured by RT-qPCR; the selected cell
lines did not over-express GLA if compared to healthy fibroblasts (panel B).

Intracellular stabilization of AGAL by DGJ is enhanced by ambroxol and 4-
phenylbutyrate

Ambroxol (Figure 9.2 A and B) and Phenylbutyrate (4-PBA) (Figure 9.3 A and B),
were tested in IF-GLA-MUTs. Both drugs enhanced the DGJ stabilizing effect. A
different mechanism of action with respect to DGJ was revealed by immunoblots.
The presence of the PC-enhancer alone increases AGAL precursor levels (higher

molecular weight band) while the chaperone stabilizes the active form (lower
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molecular weight band). The combined treatment results in a strong increase in the
active AGAL. Figure 9.2 highlights the different molecular weights of the AGAL

precursor and active form as an example.
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Figure 9.2. Ambroxol is a PC-enhancer. IF-GLA-L300F (panel A) and IF-GLA-C56Y (panel B)
were treated for 72 hours with 10 uM DGJ in the presence or the absence of 40 pM ambroxol (ABX).
AGAL relative specific activity measured on protein extracts is shown and values are referred to
DGJ monotherapy. The effects of combined treatments are significantly higher than those of
monotherapy (**: p-value < 0.01; ***: p-value < 0.001). Immunoblots confirmed the results (U =
untreated; D = DGJ 10 uM; ABX = ambroxol 40 pM; D+ABX = DGJ 10 uM + ambroxol 40 puM).
Arrows on the immunoblots highlight the higher molecular weight band (precursor) and the lower

molecular weight band (active form) of AGAL.
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Figure 9.3. 4-phenylbutirrate is a PC-enhancer. IF-GLA-D244H (panel A) and IF-GLA-C56Y
(panel B) were treated for 72 hours with 10 uM DGJ in the presence or the absence of 4 mM 4-
phenylbutyrate (4-PBA). AGAL relative specific activity measured on protein extracts is shown and
values are referred to DGJ monotherapy. The effects of combined treatments are significantly higher
than those of monotherapy (**: p-value < 0.01; ***: p-value < 0.001). Immunoblots confirmed the
results (U = untreated; D = DGJ 10 uM; P = 4-PBA 4 mM; D+P = DGJ 10 uM + 4-PBA 4 mM).

Intracellular stabilization of AGAL by DGJ is enhanced by Acetylsalicilic acid
To find useful PC enhancers among drugs that are used for chronic treatment of
patients since long time, we tested aspirin. Acetylsalicylic acid (ASA) enhanced the
DGJ stabilizing effect. The presence of the ASA increases AGAL precursor levels
(higher molecular weight band) while the chaperone stabilizes the active form
(lower molecular weight). The combined treatment results in a strong increase in

the active AGAL.
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Figure 9.4. Acetylsalicylic acid is a PC-enhancer. IF-GLA-MUTs, specifically L300F (panel A),
D244H (panel B), C56Y (panel C), Q280K (panel D), V269M (panel E), were treated for 72 hours
with 10 uM DG/ in the presence or the absence of 4 mM acetylsalicylic acid (ASA). IF-NULL was
used as a control (Panel F). AGAL relative specific activity measured on protein extracts is shown
and values are referred to DGJ monotherapy. The effects of combined treatments are significantly
higher than those of monotherapy (*: p-value < 0.05; **: p-value < 0.01). Immunoblots confirmed
the results (U = untreated; D = DGJ 10 pM; A = ASA 4 mM; D+A = DGJ 10 uM + ASA 4 mM).

The effect of aspirin was tested at different concentrations (Figure 9.5).
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Figure 9.5. — Acetylsalicylic acid effect is dose-dependant. IF-GLA-L300F was treated with
different doses of acetylsalicylic acid (range 0 — 3.2 mM) in the presence of 10 uM DGJ. AGAL
relative specific activity measured on protein extracts is shown and values are referred to DGJ
monotherapy. Immunoblots confirmed the results (D = DGJ 10 uM; D+A = DGJ 10 uM + ASA).

The effect of ASA is dose-dependent, and each dose improves the activity
significantly respect to the preceding (*: p-value < 0.05; **: p-value < 0.01).

Although ASA stabilizes certain mutants in a statistically significant manner in
monotherapy, in general it acts as a potentiator of DGJ. We tested whether ASA
prolongs the effects of DGJ, thus suggesting that a less frequent administration of
the drug could be considered in patients. The experimental design is sketched in

figure 9.6.
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Figure 9.6. - Acetylsalicylic acid prolongs the effects of DGJ. IF-GLA-L300F cells were treated
with 10 uM DGJ in the presence of 4 mM acetylsalicylic acid (ASA). Acetylsalicylic acid was
renewed every other day or not for 7 days (panel A, workflow). AGAL content was evaluated
through the 7 days. AGAL relative specific activity measured on protein extracts is reported in panel
B, and values are referred to DGJ + ASA day 3. Panel C shows the immunablot analysis (U =
untreated; D+A w ren = DGJ 10 pM + ASA 4 mM with ASA renewal; D+A w/o ren = DGJ 10 uM
+ ASA 4 mM without ASA renewal).

Acetylsalicylic acid prolongs DGJ effect over the seven days (**: p-value < 0.01;
***: p-value < 0.001).

Mode of action of aspirin

Aspirin can acetylate a large range of cellular proteins [49] and in so doing it pre-

vents protein aggregation in certain cases [50]. This does not appear to be the case
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since AGAL stabilization in synergy with DGJ can be obtained using salicylate
(Figure 9.7). Aspirin does not inhibit AGAL (data not shown). This finding does
not exclude the possibility that aspirin binds allosterically without interfering with
the enzymatic activity. However, it may point towards an indirect effect on
stabilization.

Eighteen interactions of aspirin with human proteins are reported in the Biological
General Repository for Interaction Datasets (BioGRID) [51]. As expected, most of
the proteins are involved in inflammation. Interestingly, besides these, we found a
protein involved in protein folding and quality control, Heat shock 70kDa protein
5, also known as BiP. This interaction has been analysed by DENG et al. [52].

A regulated expression of several genes by aspirin was reported in the Expression
Omnibus (GEO) repository. We analysed the GSE58162 series because the data
had been obtained under experimental conditions (2.0 mM aspirin and 72 hours of
treatment) similar to those employed by us. Differential expression analysis of this
dataset highlighted 1192 DEGs (p <= 0.05) (Supplementary file 1).

Interestingly the genes PSMA1, PSMB10, PSMC5, PSMD1, PSMD12, PSME1 and
PSME4, which encode proteasome-associated proteins, are downregulated (0.33 to
0.60 foldchange range).

Some genes that encode molecular chaperones are affected too. TSC1, FKBP10 and
DNAJB2 are hyper-expressed (respectively 2.27, 2.11, 2.00 fold-change), while
HSPB3, DNAJC15, FKBP5, HSPA14 and DNAJC7 are hypo-expressed. The list of
proteasome-related and molecular chaperones genes obtained from the analysis is
available as Supplementary file 2.
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Figure 9.7. — Salicylic acid acts as acetylsalicylic acid. IF-GLA-MUTSs, specifically L300F (panel
A), D244H (panel B), Q280K (panel C), V269M (panel C), were treated for 72 hours with 10 uM
DGJ in the presence or the absence of 4 mM salicylic acid (sal). AGAL relative specific activity

measured on protein extracts is shown and values are referred to DGJ monotherapy. The effects of
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combined treatments are significantly higher than those of monotherapy (*: p-value < 0.05; **: p-
value < 0.01, ***: p-value < 0.001). Immunoblots confirmed the results (U = untreated; D = DGJ
10 uM; S = sal 4 mM; D+S =DGJ 10 uM + sal 4 mM).

Discussion

In this paper we present a case of drug repositioning for the treatment of rare
diseases. This approach has been proposed by many authors [53-55]. Indeed
iminosugar, which have been proposed for the treatment of lysosomal storage
disorders, are them-selves a successful example of drug repositioning since they
had been proposed as antiviral agents for the cure of HIV [56].

Finding potentiators of DGJ was our aim. We employed two drugs already tested
for FD, namely ambroxol and 4-PBA, and proved that they work in co-
administration with DGJ in cells that do not overexpress AGAL.

We moved to aspirin, a molecule widely employed in the chronical management of
different pathologies. In the case of FD patients, it is often associated to specific
treatments such as ERT, for stroke prophylaxis [57,58]. Our results highlighted a
novel role of aspirin, that is its ability to enhance the stabilizing effect of DGJ on
responsive GLA mutants. We are aware of the fact aspirin can have adverse effects
such as bleeding and gastric mucosal damage that cannot be considered by tests on
cells, nonetheless medical doctors could test whether co-administration of aspirin
affects AGAL residual activity in patients who are treated with Galafold®.

Often a new usage for an old drug is found serendipitously and the mechanism by
which a certain molecule, that has been designed for a specific target, works on a
different one, is not clear. We can put forward some hypothesis to explain how
aspirin accomplish its role. We are aware of the fact that further work will be needed
to disentangle the complex matter.

Acetylsalicylic acid has been described as a proteasome inhibitor [59]. This can be
confirmed in silico. The expression of the genes PSMA1 PSMB2, PSMB8 and
PSMB10 encoding components of the 20S subunit (a6, 24, B51 and B2i), which are
components of the 20S subunit as well as PSMC5, PSMD1, and PSMD12 encoding
components of the 19S subunit (Rpt6, Rpn2 and Rpn5), are down-regulated. The

169



same applies PSME1 and PMSE4 that encodes the proteasomal activators DA28a.
and PA200 [58].

The expression of molecular chaperones is regulated too by aspirin. Three genes
are up-regulated. TSC1 encodes hamartin, a co-chaperone and facilitator of Hsp90
chaperoning of kinase and non-kinase clients. FKBP10 encodes peptidyl-prolyl cis-
trans isomerase FKBP10, also known as FKBP-65, that forms a type | protocollagen
chaperone complex with BiP and Hsp47 in the endoplasmic reticulum. DNAJB2 en-
codes DnaJ homolog subfamily B member 2, also known as HSJ1. HSJ1 is a co-
chaperone of Hsp70 [61] and regulates substrate binding and ATPase activity
stimulating the binding of ubiquitylated proteins and their delivery to the
proteasome [60]. The other chaperones are downregulated. FKBP5 encodes a
peptidyl-prolyl cis-trans isomerase FKBP51, that is a co-chaperone for Hsp90. [63].
HSPB3 protein belongs to the small heat shock protein family and interacts with
MKBP/HSPB2 in muscle cells [62]. DNAJC15 belongs to the HSP40/DNAJ family
of co-chaperones and acts as a Hsp70 activator by ATPase activity [63]. HSPA14
encodes a member of the Hsp70s family, the heat shock 70 kDa protein 14, smaller
than the other members and lacking a strong sequence homology [66]. DNAJC7 is
a co-chaperone that has been shown to interact with the protein UFD2b [65],
belonging to the U-box ubiquitin ligase [66].

Conclusions

DGJ was approved by FDA for the use on responsive mutations [69]. Several
positive reports have been accumulated since its approval [70-72]. Nonetheless
some concerns have been raised regarding its effectiveness [14,73]. It should not be
underestimated the fact that DGJ inhibits AGAL at neutral as well as at acidic pH,
and it is un-likely that it stabilizes the enzyme in the ER and does not inhibit it in
the lysosome [31]. For this reason, continuous administration of the drug as well as
over dosage are counterproductive. Several regimens were tested in a mouse model
and in cell models. It was demonstrated that an intermitting administration of DGJ
is more effective of daily administration in terms of substrate reduction [17,37].
Presently an intermittent regimen is adopted in patients, and 150 mg of the drug is

administered orally every other day. In this paper we showed that it is possible to
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combine drugs to potentiate the effects of DGJ. This finding opens the possibility
of prolonging the stabilizing effect of DGJ and lowering its inhibitory effect. In our
opinion, the fact the potentiators can be found among drugs, such as aspirin, that
have been used since long time for the chronicle treatment of patients, even if their
mode of action has not been elucidated, facilitates off-label usage for FD eligible

patients.

Materials and Methods

Materials

Cell culture media and reagents were purchased from Gibco; Fetal Bovine Serum
(South America) and trypsin from Euroclone. TRIzol™ Reagent was from
ThermoFisher Scientific; QuantiTect Rev.Transcription Kit from Qiagen; SYBR
Green from Biorad; cell transfection kit from InVitrogen.

pCMV6-AC vector encoding Galactosidase alpha (GLA) (NM_000169) Human
Untagged Clone was purchased from Origene and the vectors carrying individual
GLA mutants were then obtained as described in [25].

Enzyme assay substrate and inhibitor (4-methylumbelliferylgalactopyranoside and
N-acetylgalactosamine) and lysis-M reagent for protein extraction were purchased
from Sigma-Aldrich (Merck); SYBR Green and Bradford reagent from Bio-Rad.
AGAL Polyclonal Antibody (PA5-27349) and GAPDH Monoclonal Antibody
(MA5-15738) were purchased from ThermoFisher Scientific. Anti-mouse
secondary antibody (115-035-003) was from Jackson ImmuoResearch
Laboratories; anti-rabbit secondary antibody (170-6515) from Bio-Rad.

Specific primers for RT-gPCR were purchased from either InVitrogen (GLA) or
Sigma-Aldrich (RPLPO).

Fluorescence was detected using a Synergy HT Microplate Reader. qRT-PCR were
performed with a StepOnePlus™ Real-Time PCR System.

Statistical analysis and graphs drawing were performed with KaleidaGraph™ 4.5.

Cell cultures and stable transfections
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Cells were cultured in RPMI 1640 medium, supplemented with fetal bovine serum
10%, glutamine 2 mM, penicillin 0.5 mg/mL, streptomycin 0.5 mg/ml and non-
essential amino acids at 37°C in humidified 5% COx.

Patient-derived fibroblasts carrying a large deletion in GLA exons 3 and 4 were
obtained from Telethon Biobank and were immortalized as described by Miceli et
al [72].

Briefly the cells were co-infected with HPV16 E6/E7 and hTERT lentiviral vectors
(infection number 1). After a week, the cells were split and infected again only with
hTERT (infection number 2) and cultured until stabilization.

Immortalized fibroblasts (IF) were transfected with individual pCMV6-AC
plasmids carrying GLA mutants (IF-GLA-MUTSs) or with the empty vector (IF-
GLA-NULL) by electroporation. 5 108 cells from a 150 cm? plate were transfected
with 20 pg plasmid following the manufacturer’s instructions, then plated in a 60
cm? plate with an antibiotic free medium. 48 hours after the transfection, geneticin
0.1 mg/mL was added to the medium for the selection of transfected cells. Geneticin
concentration was slowly raised up to 0.4 mg/mL then brought back to 0.1 mg/mL

for maintenance. Treatments with drugs were performed in the absence of geneticin.

Quantitative real-time PCR

7 10° cells were plated in 60 cm? plate and let grown until 80-90% confluency. Cells
were harvested in Trizol reagent and stored at -20°C until usage. RNA was
extracted according to manufacter’s instructions. RNA integrity was verified by
electrophoresis on agarose gel, then 1 pg was reverse transcribed and 0.01 ug cDNA
was analysed. Primer sequences were 5’-TTCAAAAGCCCAATTATACAGAAA-
3’ (forward) and 5’-CTGGTCCAGCAACATCAACA-3’ (reverse) for GLA and 5°-
GACGGATTACACCTTCCCACTT-3’ (forward) 5’-
GGCAGATGGATCAGCCAAGA-3’ (reverse) for RPLPO. The 222 method [75]

was used to calculate the relative mRNA expression.

AGAL enzymatic activity assay
Cells from a 90% confluent 20 cm? plate were harvested in 100 uL Roche M

cOmplete lysis buffer and centrifuged at 14,000 x g for 10 minutes. The enzymatic
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activity assay was performed as described in [25] with minor changes. 40 pg protein
extract were incubated at 37°C for 60’ in Mcllvaine buffer pH 4.4, 0.4 mM 4-
methylumbelliferylgalactopyranoside and 8.7 mM N-acetylgalactosamine in a total
volume of 55 puL using a 96 multiwell. Reaction was stopped by addition of 140 uL.
GlyNaOH 1 M pH 10.5 and fluorescence at 340/445 nm ex/em was read. 4-
methylumbelliferone was used for the calibration curve. Then, nmol/min of product
per ug of proteins were calculated and each set of experiments was normalized

setting the DGJ monotherapy activity as reference.

Bioinformatics analysis

Candidates for protein-aspirin interactions were mined from the Biological General
Repository for Interaction Datasets (BioGRID,
https://thebiogrid.org/chemical/935/acetylsalicylic-acid.html) using
“acetylsalicylic acid” as the query.

We explored the Gene Expression Omnibus (GEO), looking for studies where
aspirin administration to human cell cultures resulted in differential gene
expression. We selected the GSE58162 Series because the experimental conditions
(72 hours treatment, 2.0 mM aspirin) are similar to those employed in our tests. We
used the interactive GEOZ2R tool (https://www.ncbi.nIm.nih.gov/geo/geo2r/), based
on the geoquery (v2.60.0) and limma (v 3.48.3) R packages, to evaluate the effect
of aspirin over gene expression.

The data in GSE58162 Series derive from 3 samples “Treated with 2.0 mM aspi-
rin” and 3 controls, “Untreated with aspirin”. Visual inspection of the mean-
variance trends convinced us to reject the constant variance approximation and use
precision weights. Both the trends and precision weights were calculated and
visualised with the vooma()function. Logarithm of Fold Change and its significance
were calculated using the eBayes() function, and the significantly differentially
expressed genes (DEG) were extracted with the topTable() function. The DEG list
was then intersected with two gene sets: chaperones [76] and proteasome [60]. A
slightly edited and reduced version of the R script used by GEO2R for DEG list

generation and subsetting is available as Supplementary File 3.
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Miscellaneous
Protein concentration was determined using the Bradford method and BSA as the
standard [77].

Immunoblot was performed as in [32], using 20 ug protein extract.

Supplementary Materials: The following are available online at
www.mdpi.com/xxx/s1, File S1: Differential expression analysis of GSE58162
GEO dataset; File S2: Proteasome-related and molecular chaperones genes list
derived from the GSE58162 GEO dataset analysis; S3: R script used for the
analysis.
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Abbreviations:

ABX: ambroxol

AGAL.: lysosomal alpha-galactosidase

ASA: acetylsalicylic acid (aspirin)

DGJ: 1-deoxygalactonojirimycin (Migalastat)

FD: Fabry Disease

IF-GLA-MUTs: immortalized fibroblasts transfected with individual pPCMV6-AC
plasmids carrying GLA mutants

IF-GLA-NULL: immortalized fibroblasts transfected with the empty vector
4-PBA: 4-phenylbutyrate
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10. DISCUSSION
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The relationship between missense mutations and pathological conditions is
complex and can be metaphorically described as “two sides of a coin”.

The inheritance of damaging mutations is the core of Mendelian diseases, which
accounts for almost all of the rare diseases currently known. On the contrary,
variants that are frequent in the population and are not pathogenic per se but have
an impact on the protein, might influence the course of different diseases.

The influence of genetic factors has had a great relevance in public opinion about
the pandemic emergence of COVID-19. The great variability of the phenotype,
ranging from asymptomatic individuals to the most severe manifestations that
required intubation, suggested the possibility of an individual predisposition. Since
the beginning of the emergence, much evidence have been published (Benetti et al.,
2020; Freitas et al., 2021; Latini et al., 2020; Saponi-Cortes et al., 2021).

The work presented in this thesis contributed to addressing this topic. In particular,
we identified five common variants in the general population which have different
allele frequencies in different populations and can be related to SARS-CoV* in
literature. Three of these variants were in the gene MBL2, encoding a mannose-
binding lectin with a fundamental role in innate immunity; one was in TMPRSS2,
the gene that encodes the serin-protease described to cleave the Spike protein on
SARS-CoV-2, before the virus internalization; the last one was in CD27, encoding
a receptor that connects the CD4 and CD8 branches of the immune system. The
different frequencies of these mutations in the different populations were correlated
with the incidence and/or mortality rates in the different associated countries.
Many factors contribute to the difficulty of establishing such a kind of correlation:
socio-behavioural habits, politics, the possibility of co-existence with other viruses,
and so on. Thus, the suggestion that the host genetic background is of utmost
importance in the COVID-19 course, found strong support in the analysis of whole-
exome sequencing data from patients. The analysis of a large cohort of Italian
patients (1177) showed the previously identified TMPRSS2 variant p.Val197Met as
an important predictive factor. In particular, a relevant protective effect of this
variant was revealed in two sub-cohorts of patients: young men (age < 60 years)
and elderly women (age > 58 years). TMPRSS2 is regulated by sexual hormones;

its expression is induced by androgens, while estrogens (especially estradiol) have
186



the opposite effect. Thus, it is not surprising that two identified categories show the
greatest sensitivity to the mutation, for the opposite reasons: 1) young men would
be at higher risk because of the highest androgens amount; 2) elderly women would
be at higher risk because of the lowest estrogens amount. Both the categories would
have the higher expression of TMPRSS2, thus they would benefit the most from its

destabilizing mutation.

Missense mutations play a central role in rare diseases.

Almost 80% of rare diseases are genetic diseases, and nearly all of them are
Mendelian diseases, which means they are caused by mutations in a single gene
(Rahit & Tarailo-Graovac, 2020).

“Rarity” has not been defined in the scientific community, since different countries
refers to different definitions. Nevertheless, the characteristic of being rare implies
many difficulties that are common to diseases very different from each other. For
example, the diagnosis is a major challenge in these cases. Many different rare
diseases share common symptoms and phenotypical aspects, thus the expertise and
the experience required from the medical doctors are not commonly found.
Moreover, the differential diagnosis needs to be supported by genetic and
biochemical tests. In particular, the advent of next-generation sequencing and the
possibility to perform whole-exome sequencing represented a game-changer in the
field (Alkuraya, 2021).

WES allows an overview of the most interesting mutations in the genome, i.e. the
ones occurring in coding regions. Typically, by WES analysis, mutations of interest
can be identified, then a validation based on bioinformatics and biochemistry is
required. The effect of a mutation on the protein is variable, and needs to be tested
in silico, in vitro and, if possible, in vivo.

In the present work, we investigated four cases of Beckwith-Wiedemann syndrome
associated with Multi-Locus Imprinting Disturbance, confirming the phenotype-
based diagnosis. WES analysis was followed by in silico prediction of the
mutations’ effects. Our results supported the role of PADI6 as a maternal effect
gene and strongly established its role in imprinting disorders, identifying five novel

mutations carried by the patients’ mothers. The most interesting case was
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represented by our family 1, where the healthy mother of two girls with BWS was
carriers of a truncating mutation and a deleterious missense one. The presence of
the truncating variant in the grandmother highlighted the insufficiency of
monoallelic inactivation to cause BWS in the progeny. The pedigree of family 1,
with a more severe maternal PADI6 genotype associated with two affected siblings,
also suggested that the severity of the variants may influence recurrence risk.

Among the characteristics associated with rarity, the lack of a cure is a big issue.
Some patients benefit from symptomatic treatments, that ameliorate the phenotype
but do not represent a cure.

Also, drug discovery in the field of rare diseases faces many difficulties. In
particular, the duration and costs associated to de novo drug discovery render it less
attractive for pharmaceutical industries and investments. In this work, two different
approaches were presented to search for drugs to cure rare diseases.

On the one side, the canonical approach was used to search for a pharmacological
chaperone; on the other side, a drug repositioning strategy was applied to identify

approved drugs that potentiate pharmacological chaperones.

Phosphomannomutase-2 deficiency is a rare disease currently lacking any
therapeutic option. It is caused by mutations in the gene PMM2, whose complete
absence is non-compatible with life (Van Schaftingen & Jaeken, 1995). Thus, each
patient carries at least one missense destabilizing mutation and retains some
enzymatic activity, thus it would be in principle treatable with a pharmacological
chaperone approach. PCs can be found using two different approaches: 1) through
the screening of large library molecules; 2) starting from structures of known
protein ligands.

First-generation pharmacological chaperones are usually substrate analogous, that
binds the active site. We performed our discovery using this second procedure and
investigated the suitability as a PC of the § anomer of glucose-1,6-bisphosphate, an
enzyme activator. In silico analysis revealed the binding of the molecule, which
was then confirmed in vitro. B-Glc-1,6-P was synthesized, purified, and

characterized by 3!P-NMR. Its chemical characteristics allow a good separation in
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terms of ppm of the 3!P-NMR signals with respect to those of the a-Glc-1,6-P. This
feature allowed the possibility of analyzing the different behaviors of the sugars.
B-Glc-1,6-P acts as a classical pharmacological chaperone: it binds the active site,
stabilizes the wt and the pathogenic mutants, but inhibits the enzymatic activity.
The greatest advantage represented by the f anomer is its resistance to hydrolysis
from a specific phosphatase, namely PMM1.

PMML1 is the paralogous enzyme of PMMZ2, that has a strong phosphatase activity
on bisphosphate sugars. In particular, its phosphatase activity is enhanced by the
presence of inosine monophosphate (IMP). We could prove that B-Glc-1,6-P is
more resistant to PMM1 hydrolysis. The differences with the a-Glc-1,6-P become
more evident when the two anomers are mixed, indicating that the o anomer is a
preferential substrate, but most importantly, in the presence of IMP. In fact, in these
conditions ,a-Glc-1,6-P is completely hydrolysed, while the percentage of residual
B-Glc-1,6-P is around 70%. For these reasons, we believe that the pharmacokinetics
of B-Glc-1,6-P could be superior to those of a-Glc-1,6-P, making this sugar a lead
compound to develop PCs for phosphomannomutase-2 deficiency. The main future
perspective associated to this drug development is related to the enhancement of its
bioavailability. In fact, the entrance of such a polar molecule inside the cells
requires a strategy. Two options are suitable: 1) chemical modification with
hydrophobic derivatives that would be cleaved once the pro-drug is inside the cell;

2) use of liposomes.

Beside the ease of their discovery, first-generation PCs developed starting by the
substrate chemical structure have a disadvantage, since they also act as enzyme
inhibitors. This is the case, for example, of the approved PC for the Fabry-Anderson
disease, namely 1-deoxygalactonojirimycin (DGJ). DGJ is currently used as a
therapeutic option with an intermittent regimen.

Recently, the FDA approval of combined therapy for cystic fibrosis revealed the
efficacy of potentiating PCs effects by combination with drugs influencing other
pathways, such as proteostasis (Ridley & Condren, 2020).

Our aim was to apply this approach to Fabry disease, to reduce the side effects

caused by the use of DGJ. To this scope, we established versatile cell models,
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starting from immortalized FD fibroblasts carrying a large deletion of two exons in
the gene GLA, the gene that encodes a-galactosidase A (AGAL). These cells were
stably transfected with different AGAL mutants. Since testing proteostasis
regulators under conditions of super-expression is not appropriate, thus we selected
the cell lines with GLA expression comparable to that of healthy fibroblasts.

Drug repositioning, i.e. the application of an approved drug for a new therapeutic
purpose, represents a convenient approach to reduce the drug discovery timing. We
employed this methodology to test the usefulness of acetylsalicylic acid (aspirin) as
DGJ enhancer. The combination of drugs was tested on different pathogenic mutant
cell lines, and the enzyme activity was compared to the monotherapy with DGJ.
Immunoblots were then used to validate the results and appreciate the increase of
different AGAL forms, namely the precursor and the active form.

Our results supported the hypothesis and showed that the continuous treatment with
aspirin prolongs DGJ stabilizing effect and enhances AGAL quantity in cells.

The paper presented in chapter nine is currently under revision and it is here
presented in its submitted version. It is noteworthy to mention that the revision
process pointed out new results, that will be included in the future published
version. In particular, a long-term treatment performed with the combined therapy
indicated a reduction of the AGAL substrate (Gb3), which typically accumulates in
FD patients.

The mechanism of action of aspirin in increasing AGAL is not fully understood.
Bioinformatics analysis of transcriptomics data available in literature leads us to
hypothesize a general under-regulation of the proteasome associated genes and a
differential expression of molecular chaperones, that would act synergically.
Proteomic analysis on aspirin-treated vs untreated cells confirmed a general
influence of this drug on proteostasis.

The benefits of drug repositioning for rare diseases are huge.

The cell lines and the methodology that we established allow an easy screening of

approved drugs and nutraceuticals, that we are currently testing.
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