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Abstract

2. ABSTRACT

Aicardi-Goutiéres syndrome (AGS) is a rare genetic disorder that mainly affects the nerv-
ous system of pediatric individuals. Specifically, this disease causes a progressive en-
cephalopathy related to motor impairment and alteration of normal neurodevelopment.
This disease is also characterized by the presence of brain calcifications due to chronic
inflammation mediated by high levels of alpha interferon (IFNa). As overproduction
IFNa in represents a key aspect in cerebrospinal fluid and blood of over 85% of AGS-
affected patients, this condition belongs is classified amongst the type I Interferonopa-
thies. AGS is defined as a monogenic disorder currently associated with mutations in 9
genes (TREX1, RNASEH2A, RNASEH2B, RNASEH2C, SAMHD1, ADAR, IFIHI, LSM11
and RNU7-1), all of which encode for proteins or transcripts involved in nucleic acid
metabolism and signaling.

In this thesis work, a pathologic variant of the RNU7-1 gene (AGS9) was analyzed. This
gene encodes for the U7 small nuclear RNA (U7 snRNA), an essential component of the
U7 snRNP complex. The function of U7 snRNP is to operate the endonucleolytic cleav-
age of the poly-A tail in replication-dependent histones (RDHs) pre-mRNAs during their
maturation process. RDHs genes encode the four core histones (H2A, H2B, H3 and H4)
and the linker histone family (H1). In AGS, mutations in RNU7-1 have been linked to
defects in U7 complex synthesis, resulting in the production of aberrant RDHs isoforms
that possess a poly-A tail. Therefore, newly synthesized histone proteins present dys-
functional stoichiometry that affects chromatin structure. In this condition, chromatin is
recognized as a foreign genome and activates the innate immune cGAS-STING cascade,
leading to increased type I IFN production and induction of transcription of interferon-
stimulated genes (ISGs).

As RNU7-1 (AGS9) is the least characterized AGS-related gene, the overall aim of this
project is to dissect its role in AGS pathogenesis. To this end, this work both investigated
canonical AGS features such as the potential upregulation of IFNa and ISGs, and specific
outcomes of a RNU7-1 pathologic variant in primary dermal fibroblasts obtained from
an AGS9 patient and compared to a healthy age- and sex-matched control. Total RNA
was extracted with TRIzoL™ reagent, and the gene expression was determined by Real-
Time qPCR. ELISA, Western Blot analysis and immunofluorescence were performed to
assess protein expression. MTT assay was used to investigate cell viability. RNA im-
munoprecipitation (RIP) was carried out to assess the physical association between pro-
teins and target RNAs. Transmission Electron Microscopy (TEM) was used to identify
eventual alterations in subcellular compartments and specific staining assays were per-
formed to assess basal mitochondrial metabolism and nascent protein synthesis. Lastly,
RNA sequencing was carried out to provide a comprehensive view of the transcriptomic
differences between AGS9 and control cells.

Results of this thesis work pointed out an altered RNA morphology of U7 snRNA that
leads to affects its subcellular localization in AGS9-derived fibroblasts. Moreover, al-
tered expression of two AGS-related genes, (both the isoforms of ADARI and
RNASEH?2B) in fibroblasts carrying the pathologic variant of RNU7-1 was highlighted,
confirming the strong cooperation between AGS genes in nucleic acid metabolism.
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The activation of the interferon signature (IS) in response to the mutation was observed,
with upregulated ISGs and increased IFN score in fibroblasts and whole blood, reinforc-
ing the connection between the RNU7-1 variant and interferon dysregulation. An anti-
inflammatory compound, hydroxychloroquine, was then tested to determine its potential
effectiveness in reducing IS and [FNa production. Results proven the decrease of both
ISGs and IFNa in AGS9 cells with also a partial restore of cell viability in AGS9 fibro-
blasts.

As aberrant morphology of U7 snRNA could affect its functioning in U7 snRNP, RIP
analysis was performed and a decrease in physical association between U7 snRNA and
ZFP100 was reported.

RNA-sequencing analysis then confirmed the alteration of multiple pathways related to
neuron function and interferon signaling in AGS9 fibroblasts. Moreover, transcriptional
changes in AGS9 cells were related to chromatin structural components. Specifically, it
was highlighted that genes involved in histone post-translational modifications were
strongly affected. Aberrant RDH histone processing was also confirmed through Real-
Time qPCR, western blot and immunochemistry. Moreover, TEM analysis reported a
lack of chromatin in AGS9 nuclei, thus reinforcing RNAseq results.

Since TEM analysis also revealed smaller mitochondria and reduced localization of ribo-
somes on ER membranes in AGS9 cells, Mitotracker, Mitosox and Click-iT staining as-
says were carried out to assess mitochondrial activity, ROS production and nascent pro-
tein production, respectively. Results demonstrated a reduced basal mitochondrial activ-
ity together with an increase production of ROS, and a reduced nascent protein produc-
tion in AGS9 fibroblasts.

In conclusion, these insights contribute to a more comprehensive characterization of
AGS, shedding light on potential therapeutic targets and emphasizing the need for further
research into the intricate molecular mechanisms underlying this debilitating syndrome.
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3. ABBREVIATIONS
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4. INTRODUCTION

4.1 Aicardi-Goutieres Syndrome: overview

Aicardi-Goutiéres Syndrome (AGS) is a rare and genetically determined pediatric disor-
der firstly discovered in 1984 by the two neurologists from whom it was named, Jean
Aicardi and Frangoise Goutieres (1). AGS has a prevalence between 1/93,000 and
1/167,000 living births (2), it mainly affects females and only few cases are described in
Klinefelter patients (3,4). This condition is an early-onset encephalopathy associated
with severe intellectual and physical disabilities that usually manifest between the first
four months to 3 years of life (5). Clinical signs of AGS include developmental halt, basal
ganglia calcifications, persistent lymphocytosis, and increased levels of multiple proin-
flammatory cytokines, especially interferon-o (IFNa) in both the serum and the cerebro-
spinal fluid (CSF) (6,7).

This disease was initially documented in 8 newborns from 5 different families who all
manifested serious inflammatory signs (e.g. fatigue, loss of psychomotor skills, spastic-
ity, and intermittent fever) in absence of detectable immunological stimuli (8). Since
most of these symptoms are common to multiple disorders (9), the differential diagnosis
of AGS is essential to exclude pathological conditions such as the TORCH complex
(Toxoplasma, Other, Rubella, Cytomegalovirus, Herpes simplex), Cockayne syndrome,
cerebroretinal microangiopathy with calcifications and cysts (CRMCC) and multiple
metabolic disorders including parathormone metabolism disorders, biotinidase defi-
ciency, and 3-hydroxyisobutyric aciduria (10). Along with the ordinary clinical signs,
AGS individuals may display extended white matter hypodensities, chilblains, bilateral
spasticity, ocular jerks, acquired progressive microcephaly, and dystonia (6).

Following the identification of other cases, it has been hypothesized that AGS was a he-
reditary disorder with an autosomal recessive inheritance. AGS is indeed defined as a
monogenic disorder currently associated with mutations in 9 genes (TREXI, RNASEH2A,
RNASEH2B, RNASEH2C, SAMHD1, ADAR, IFIHI, LSM11 and RNU7-1), all of which
encode for proteins or transcripts involved in metabolism and uptake of nucleic acids
(11,12). The first gene linked to Aicardi-Goutiéres syndrome (TREXT) was identified in
2000 by Crow and colleagues through a genome-wide linkage study on 23 AGS patients
(13). The same group of researchers also identified the rest of AGS genes, concluding
with LSM11 and RNU7-1 in 2020 (14). Except for TREXI and ADAR1, which have both
autosomal recessive and autosomal dominant inheritance, and /FIHI, which only has
autosomal dominant inheritance, all AGS genes exhibit an autosomal recessive pattern
of inheritance (7).

4.2 Clinical manifestations

AGS frequently manifests in patients between 4 to 36 months of age usually after a period
of apparently normal development, but it may also appear as a neonatal form within the
first week of birth (15). Pregnancy and delivery are indeed normal in approximately 80%
of AGS infants (16). In most cases, the first signs of the disease are extreme irritability,
a moderate intermittent febrile state (38-38.5 °C), loss of psychomotor skills, spasticity,
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and microcephaly due to reduced head circumference growth, as well as signs of neuro-
logical impairment (8).

In the neonatal form, feeding difficulties, sleep-wake rhythm disturbances, hepatosple-
nomegaly, thrombocytopenia, and anemia were also reported (17). Prenatal onset of AGS
was also hypothesized through the identification of brain calcifications and reduced
growth of the head in-utero (18,19). This condition was then confirmed in 2019 when
Bourgon and his collaborators described a fetus with a homozygous mutation in 7TREX]
showing the typical signs of the disease (i.e. hepatosplenomegaly, microcephaly, calcifi-
cations in the basal ganglia) and died 9 days after birth (20).

4.2.1 Neurological signs

AGS infants commonly show diffuse neurological features that occur together with de-
velopmental delay (16). These symptoms include truncal hypotonia, lethargy, irritability,
poor head control, and distal spasticity (21). Additionally, patients show extrapyramidal
signs such as dystonia, buccal-lingual dyskinesia, persistent application of archaic re-
flexes, and abnormal eye movements probably associated with reduced vision (21,22).
The neurological component of AGS represents a heterogenous apect of the disorder that
could lead to differences in the severity of the symptoms, including between siblings
(23). For instance, some AGS children may have a normal head circumference, even if
the majority of the patients display a severe acquired microcephaly (Figure 1) (16).

Figure 1. Photography of a patient at the age of 3 years with microcephaly (24).

Lastly, one peculiar feature of AGS is the development of aberrant startle reflexes defined
as “startle reaction”. This phenomena typically occurs as a physiological reaction to a
sudden unexpected impulse (25). However, AGS patients also exhibit these reflexes in
response to modest sensory stimuli (10). The genesis of startle reaction is mainly not
epileptic but it is challenging to distinguish this condition from epilepsy (16).
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4.2.2 Extra-neurological signs

Alongside neurological changes, AGS patients frequently exhibit extra-neurological
signs. Chilblains, a skin condition of the hands, feet, and ears represent the most im-
portant extra-neurological manifestation of the disease and it affects approximately
31.2% of the patients (Figure 2) (7). AGS affected subjects can also manifest epidermal
necrosis with intraepidermal bulla and papule in addition to chilblains (13).

Figure 2. Chilblains with areas of necrosis and crust development were visible in a 2-year-old patient on:
(a) hands, (b) feet, (c) ear. (26).

Glaucoma is the second most prevalent extra-neurological characteristic of AGS and af-
fects about 6.3% of patients (7). Other extra-neurological signs include hypothyroidism
(3.9% of patients), hypertrophic cardiomyopathy (3.3%), insulin-dependent diabetes
mellitus, increased levels of autoantibodies, micropenis, transitory antidiuretic hormone
deficiency, hepatosplenomegaly, hemolytic anemia, overproduction of transaminases,
and transitory thrombocytopenia (7,10,16).

4.3 Diagnostic criteria

Despite recent advances in research, the diagnosis of AGS is still challenging as no bi-
omarker has been specifically associated with this condition yet (27). For this reason, it
is crucial to keep surveillance on patients over time to monitor the appearance of novel
clinical or neuroradiological criteria that could help in the diagnosis of the syndrome
(28). The diagnostic process of this disorder is indeed based on a combination of clinical
and imaging features (10).

In the early stages of the disease, increased expression of IFNa in the CSF and serum
represents an important diagnostic aspect in over 85% of AGS patients (29). Brain calci-
fications are also a quite specific finding for this condition, even if they are often difficult
to be detected on magnetic resonance imaging (MRI) (9). For these reasons, genetic test-
ing is crucial to confirm the AGS diagnosis (27).
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4.3.1 Neuroradiological aspects

Intracranial calcifications, cerebral atrophy, and leukodystrophy are the main neuroradi-
ological characteristics of AGS (10).

More than 90% of AGS individuals show brain calcifications in the thalami, deep white
matter, and lentiform nuclei; a small percentage of patients also exhibit striatal necrosis
(9). It should be emphasized that calcification is physiological during aging, and a dis-
tinction should be made between metastatic calcification, which is caused by a calcium
metabolism disorder (i.e. hypo or hyperparathyroidism), and dystrophic calcification,
which is caused by several pathologies affecting different brain districts (30).

Two procedures are commonly used to assess the existence, localization, and severity of
brain calcifications: computed tomography (CT), which is the first-choice neuroimaging
technique, and MRI.

Calcifications, which appear as calcium deposits, might have a punctate or broad pattern,
and there is no association between the existence of these abnormalities and the severity
of the illness (16,21) (Figure 3).

96
Q .

Figure 3. CT scan examples of intracranial calcification in AGS patients. (A, B) The basal ganglia, (C) den-
tate nuclei of the cerebellum, (D) periventricular distribution and (E) deep white matter all exhibit calcifica-
tions (15).

A diagnostic challenge in AGS is in part due to the difficulty in discriminating the disease
in comparison to others, and, in part, to the clinical and radiological variability of the
condition (31). Brain atrophy also demonstrated a variable distribution pattern, ranging
from cortical atrophy to basal ganglia atrophy. White matter atrophy is implicated in
99.2% of AGS cases, and many individuals also exhibit substantial brainstem and cere-
bellar atrophy. Furthermore, absence of corpus callosum has been reported too (32) (Fig-
ure 4).
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MRI_Aicardi syndrome

Figure 4. T2-weighted MRI scan of a three-month-old girl with Aicardi syndrome showing absent corpus
callosum, ventricular asymmetry, bilateral polymicrogyria, bilateral periventricular nodular heterotopia, and
closed lip schizencephaly in the left posterior parietal lobe (33).

4.3.2 Cerebrospinal fluid (CSF)

The CSF protects the central nervous system (CNS) by preserving metabolic homeosta-
sis, providing nutrients, and regulating intracranial pressure (34). The diagnostic process
in AGS includes the CSF analysis as it is essential to identify two important pathologic
features: raised IFNa levels (>2 Ul/ml) and persistent CSF lymphocytosis (>5-100
cells/mm?) in absence of demonstrable infections (6). Both features are more pronounced
in the early stages of the disorder and tend to decline after the first year of life (17). [IFNa
levels are elevated in patients' plasma as well, but this aspect is often less pronounced
than in the CSF, so it does not have the same diagnostic relevance (21). Cases of affected
children with both elevated IFNa levels and low lymphocyte levels have been reported
in the literature, demonstrating that the two conditions do not always coexist (16).

Since discriminating AGS inflammatory markers from the ones deriving from a congen-
ital infection can be challenging, a study on this topic has been published in 2008 by Dr.
Van Heteren and colleagues. Their work examined several cytokines overexpressed in
AGS patients and those produced during a viral infection, indicating CXCL10 as a po-
tential candidate marker for the diagnosis of AGS (35). This cytokine is indeed a potent
chemoattractant for activated lymphocytes that could be responsible of CSF lymphocy-
tosis in AGS (10). On the other hand, the two factors IL-6 and CXCLS8 have been found
to be detectable only during viral infections (35). Other potential CSF markers in AGS
have been recently discovered: neopterin and biopterin (36). These molecules both be-
long to the class of the pteridines, heterocyclic compounds secreted from the T Helper
cells during the immune response (37,38). For this reason, the concentration of pteridines
in CSF is a helpful indicator of the inflammation status in AGS (39).

4.3.3 Interferon signature

Since the increased production of IFNa unites multiple disorders, including systemic lu-
pus erythematosus (SLE) and AGS, the term "interferon signature" (IS) has been intro-
duced (29,40,41). IS refers to the upregulation of multiple interferon-stimulated genes
(ISGs) during a pathologic condition, and it is often evaluated to monitor the patient-
specific response to therapeutic treatments (29).

10
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The ISGs family is composed of more than 100 members (42), but only 6 have been
linked to AGS: IFI27, IF144, IFITI, ISG15, RSAD2, and SIGLECI (29). Specifically,
when the transcription level of those genes rises over a defined threshold level, the IS is
considered positive (29). Even if the specific molecular function of each ISG has not
been discovered yet, some of them have already been related to specific pathways. IFI27,
for instance, has been linked to mitochondrial oxidative stress (43) (Figure 5). On the
other hand, negative IS cannot rule out the presence of AGS as 31% of patients with gene
mutations in RNASEH2B do not exhibit an increase in ISGs (1,11).
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Figure 5. Molecular functions of ISGs (43).

4.4 AGS and Type I interferonopathies

Interferons (IFNs) are a family of polypeptides classified into three major groups: type |
IEN (IFNa, IENB, IFNo, IFNg), type II IEN (IFNY), and type IIT IFN (IFNA) (44). All of
them exert antiviral properties, but their specific mechanisms of action differ depending
on the IFN subtype (40). Isaacs and Lindenmann firstly identified and characterized the
type I IFN over 60 years ago, describing it as a soluble factor capable to prevent the
spread of the influenza virus (45). IFNs are currently associated with multiple biologic
activities, including cellular proliferation, differentiation, and metabolism as well as im-
mune system activity and cancer formation (46,47). 17 different genes on human chro-
mosome 9p encode for type I IFNs and the most abundant one is [FNa, a family com-
posed of at least 15 subtypes (48). The physiological concentration of IFNa in the blood
is lower than 2 IU (International Unit) per milliliter. During a viral infection IFNa can
reach peaks of 5000 [U/milliliter (1). Almost every cell subtype can produce type I IFNs
(49), but plasmacytoid dendritic cells are the principal source of them in serum (50). On
the other hand, astrocytes and microglia are the major producers of this compound in
CNS, where it protects the brain from viral infections (51,52). If production of IFNa
exceeds the normal threshold, it leads to toxic consequences and to the condition of “in-
terferonopathy” (53).
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Considering that the constitutive upregulation of type I IFNs is relevant to the pathogen-
esis of AGS, this disorder belongs to the type I interferonopathies (7). SLE was the first
condition connected to this family of diseases, whereas AGS was the first monogenic
pathology to be related to an increase of type I IFNs.

Other conditions included within the category of type I interferonopathies are spondylo-
enchondromatosis (SPENCD), which is brought on by mutations in the ACP5 gene, fa-
milial chilblain lupus, related to mutations of TREX] and SAMHD1 (which are also re-
lated to AGS), and Singleton-Merten syndrome, caused by mutations in /F/HI (one of
the genes also linked to AGS) (1).

4.4.1 Mechanisms of interferon induction

Multiple signaling cascades lead to the production of IFNa, and they all start with the
recognition of immunostimulatory nucleic acids (NAs) (54). NAs that trigger the produc-
tion of IFNa include endogenous damaged DNA or RNA, DNA:RNA hybrids, and viral
genomes such as double stranded DNA (dsDNA), single stranded DNA (ssDNA), or dou-
ble stranded RNA (dsRNA) (55). The primary intracellular DNA sensor is the guanosine
monophosphate-adenosine (cGAS) which catalyzes the production of the 2',3'-linked di-
nucleotide cGAMP upon DNA binding (56). The endoplasmic reticulum (ER) transmem-
brane adaptor protein stimulator of interferon genes (STING) is then activated by
cGAMP and subsequently reaches the Golgi apparatus (57). At this point, the C-terminal
tail of STING recruits and activates the TANK-binding kinase 1 (TBK1) that in turn
phosphorylates the IFN regulatory factors 3 (IRF3) and nuclear NF-kB. IRF3 then trans-
locate to the nucleus and promotes the transcription of IFNf and the IFN regulatory factor
7 (IRF7), which is responsible for the secretion of [FNa and its autocrine signaling cas-
cade (54,55,57).

Another pathway discovered for IFN activation includes the RIG-I-like helicase (RLH),
the retinoic acid inducible gene-I (RIG-I) and the melanoma differentiation-associated
gene 5 (MDAS), which together recognize viral dsRNA in the cytoplasm. RIG-I and
MDAS together activate TBK 1, which phosphorylates and activates IRF3 and IRF7, al-
lowing gene transcription of IFNa and B (58). Once produced, Type I IFNs bind to the
plasma membrane-based heterodimeric interferon-o/p receptor (IFNAR). This receptor
is composed of two subunits: IFNAR1, which is the main component of intracellular
signal transduction, and IFNAR2, which is mainly involved in the binding of the ligand
(59). The binding of type I IFNss to their receptor leads to the activation of the JAK-STAT
pathway that induces the transcription of ISGs (60) (Figure 6).
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Figure 6. cGAS-STING and JAK-STAT pathways in type I IFN signaling (60).

4.5 Genetic insights of AGS

As mentioned before, AGS is a rare genetic disorder associated with mutations in 9 genes,
all encoding for proteins or transcripts involved in metabolism or uptake of NAs (7) (Ta-
ble 1). Despite the fact that a dominant inheritance has been emphasized for some genes,
AGS is mostly defined by a recessive inheritance pattern (15).

GENE LOCUS ‘ INHERITANCE
TREXI1 (AGS1) 3p21 AR, AD
RNASEH2B (AGS2) 19p13 AR
RNASEH2C (AGS3) 13q14 AR
RNASEH2A (AGS4) 11q13 AR
SAMHDI1 (AGSS) 20q11 AR
ADARI (AGS6) 1921 AR, AD
IFTH1 (AGS7) 2q24 AD
LSM11 (AGSS) 5p12 AR
RNU7-1 (AGS9) 3q22 AR

Table 1. AGS-related genes names, location on chromosomes and pattern of inheritance. AR: autosomal
recessive, AD: autosomal dominant.

Moreover, recent literature descriptions of five individuals with mutations in RNASET2
and AGS-like phenotypes raise the possibility that it may be included as a new AGS-
related gene (13).
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451  TREXI (AGSI)

The first gene linked to AGS is the three-prime repair exonuclease 1 (TREX/) and it was
identified on chromosome 3p21 by Crow and colleagues in 2000 (61). This gene encodes
for the enzyme DNA-specific 3’25’ exonuclease (DNase III) that is involved in DNA
repair mechanism. DNase III is indeed part of a complex that normally resides in cyto-
plasm, but in case of oxidative DNA damage, it migrates to the nucleus (62). Specifically,
when a DNA strand breaks, the DNase III removes the mismatched 3' terminal deoxyri-
bonucleotides by acting on single strand DNA (63). Mutations of this enzyme cause the
accumulation of altered DNA that triggers the autoimmune response, leading to different
autoimmune disorders, including AGS, SLE (64), retinal vasculopathy with cerebral leu-
kodystrophy and familial chilblain lupus (62,65) (Figure 7). Since mutations in this gene
may also cause an accumulation of RNA, it has been demonstrated that TREX] is not just
a DNA exonuclease but it may also act as an exoribonuclease (60).
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Figure 7. TREXI activity and point mutations associated to immune-related diseases. TM, transmembrane
domain (63).

452  RNASEH2B (AGS2), RNASEH2C (AGS3), RNASEH2A (AGS4)

RNase H2 is an enzymatic complex composed of three subunits that operate the endonu-
cleolytic cleavage of erroneous ribonucleotides integrated into RNA:DNA duplexes (66).
The three subunits (A, B and C) of RNase H2 are encoded by RNSEH2A4 (AGS4),
RNASEH?2B (AGS2), and RNASEH2C (AGS3), respectively (67). RNASEH?2B is located
on chromosome 13q14 and encodes the catalytic domain of the complex; RNASEH2C is
located on chromosome 11q13, whilst RNASEH2A maps on the short arm of chromosome
19 (19p13) (66) (Figure 8).
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Figure 8. (A) Diagram of the AGS4 critical region and genetic map of chromosome 13q14, (B) diagram of
the AGS3 critical region and genetic map of chromosome 11q13, (C) diagram of the critical region AGS2
and genetic map of chromosome 19p13 (66).

The link between RNase H2 and AGS was pointed out in 2006 (66) when Crow and
colleagues identified six patients with canonical AGS symptoms. Specifically, it was dis-
covered that biallelic mutations in RNASEH2A4, RNASEH2B and RNASEH2C result in
accumulation of RNA:DNA hybrids that cause the hyperactivation of the IFNa-mediated
immune response (68).

453  SAMHDI (AGS5)

SAMHDI (AGSS) is the fifth gene related to AGS and it was identified in the long arm
of chromosome 20 (20q11) by Rice and colleagues in 2009 (Figure 9).
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Figure 9. Diagram of the critical region SAMHD1 and genetic map of chromosome 20q11 (69).

This gene encodes a deoxynucleotide triphosphohydrolase that helps to maintain the sta-
bility of the genome by limiting the replication of mutagenic retroelements (69). Specif-
ically, SAMHDI1 binds both ssDNA and ssRNA and prevent the effective completion of
reverse transcription (70).
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Inactive SAMHDI1 is composed of monomers that are activated into tetramers in the pres-
ence of dGTP trough a multi-step reaction (71). Mutations in SAMHD] cause the migra-
tion of the enzyme from the nucleus to the cytoplasm (72).

In this condition, SAMHDI is no longer able to prevent retrosynthesis of viral NAs, lead-
ing to an intracellular increase of “non self” genomes. As a consequence, the
cGAS/STING pathway is activated and induces the production of type I [FNs that leads
to the overexpression of ISGs (73).

454  ADARI (AGS6)

Adenosine deaminases acting on RNA (ADARSs) are enzymes that catalyze the chemical
conversion of adenosines to inosines in dsSRNA substrates. Inosine forms two hydrogen
bonds with cytosine and it is indeed recognized as guanosine by the translational cellular
machinery (74). Adenosine-to-inosine (A-to-I) RNA editing effectively changes the pri-
mary sequence of RNA targets, thus discriminating “self” to “non-self” RNAs and pre-
venting activation of innate immune response (75). Mammalian genomes encode three
ADARs: ADAR1 and ADAR?2, which are the catalytically active enzymes, and ADAR3,
which has an inactive catalytic domain (76). In mammals, ADARI1 is encoded by a single-
copy gene which maps to human chromosome 1921 and presents two RNA isoforms: a
constitutive expressed short isoform (p110), and a full-length isoform (p150) which is
IFN-inducible (77). ADARI structure consists of a catalytic deaminase domain at the C-
terminus, three dsSRNA-binding domains in the middle, and one ZDNA-binding domains
at the N-terminus (Zp). In addition, the human ADAR1 p150 isoform has an extra 295
amino acids at the N-terminus that are made up of a nuclear export signal and an extra Z-
DNA/Z-RNA-binding domain known as Za (78) (Figure 10).
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Figure 10. Organization of domains in ADAR1, ADAR2 and ADARS3 proteins. Za, Z-RNA binding domain;
NES, nuclear export signal; NLS, nuclear localization signal (79).

Mutations in ADAR]I are associated with the development of AGS (80). Specifically, mu-
tated ADARI is not able to operate A-to-I RNA editing anymore, leading to the recog-
nition of endogenous RNAs as “non self” with subsequential activation of the innate im-
mune system and major IFN production (81).

4.5.5 IFIHI (AGS7)
IFIH]I (interferon induced with helicase C domain 1) is a human gene located in the long

arm of chromosome 2 (2q24.2) that has been linked to AGS by Rice and colleagues in
2014 (82).
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IFIH]I (sometimes referred to as AGS7) is the only AGS-related gene that exclusively
exhibits a dominant pattern of inheritance, and it encodes the melanoma differentiation
associated protein 5 (MDAS). MDAS is a cytoplasmic helicase receptor that can trigger
an interferon response in response to viral dSRNA (83). Specifically, this protein is one
of the three RIG-I-like receptors (RLRs), and it is ubiquitously expressed at low levels
in mammals (84,85). MDAS has a central helicase domain that is responsible for the
RNA-binding and RNA-dependent ATP hydrolysis, and two N terminal caspase activa-
tion and recruitment domains (CARDs) that are involved in activating mitochondrial an-
tiviral-signaling proteins (MAVS). This enzyme also contains a DExD/H-box RNA hel-
icase domain, and a C terminal domain (CTD) that represent additional components in-
volved in RNA binding (85) (Figure 11).
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MDAS [Fhﬁi CARD HEL1 HEL2i HELZ | P | CTD
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Figure 11. Protein domains organization of MDAS and point mutations related to AGS (84).

In physiologic conditions, MDAS signaling pathway only activates when this receptor
binds “non-self” dsRNA, such as viral genomes and polynosinic RNAs (84). In this in-
stance, MDAS5 CARD tandem domains activate MAVS on the outer mitochondrial mem-
brane, causing the activation of TBK1, the phosphorylation of IRF3 and the following
induction of transcription of type I IFN and ISGs (86).

In AGS, aberrant MDAS improperly activates its molecular pathway by interacting with
cellular RNAs, determining a spontaneous signal that leads to chronic type I IFN produc-
tion (87).

4.5.6 LSM11 (AGS8) and RNU7-1 (AGSY9)

In 2020, Uggenti and colleagues identified two new genes associated with AGS pheno-
type in a recessive pattern of inheritance: LSM11 and RNU7-1 (14). The Sm-like protein
LSM11, encoded by LSM11, and the U7 small nuclear RNA (U7 snRNA), encoded by
RNU7-1, are essential components of the U7 small nuclear ribonucleoprotein (U7
snRNP) complex. The U7 snRNP complex mediates replication-dependent histones
(RDHs) pre-mRNA processing (88).

RDHs genes encode the four core histones (H2A, H2B, H3 and H4) and the linker histone
family (H1). The distinctive feature of RDHs is that they encode the only known eukar-
yotic mRNAs without a poly-A tail at the 3’ end, terminating instead with a highly con-
served stem-loop structure (89). This unique 3’ end is formed by a U7-dependent endo-
nucleolytic cleavage of the pre-mRNAs between the stem-loop and a purine-rich se-
quence called histone downstream element (HDE) (90). The stem loop binding protein
(SLBP) and the zinc finger protein 100 (ZFP100) are also essential in this process as they
stabilize the binding of the U7 complex to the histone pre-mRNA (91) (Figure 12).
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Figure 12. Schematic representation of the U7 snRNP complex involved in the processing of RDH pre
mRNAs. Created with BioRender.

In AGS, mutations in LSM11 and RNU7-1 induce defects in U7 complex synthesis, re-
sulting in the production of aberrant RDHs isoforms that possess a poly-A tail (92).
Therefore, newly synthesized histone proteins present dysfunctional stoichiometry that
affects chromatin structure. In this condition, chromatin is recognized as a foreign ge-
nome and activates the innate immune cGAS-STING cascade, leading to increased type
I IFN production (14).

4.5.7 Frequencies of mutations and genotype-phenotype correlations

Around 90% of confirmed AGS cases is associated with mutation of one of the 9 genes
described above. However, the incidence of mutations depends on the gene (7).

Biallelic mutations of TREXI were found in 22% AGS cases, 5% of patients present
pathologic variations in RNASEH2A, and 13% express aberrant forms of RNASEH2C.
RNASEH?2B appears to be the most common altered gene, with a mutation frequency of
36% (10). RNASEH2C mutations were found in 13% of patients, SAMHD1 mutations in
13%, and ADARI mutations in 5% of cases. Only 3% of the patients investigated had
dominant monoallelic mutations in [FIH1, whilst LSM11 and RNU7-1 have not been
fully investigated yet due to the lack of patients presenting mutations in these genes (7)
(Figure 13).
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Figure 13. Frequencies of specific gene mutations in patients affected by Aicardi-Goutiéres syndrome (7).

Even if AGS patients with different mutations often show a common clinical status, sev-
eral genotype-phenotype relationships have been discovered. For instance, patients with
mutations in the ADARI gene are more likely to have an early or subacute start of severe
dystonia and to manifest signs of bilateral striatal necrosis (93). Moreover, AGS children
with variants of TREXI have the highest death rate, whereas those with mutations in
SAMHDI1, ADARI, and IFIH1 are more likely to maintain some motor and communica-
tive functions (17,82). In addition, patients with RNASEH2B gene mutations are more
likely to have a negative interferon score (7), and these patients typically have later-onset
variants of AGS with a longer life expectancy (10). On the other hand, siblings with the
same gene mutation might present different phenotypes from one another (7).

4.6 Pathogenesis

Even though the function of many AGS-related genes is not fully understood, the general
hypothesis in AGS pathogenesis is that defects in NAs metabolism or sensing could lead
to an accumulation of endogenous DNA, RNA or DNA-RNA hybrids, that could be er-
roneously recognized as viral genomes by the host organism (10). In this instance, the
IFNa-mediated immune response is activated as the first line mechanism of defense
against potential pathogenic infections (94).

IFNa can be produced through two molecular pathways thanks to two complementary
receptor systems responsible for viral detection. Both mechanisms include receptors ca-
pable to recognize “non-self” NAs: the first one includes the ubiquitous RIG-I and
MDAS receptors that detect viral dsSRNA in cytoplasm, whilst the second one involves
the Toll-Like receptors (TLRs) which can detect viral NAs in cell membranes and intra-
cellular organelles (93,94). Dysfunctions in these two mechanisms lead to the inability
to distinguish between viral and endogenous NAs, resulting in severe autoimmune reac-
tions and interferonopathies like AGS (95).
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As previously mentioned, all AGS-related genes are involved in the metabolism or sens-
ing of NAs, and mutations in one of these genes can cause an increased immunological
response with major IFNa production (Figure 14).
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Figure 14. Mutations in AGS-related genes disrupt innate immune signaling pathways (1).

TREX] loss-of-function mutations cause an accumulation of ssDNA and dsDNA in the
cytoplasm, which in turn activates the cGAS-STING pathway and results in the produc-
tion of type I IFN. In SAMHD I mutations, the same pathogenic process can be observed
due failure in regulation of retroelements (69).

MDAS, encoded by /FIH], is a sensor for exogenous dsSRNA. Gain of function mutations
in MDAS result in a lower activation threshold that induces the detection of endogenous
dsRNA with following activation of MAVS and IFN production. When ADAR! is defec-
tive, it results in the generation of aberrantly edited NAs that induce the immunological
response by inducing MAVS activity (1). As regard RNASEH?2, the RNase H2 complex
usually acts to remove RNA: DNA hybrids, but mutations in one of its three subunits
result in an increase in the intracellular content of hybrids, which can be detected by
cGAS or TLR9 as foreign NAs (55,96). Even though all the previously mentioned path-
ologic mechanisms are generated from different upstream genes, they all result in type I
IFN production.

4.6.1 Implication of RNU7-1 in AGS pathogenesis

As previously mentioned, one of the genes recently associated with AGS is RNU7-1
(AGS9) that encodes the U7 small nuclear RNA (U7 snRNA). The U7 snRNA is an
essential component of U7 snRNP, a complex necessary for RDHs pre-mRNA matura-
tion as it operates the endonucleolytic cleavage of the poly-A tail (14). As a consequence,
these transcripts terminate with a unique stem loop structure at the 3* end (97).

For this processing two cis elements are required: the stem loop (SL) and HDE, which
are recognized by SLBP and U7snRNP, respectively.
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The U7 snRNA is expressed at very low levels in human cells because it contains a non-
canonical Sm binding site that is finely regulated throughout the cell cycle (97). The ef-
ficiency of the 3’end processing of RDHs indeed reaches a peak level during S phase,
followed by a crucial decline at the end of DNA replication (92). It has been reported that
mutations or depletion of U7 snRNA result in two main effects: delay in S-phase transi-
tion and aberrant U7 snRNP biogenesis (91,92).

During U7 snRNP biogenesis, the Sm binding site is crucial for a correct assembly of the
complex as it contains a specific motif that recognizes other components of U7 snRNP
complex (98) (Figure 15).
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Figure 15. Secondary structure and functional domains of U7 snRNA. A correct assembly of a functional U7
snRNP requires the flexibility of the sugar-phosphate backbone mediated by uridines 23-25, a conserved

UCNAG motif within the Sm binding site, a spacer between Sm binding site and stem loop and in the end a
stable 3’ stem-loop (91).

Newly transcribed U7 snRNA is then exported to the cytoplasm, where it is assembled
with core proteins of the U7 snRNP complex (e.g. LSM10 and LSM11) in a process
mediated by the survival motor neuron (SMN) protein. SMN identifies the Sm binding
site of U7 RNA and enables its link with LSM10 and LSM11 (98,99). The U7 snRNP
complex is then imported into the nucleus through a specific transporter and localizes in

histone locus bodies where it operates the previous mentioned cut of poly-A (88,91) (Fig-
ure 16).
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Figure 16. Regulation of biogenesis of U7 snRNP. (Left) U7 complex assembly in physiologic conditions.
(Right) aberrant U7 snRNP assembly (98).

RDHs (H2A, H2B, H3, H4 and H1) are the most abundant forms of histones in metazo-
ans. However, nucleosomes also contain other specialized variants defined replication-
independent histones (RIHs) that may replace RDHs in a context-dependent manner, in-
cluding DNA damage and post-mitotic cells plasticity. Since RIHs isoforms (H3.3,
H2aZ, H3-cid, and macroH2a) are processed as polyadenylated mRNAs, they do not
need U7 snRNP complex activity (90).

Recent knowledge demonstrated that primary cells derived from AGS-affected patients
with mutations in LSM11 or RNU7-1 exhibited enriched polyadenylated forms of RDHs
but equivalent levels of RIHs. Thus, indicating a U7 snRNP malfunctioning. The same
group of research also reported that misprocessed forms of RDHs lead to aberrant histone
stoichiometry, thereby influencing chromatin folding and genome accessibility. In this
instance, chromatin is recognized as “non-self” and induces the host antiviral response
which in turn activates the cGAS-STING cascade, triggers the MAVs, and enhances type
I IFN production (14).

4.6.2 Mitochondria

Mitochondria are membrane-bound organelles that supply the cell by producing energy
in the form of ATP (100). In addition, mitochondria generate heat, control cell growth
and death, and store calcium for cell signaling functions. These organelles are distributed
in the cytoplasm in a heterogeneous manner and their count depends on the cell type
(101). Mitochondria are usually concentrated where a bigger source of energy is required
and they can move within the cytoplasm by using filamentous cytoskeleton proteins to
construct genuine "tracks" (102).

These organelles possess their own circular DNA defined mitochondrial DNA (mtDNA)
of 16.6 kb that replicates independently of the host genome (103).
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The human mtDNA is not associated to histone proteins and only encodes for 13 proteins
that are primarily involved in oxidative phosphorylation (OXPHOS). Nuclear genome
provides the mitochondria with the remaining proteins (100). Mitochondrial membrane
is composed of two main lipid layers separated by a gap as the inner membrane is struc-
tured into ridge-like invaginations, known as cristae. The mitochondrial matrix, which
houses the mtDNA and ribosomes, is positioned underneath the inner membrane, near to
the two main protein complexes of the mitochondrial respiratory chain (FO and F1) (104)
(Figure 17).
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Figure 17. Structure of mitochondria (104).

4.6.2.1 Mitochondria and inflammation

Endogenous DNA usually resides in the nucleus and mitochondria of healthy cells. How-
ever, in pathologic conditions, genomic and/or mtDNA can be released into the cyto-
plasm where they trigger an immunological response (105). Specifically, mtDNA is rec-
ognized as a “non-self” dsSDNA by cGAS, leading to the activation of the cGAS-STING
signaling pathway and to the release of type I interferon (106). Moreover, double-
stranded fragments of mtDNA can activate a separate innate immune response pathway
involving Toll-like receptor 9 (TLR9) (107,108) (Figure 18). TLRY is localized in the
ER where it identifies exogenous DNA and binds the NF-kB factor. This cascade causes
a raise in the expression of proinflammatory cytokines such as tumor necrosis factor al-
pha (TNFa), IL-6, and IL-1f (107).

23



Introduction

Cell damage
and stress
Endosome

TNF:

L _,n | mm

" miDNA NFKB 1L-6

IL-18

Caspase-3

Caspase-7
/ Caspase-9

ws % cASSoP —» STNG. —> 18K — G5 — L

e ..
Pro-IL-1B

.

L IL-1p
. 0 | -
mioNA T
Mitochondria |

LC3B
Beclin 1

Figure 18. Immune response pathways induced by mtDNA release (107).

According to research, release of mtDNA in the cytoplasm plays an important role in the
development of several inflammatory disorders such as rheumatoid arthritis, atheroscle-
rosis, SLE, and AGS (107,109).

Aberrant mitochondria metabolism in AGS has been recently linked to increased produc-
tion of reactive oxygen species (ROS) (110,111). Under physiological settings, the equi-
librium between ROS creation and ROS antioxidant scavenging is tightly regulated. In
such case, ROS are required for a wide range of biological activities including adaptation
to hypoxia, regulation of autophagy, regulation of immunity and regulation of cell differ-
entiation (112). On the other hand, excessive ROS generation induce oxidative damage
to multiple cellular compartments, including mitochondria, nuclear and plasma mem-
brane. As a result, apoptotic cell death pathway is activated and exacerbates mtDNA
leakage into the cytoplasm, thus worsening IFNa-associated inflammatory response
(110). Despite the growing interest in mitochondrial dysfunction in AGS, there is still a
gap in knowledge regarding their role in AGS pathogenesis.

4.7 Therapeutic options for Aicardi-Goutiéres Syndrome

As previously discussed, AGS-affected patients present a variety of autoimmune and in-
flammatory symptoms due to different genotypes and phenotypes (17). Moreover, pedi-
atric drug development is mainly based on prescription of adult medicines which often
results in multiple side effects (113). For these reasons, it may be challenging to assess
the efficacy of some immune-modulating therapies in AGS children. Since AGS is de-
fined by an aberrant reaction to endogenous nucleic acids, there are two ways to reduce
the pathological type I IFN response: the first involves the inhibition of the synthesis of
endogenous NAs stimuli or enhancing their elimination, whilst the second involves the
suppression of the downstream signaling derived from self-nucleic acid stimuli (114).
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However, these therapies only represent palliative treatments and no definitive cure for
AGS has been developed yet (114).

4.7.1 Reverse transcriptase inhibitors

A large portion of human DNA contains endogenous retroelements that still have the
potential to replicate themselves (115), so they need to be controlled (Figure 19). Some
of the genes involved in this mechanism are related to AGS pathogenesis. For this reason,
AGS individuals may benefit from reverse transcriptase inhibitors (RTIs) therapy. Re-
cently, AGS patients with variants of TREXI, RNASEH2A, RNASEH2B, RNASEH2C,
and SAMHD 1 were treated with a combination of three RTIs (abacavir, lamivudine, and
zidovudine) and most of them exhibited a decrease in type I IFN production without
experiencing any adverse consequence. Interestingly, the positive effects of the treatment
were more significant among the subjects with mutations in components of the RNase
H2 complex (116). Although no results have been reported yet, researchers at the Chil-
dren's Hospital of Philadelphia are currently investigating the safety and effectiveness of
the other two RTIs (tenofovir and emtricitabine) in AGS subjects (117).

Absence of TREX1, SAMHD1

Chromosomal DNA or RNase H2 activity
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Figure 19. In physiological conditions (left) SAMHD1, RNase H2 complex, and TREX1 block endogenous
retroelements, preventing immune response. Absence or mutations of these genes (right) result in overpro-
duction retroelements that are recognized by immune system as ‘foreign’. Thus, leading to the production of
type T TFN (114).

4.7.2 JAK-STAT inhibitors

AGS patients may also benefit from the use of Janus Kinases Inhibitors (JAK-STAT in-
hibitors), which include baricitinib and ruxolitinib. JAK1 is a crucial component of the
type I IFN signaling cascade which is involved in production of multiple proinflamma-
tory cytokines. JAK1 inhibitors are currently used to treat SLE and other type I interfer-
onopathies including rheumatoid arthritis and familial chilblain lupus (118,119). AGS-
affected patients treated with ruxolitinib and baricitinib who presented mutations in
RNASEH2B (120), SAMHD1 (121), and /FIH] (122) all exhibited improvements regard-
ing both neurological and non-neurological symptoms. Given the pivotal role that [IFNa
plays in the pathogenesis of AGS, using antibodies directed against the type I interferon
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receptor could be an additional method to prevent IFNa activity. Although promising
investigations have been undertaken in the setting of SLE, no clinical results regarding
AGS have been published yet (123,124).

4.7.3 Hydroxychloroquine

Chloroquine and its synthetic analogue hydroxychloroquine (HCQ) are derivatives of the
heterocyclic aromatic compound quinoline currently employed as antimalarial drugs
(125). Recently, they have been approved for use as monotherapy or in conjunction with
other therapies for the treatment of autoimmune diseases such as SLE, rheumatoid arthri-
tis, and Sjogren's syndrome as immunosuppressive drugs (126,127). Since HCQ modu-
lates the activity of NAs receptor, this compound has recently gained more and more
attention regarding its potential role in AGS (128). In silico tests indeed revealed that
multiple antimalarial drugs could act as inhibitors of cGAS-STING and TLRs molecular
pathways, and HCQ was indicated as one of strongest compounds (128,129). By prevent-
ing TLR activation and obstructing TLR processing, HCQ lowers proinflammatory cy-
tokines secretion. Moreover, it has been demonstrated that HCQ suppresses secretion of
TNF-a, IFN-y, and IL-6 in peripheral blood mononuclear cells (PBMCs) (130) as well
as in human monocytes in vitro (131). In 2021, Garau and colleagues also demonstrated
the beneficial effects of HCQ in lymphoblastoid cell lines derived from AGS patients
mutated in RNASEH2A4 and RNASEH2B (132).

4.7.4 Metformin

Metformin (1,1-dimethylbiguanide hydrochloride) is the first-choice oral medication for
treating type 2 diabetes. However, it is also used to treat multiple types of disorders, such
as cancer, aging, cardiovascular diseases, and neurological conditions (133). Recent re-
search shown that metformin reduces inflammation by regulating the autophagy process
through the AMP-activated protein kinase (AMPK)-dependent pathway which in turn
inhibits mTOR and activates the ULK complex (Figure 20) (134). As a consequence, the
NF-kB/NLRP3 cascade is inhibited, thus leading to a decrease of proinflammatory cyto-
kines production (134,135). Metformin can also reduce oxidative stress by scavenging
mtDNA and mitochondrial-derived ROS (mtROS) via the inhibition of mitochondrial
complex I (134). This drug also presented neuroprotective effects in patients affected of
Alzheimer's disease and traumatic brain injury (135) and it has been recently demon-
strated that it is a valid approach to reduce inflammatory response in AGS (136).
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Figure 20. Metformin reduces inflammation by regulating the autophagy process (134).
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5. AIMS

Aicardi-Goutiéres syndrome (AGS) is a rare genetic disorder that usually manifests itself
between the first six months to 3 years of life (1,17). The primary characteristics of this
condition include increased interferon-o (IFNa) levels in CSF and serum, bilateral spas-
ticity, dystonia, acquired microcephaly, white matter abnormalities, basal ganglia calci-
fications, chronic lymphocytosis, and progressive brain atrophy (15). Since the signaling
pathway of IFNa plays a central role in more than 85% of AGS-affected patients, this
syndrome belongs to a class of disorders defined as type I interferonopathies (7). Indeed,
most of AGS subjects show increased expression of interferon-stimulated genes (ISGs)
in multiple tissues, and this expression is defined with the term “interferon signature”
(IS) (29). Recent studies confirmed that 6 ISGs are mainly involved in AGS: IFI27,
IFI44L, IFITI, ISG15, RSAD?2 and SIGLEC1 (29,137).

Considering genetic aspects, AGS 1is associated with mutations in 9 genes (TREXI,
RNASEH2A, RNASEH2B, RNASEH2C, SAMHD1, ADARI, IFIHI, LSM11 and RNU7-
1), all of which encode for proteins or transcripts involved in metabolism and recognition
of nucleic acids (11,32). Even though it is hypothesized that alterations in these genes
lead to the over-activation of the innate immune system and type I IFN release (11), some
molecular mechanisms underlying the syndrome are still controversial.

Amongst the 9 genes cited above, RNU7-1 (AGS9) is the least commonly altered gene in
the Italian AGS cohort of patients (11) and most of mechanisms involved in AGS9 path-
ogenesis remain poorly understood. Starting from the evidence that IFNa plays an im-
portant role in AGS (1), it is also aimed to investigate IFN-mediated inflammation, its
molecular readouts and its respective pathway of induction.

In recent years, a strong correlation between mitochondrial dysfunctions and AGS has
been reported (110,111). For this reason, this project aims to define the potential role of
mitochondrial alterations in AGS9 pathogenesis with a specific focus on oxidative stress
and mitochondrial metabolism.

Lastly, this work aims to identify novel specific pathways involved in AGS9 pathogene-
sis. To do so, transcriptional changes of AGS9 profiles will be investigated and deregu-
lated pathways will be characterized.

All the experiments cited above will be performed in primary dermal fibroblasts derived
from an AGS-affected patient expressing a pathological variant of RNU7-1 and in control
fibroblasts derived from a healthy control subject matched by age and sex.
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6. MATERIALS AND METHODS

6.1 Study subjects

After obtaining informed written consent, the Buzzi Children’s Hospital recruited 1
AGS-affected patient expressing a pathological variant of RNU7-1. Clinical criteria were
used to diagnose patients, and genetic analysis has been performed to confirm the pathol-
ogy. One healthy volunteer matched by age and sex was also recruited. The information
regarding the study’ subjects involved in this work of thesis are reported in Table 2.

All procedures performed in this study involving human participants were in accordance
with the ethical standards of the institutional and/or national research committee and with
the 1964 Helsinki declaration and its later amendments or comparable ethical standards.

Patient’s ID Age (in years) Gender Mutated gene Mutated sequence
code
CTR VM2012 11 Female Healthy control /
AGS9 13 Female RNU7-1 Mutation 1: n.23T>G
AG2010 Mutation 2:
n.54G>C

Table 2. AGS patients and healthy controls’ relative information.

6.2 Isolation and characterization of human dermal fibroblasts

A punch skin biopsy was obtained from the volar part of the forearm of both the AGS
patient and the healthy control. The biopsies were approximately 0.3 ¢cm? and, after re-
moval of subcutaneous tissue attached to the epidermis and dermis, the samples were
washed twice with PBS and cut into 2 pieces using a sterile blade. One section of the
biopsy was placed into a 24-well plate and maintained in culture with DMEM supple-
mented with 20% FBS, 1% penicillin/streptomycin and 1% L-glutamine to obtain fibro-
blasts, whilst the other one was frozen into a cryovial with 90% FBS and 10% DMSO.
The characterization of human dermal fibroblasts was performed by flow cytometry for
surface antigen expression. Briefly, 2.5 x 10° of total fibroblasts per FACS tube were
stained for 30 min at 4°C with anti-human monoclonal antibodies (mAbs) as follows:
PerCP-conjugated anti-CD45, APC-conjugated anti-CD31, FITC-conjugated anti-CD90,
PE-conjugated anti-EpCAM (all purchased by Miltenyi Biotec). Following Forward/Side
Scatter setting, fibroblasts cells were identified as CD45- and CD31- cells (total fibro-
blasts cells). CD90 and EpCAM expression was evaluated on CD45-CD31- (total fibro-
blasts) gated cells.

6.3 Cell culture

Human dermal fibroblasts were cultured in DMEM Complete Medium supplemented
with 20% of Fetal Bovine Serum (FBS; Euroclone), 1% glutamine (L-GLUT; GIBCO),
1% Penicillin/Streptomycin (P/S, GIBCO) and 1% non-essential Amminoacids (Euro-
clone) at 37 °C in a 5% CO,. When cells reached 80% confluency they were split with
trypsinization (trypsin-EDTA 1X 0.05% Euroclone) and plated at the appropriate con-
centration for further experimental procedures.
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6.4 Hydroxychloroquine treatment

Fibroblasts were seeded in a 6-well plate at 5 x 10° cells/well density. 24 hours later, a
final concentration of 10 pM of hydroxychloroquine sulfate (Thermo Scientific Chemi-
cals) has been added to the standard growth medium. Non treated condition has also been
prepared. Cells were incubated for 8 h with the reagent and then RNA was extracted
following standard procedure (see total RNA extraction part).

6.5 RNA analysis
6.5.1 Total RNA extraction

Total RNA from human dermal fibroblasts was isolated using TRIzol® reagent (Invitro-
gen) in accordance with the manufacturer’s instructions. TRIzol® is a complete, ready-
to-use reagent for the isolation of high-quality total RNA and it consists of a monophasic
solution of phenol and guanidinium isothiocyanate which solubilizes biological material
and denatures proteins (Figure 21).

Homogenization/ Phase Extraction/
Lysis Separation Precipitation Resuspension
. —_— - — _
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. TRIzol® - [ 1
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Figure 21. RNA extraction protocol overview. Created with BioRender.com.

6.5.2 RNA subcellular fractioning

Cytoplasmic and nuclear RNA were isolated and purified through the use the Cytoplas-
mic and Nuclear RNA Purification Kit (Norgen). Briefly, the protocol involves the lysis
of the cells or tissue of interest with the provided Lysis Buffer J. The lysate is then sepa-
rated through centrifugation, with the supernatant containing the cytoplasmic RNA and
the pellet containing the nuclear RNA. Buffer SK and ethanol are then added to the de-
sired fraction, and the solution is loaded into a spin-column. Only the RNA will bind to
the column, while the contaminating proteins will be removed in the flowthrough or re-
tained on the top of the resin. The bound RNA is then washed with the provided Wash
Solution A in order to remove any remaining impurities, and the purified RNA is eluted
with the Elution Buffer E (Figure 22).
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Figure 22. Cytoplasmic and Nuclear RNA Purification Kit (Norgen) protocol.
6.5.3 RNA quantification

The RNA obtained was quantified with the Multiskan GO spectrophotometer (Thermo
Fisher Scientific) which can determine the average concentrations of the nucleic acids,
as well as their purity through the absorption of purine and pyrimidine bases. Nucleic
acids in solution absorb light with a peak in the ultraviolet region of 260 nm. To deter-
mine RNA concentration in the sample, a drop (1ul) of the sample is exposed to UV light
at a wavelength of 260 nm and a photodetector measures the light which passes through
the sample. Some of the ultraviolet light will pass through the sample while some light
will be absorbed by the nucleic acid. The more light absorbed by the sample, the higher
the nucleic acid concentration in the sample, in line with the Beer-Lambert law.

6.5.4 Reverse transcription

500 ng RNA were retro transcribed using 4 pl of reverse transcriptase Supermix 5X full
(Genespin) in a final volume of 20 ul. Then, the RNA was diluted in nuclease-free water
to reach the desired final concentration. The mix was incubated in a thermal cycler using
the following protocol (Table 3).

Priming 5 at 25°C
Reverse transcription 30’ at 42°C
RT inactivation 5’ at 85°C

Table 3. Thermal Protocol used for Reverse-transcriptase reaction.
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6.5.5 Real-Time PCR

Real-Time PCR was performed with the CFX Connect Real-Time PCR System (Bio-
Rad) using Optimum qPCRMaster Mix with SYBR® Green (Genespin). The NCBIs Pri-
mer-BLAST tool was used to design primers. Gene expression was calculated using the
2—AACt method. GAPDH was used as endogenous control gene, and the list of primers

used in this work is reported in Table 4.

Gene Forward Reverse
RNU7-1 CAGTGTTACAGCTCTTTTAG GGGCTTTCCGGTAAAAAG
TREXI TGCCTGCTACGGCTCA AGTGGCCTCCATGTCGAAAAA
RNASEH2A CGTGAACGTCACCCAGGTAT TAGAGGGCATCTGCTTTGGC
RNASEH2B CAGCCTCATTGCCAAATCCTCC TAGCCAAAGCCTTCTGAGCTGC
RNASEH2C GGGATAGTGATGGTGACAGAAG AAGCGGCTGAAGTTGGCATGG
SAMHDI AGCATAGTCTAGGGGTGGGG CCCAGTGCGTGAACTAGACA
ADARTOT AGCTTGGGAACAGGGAATCG CTTCGCAGTCTGGGAGTTGT
ADARI10 CGCCCTCTTTGACAAGTCCT GGGATTGTGCCTTCTCCGTT
ADAR150 CACTTCCAGTGCGGAGTAGC CTGAGGGAATACCCCTGCC
LSMI1 GCAAGAATCCTGAGCCCTGT GAGTAAAGGAGGCCCAACCC
IFIHI CCCGCTACATGAACCCTGA TGCAGCAGCAATCCGGT
SIGLEC-1 GGAGGCGTGTTTGTAAGCAG CAGGATCAATGAGCTGCGTG
TFI44L TCTGTCTCCAAACCGTGGC ACTCACACGTGGAAGCTGTTT
IFI27 CTCCTTCTTTGGGTCTGGCT TGGTCACTGCTGATGAGGTG
IFIT1 CTAATTTACAGCAACCATGAT TCCCACACTGTATTTGGTGTC
1SG15 CAGCCATGGGCTGGGA CTCTGACACCGACATGGAGC
RSAD2 ACTCGCCAGTGCAACTACAA TGATCTTCTCCATACCAGCTTC
cGAS AAGAAGAGAAATGTTGCAGGA GACTGTCTTGAGGGTTCTGGG
IRF3 TCTAGAGCTCAGCTGACGGG TCCCATGGTCCGGCCTAC
STING GAGTGTGTGGAGTCCTGCTC CTGGAGTGGGGCATCTTCTG
TBK1 CGGAGACCCGGCTGGTATAA TGCATCTTGGCTGGATCAGG
HIFX tot. CGTGGGCTTTTCGGTGTTTT GGCGTGAGCCGTACAAAATC
HIST&IZAC GACCGAGAGTCACCACAAGG CGGGAGCTCAGATACCTGTC
H3F3AtoL. CATTGTTTAGAGGCCGACGC GTCCGCCGTAGACAACTTGA
HIST1H tot, GGAAGCCAAGCCCAAGGTTA AGCGCTCTTCTTCGGAGTTG
HIStTOzL}B A CTACCAGAAGTCCACGGAGC AAGCGCAGGTCCGTCTTAAA
HI?}Z@}E A CGAAGACACGAACCTGTGCGCC GGCAAGCGTACAGCTTCTTCCA
HISTH2AC
Solyh GACCATGCTCAGGGCGGCGTCCT | CCTTCTACCTACAAGCAGTGAGGTT
HIFX polyA GTGGITCGACCAGCAGAATG GAGCTTGAAGGAACCGTTGG
H3F3A polyA AAAGCCGCTCGCAAGAGTGCG ACTTGCCTCCTGCAAAGCAC
HSOT];XC ACACCGAAGAAAGCGAAGAA GCTTGACAACCTTGGGCTTA
SLBP GCAGACCCGAGAGCTTTAC CTTCAACTGCACTTGCCCAG
LSMI10 GGGAAAGCGGAAGGAATGTC CCTGCTTGCACGCGAC
ZFP100 TCACAGCTCCCTTGTGCTTC TGAGGGTCACAAATTCCTCAGC
GAPDH ACATCGCTCAGACACCATG TGTAGTTGAGGTCAATGAAGGG

Table 4. List of primers used in this work.
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6.5.6 RNA immunoprecipitation

ZFP100 immunoprecipitation was performed in human dermal fibroblasts. Cells were
lysed with lysis buffer (10 mM Tris HCIL, 10 mM NacCl, 2 mM EDTA, 0.5 Triton X100)
and incubated on ice for 10 min. 120 mM NaCl was then added, and cells were incubated
for a further 5 min. Cells were then pelleted at 16,000 g for 15 min and the supernatant
was retained for pre-clearing. Following pre-clearing, the lysate was incubated in the
presence of ZFP100 (Thermo Fisher Scientific, BS-12242R) or IgG used as negative
control. Protein-G magnetic beads (Pierce™ ThermoFisher Scientific) were used to cap-
ture ZFP100-RNA complexes. After elution, samples were purified with TRIzol® rea-
gent (Thermo Fisher Scientific) following the manufacturer's instructions. Samples were
retrotranscribed and analyzed via Real-Time qPCR (see above). GAPDH was used as a
negative control. Relative enrichments were calculated with respect to their inputs.

6.5.7 Total protein extraction

Using RIPA buffer (50 mM Tris-HCI [pH 8.0], 150 mM NaCl, 1% NP-40, and 12 mM
Deoxycholic acid, supplemented with 1X protease inhibitors (10X PIC)), total soluble
protein samples were extracted from 5x10° fibroblasts. Cells were resuspended in 100
uL of RIPA buffer and put on ice for 20 minutes. After ice incubation, cells were centri-
fuged for 20 minutes at 15000 RPM at 4°C, to separate soluble and insoluble protein
fraction. Soluble fraction was then retrieved and used for protein quantification.

6.5.8 Subcellular fractioning

To separate the soluble cytoplasmic fraction and the soluble nuclear fraction of cellular
proteins, subcellular fractionation of fibroblasts was performed. Using Nuclear Extrac-
tion Buffer mix (NEB) and Cytosol Extraction Buffer mix (CEB) from nuclear isolation
kit (Abcam), respectively, supplemented with protease inhibitors and Dithiothreitol
(DTT), soluble protein samples were extracted from the nuclear and cytoplasmic fraction
of 5x10° living cells. The cells were collected, centrifuged for 15 minutes at 1600 RCF,
and then resuspended in 200 puL of CEB. Following 10 minutes ice incubation, the cell
suspension was centrifuged at 1000 RCF for 10 minutes at 4 °C after passing through a
needle. The pellet, representing the nuclear fraction, was reconstituted in 40 L. of NEB,
and the cytosolic fraction was extracted by centrifuging the supernatant at 10,000 RCF
for 30 minutes at 4 °C. Both protein contents were measured through the Multiskan GO
spectrophotometer (Thermo Fisher Scientific) and the then quantified with the Bradford
Assay (see protein quantification section).

6.5.9 Bradford protein assay
The protein content of previously extracted samples was assessed using the Bradford
Reagent (Sigma Aldrich). This procedure is based on the formation of a complex between
the dye, Brilliant Blue G, and proteins in solution.
The protein-dye complex causes a shift in the absorption maximum of the dye from 465

to 595 nm. The amount of absorption is proportional to the protein present, and the linear
concentration range is 0.1-1.4 mg/ml of protein, using BSA (bovine serum albumin) as
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the standard. Using the Multiskan GO spectrophotometer (Thermo Fisher Scientific),
protein quantity was determined.

6.5.10  Western Blot Analysis

By using the SDS—polyacrylamide gel electrophoresis (SDS-PAGE), western blotting
analysis was carried out. 25 pg of solubilized proteins were heated in Laemmli sample
buffer (Bio-Rad) containing 70 mM 2-B-mercaptoethanol (Merck), separated by SDS-
PAGE gel 6%, 10% or 12% (depending on the molecular weight of investigated proteins)
and electroblotted onto a nitrocellulose membrane (Trans-blot, Bio-Rad). Membranes
were then fixed with 4% paraformaldehyde (Thermo Fisher Scientific) in 0.1 M PBS and
0.01% Glutaraldehyde (Merck), pH 7.4, for 30 min at room temperature, and then
blocked in 5% slim milk (diluted in 1X TBS with 0.05% Tween-20). After that, mem-
branes were probed overnight with the appropriate primary antibody. All the primary
antibodies used in the western blot analysis are listed in Table 5. Lastly, membranes were
incubated with a specific secondary antibody Peroxidase AffiniPure Goat Anti-Rab-
bit/Mouse IgG (1:5000 dilution; Jackson Immuno Research). Proteins were then visual-
ized by means of an enhanced chemiluminescence detection solution (Thermo Fisher
Scientific). After acquisition by a GelDocTM image capture system (Uvitec, Eppendorf),
densitometric analysis of the bands was performed using the ImagelJ software.

Antibody Dilution Host Brand and code
ADARI1 1:500 Mouse Thermo Fisher Scientific MAS5-17285
SIGLEC1 1:1000 Rabbit Abclonal, A17533
IF144L 1:1000 Rabbit Abclonal, A13210
RSAD2 1:1000 Rabbit Abclonal, A8271
IF127 1:1000 Rabbit Abclonal, A14174
IFIT1 1:1000 Rabbit Abclonal, A8551
ISGI15 1:500 Rabbit Abclonal, A2416
B-ACTIN 1:3000 Mouse Sigma Aldrich, A5441
VINCULIN 1:2000 Rabbit Genetex, GTX113294
H4 1:1000 Rabbit Abclonal, A1131
H1 1:1000 Rabbit Abclonal, A3298
H3 1:2000 Rabbit Abclonal, A2348
H2AX 1:1000 Rabbit Abclonal, A2082
H2B 1:1000 Rabbit Abclonal, A1981

Table 5. List of specific antibody and dilution used for WB experiments.
6.5.11  Immunocytochemistry

3x10° fibroblasts were seeded on ethanol-washed glass coverslips, maintained in standard
culture medium, and then processed for immunocytochemistry. Briefly, cells were fixed
with 4% paraformaldehyde in 0.1 M PBS (Life Technologies, Thermo Fisher Scientific,
Waltham, MA, USA), pH 7.4, for 20 min at room temperature, and then washed with
PBS.

The coverslips were incubated overnight at 4 °C in PBS containing 10% normal goat
serum (NGS, Thermo Fisher Scientific), 0.3% Triton X-100 (BDH, VWR, Radnor, PA,
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USA), and the appropriate primary antibody. List of specific antibobies used in this work
for immunocytochemistry is reported in Table 6. Cells were thoroughly rinsed with PBS
and 10% NGS and reacted with the appropriate secondary antibody (Alexa Fluor® 488
and 546, Life Technologies) and DAPI at a final concentration of 1 pg/mL for 1.5 h.
Glass coverslips were mounted using the FluorSave Reagent (Calbiochem, Merck Chem-
ical, Darmstadt, Germany) and analyzed by confocal microscopy (Confocal laser scan-
ning microscopy platform Leica TCS SPS8, Leica Microsystems). As control, the appro-
priate secondary antibody was administrated omitting the primary one (Alexa Fluor® 488
or 546, Life Technologies). Assessment of fluorescence intensity was performed using
the FIJI software.

Antibody Dilution Host Brand and code
ZFP100 1:200 Mouse Thermo Fisher Scientific, BS-12242R
SIGLECI1 1:200 Rabbit Abclonal, A17533
IF144L 1:300 Rabbit Abclonal, A13210
RSAD2 1:200 Rabbit Abclonal, A8271
1IF127 1:200 Rabbit Abclonal, A14174
IFIT1 1:250 Rabbit Abclonal, A8551
ISGI15 1:100 Rabbit Abclonal, A2416
VIMENTIN 1:300 Mouse Cell signaling mAb #5741
H4 1:100 Rabbit Abclonal, A1131
H1 1:100 Rabbit Abclonal, A3298
H3 1:300 Rabbit Abclonal, A2348
H2AX 1:250 Rabbit Abclonal, A2082
H2B 1:200 Rabbit Abclonal, A1981
B-ACTIN 1:300 Mouse Sigma Aldrich, A5441
cGAS 1:300 Rabbit Abclonal, A8335
STING 1:200 Rabbit Abclonal, A20175
IRF3 1:250 Rabbit Abclonal, A11373
TBK1 1:300 Rabbit Abclonal, A3458

Table 6. List of specific antibody and dilution used for immunocytochemistry experiments.
6.5.12  ELISA assay

The level of IFNa was detected on supernatant of fibroblasts using a commercial ELISA
kit (Thermo Fisher Scientific), according to the manufacturer's protocols. Absorption was
measured at 450 nm with Multiskan™ multimode plate reader (Thermo Fisher Scien-
tific), and it was subsequently converted to the concentrations of IFNa following manu-
facturer's instructions.

6.5.13  Nascent protein labeling (Click-It assay)
For Click-iT metabolic protein labeling, cells were seeded on glass coverslips, left over-
night, treated with 1uM dexamethasone for 2 hours to induce circadian synchronization

and then incubated in growth medium.

22 hours after dexamethasone treatment, cells were incubated for 1 hour with DMEM
methionine-free medium (Thermo Fisher Scientific) and then incubated for 4 hours with
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DMEM methionine-free medium additioned with 50 uM of L-Azidohomoalanine
(AHA).

Cells were then fixed for 30 minutes with 4% paraformaldehyde (Merck) and then Click-
it reaction was performed following manufacturer instructions (Click-iT® Cell Reaction
Buffer Kit, Thermo Fisher Scientific). At the end of the procedure, nascent proteins were
labeled with 488 Alexa fluor, and nuclei were stained with DAPI at a final concentration
of 1 pg/mL for 30 minutes. Glass coverslips were mounted using the FluorSave Reagent
(Calbiochem, Merck Chemical, Darmstadt, Germany) and analyzed by confocal micros-
copy (Confocal laser scanning microscopy platform Leica TCS SP8, Leica Microsys-
tems). As control, cells were reacted with Click-iT® Cell Reaction Buffer Kit without
prior incubation with AHA. Assessment of fluorescence intensity was performed using
the FIJI software.

6.6 Mitochondrial assays
6.6.1 Mitotracker assay

3x10° fibroblasts were seeded on ethanol-washed glass coverslips and maintained in
standard culture medium for 24 hours. Cells were then incubated with 100 nM Mito-
Tracker® Deep Red (Invitrogen™) for 45 minutes at 37 °C in a 5% CO,. Cells were then
washed twice with 1X PBS and fixed with 4% paraformaldehyde in 0.1 M PBS (Life
Technologies, Thermo Fisher Scientific, Waltham, MA, USA), pH 7.4, for 20 min at
room temperature. Lastly, samples were incubated with DAPI at a final concentration of
1 pg/mL for 1.5 h at room temperature and analyzed by confocal microscopy (Confocal
laser scanning microscopy platform Leica TCS SP8, Leica Microsystems). As a control,
cells were reacted with DAPI without prior incubation with MitoTracker® Deep Red. As-
sessment of fluorescence intensity was performed using the F1JI software.

6.6.2 Mitosox assay

The MitoSOX™ Red Mitochondrial Superoxide Indicator (Invitrogen™) is a novel flu-
orogenic dye for highly selective detection of superoxide in the mitochondria of live cells.
3x10° fibroblasts were seeded on ethanol-washed glass coverslips and maintained in
standard culture medium for 24 hours. Cells were then incubated with 500 nM Mito-
SOX™ Red for 30 minutes at 37 °C in a 5% COa.. Cells were then washed twice with 1X
PBS and fixed with 4% paraformaldehyde in 0.1 M PBS (Life Technologies, Thermo
Fisher Scientific, Waltham, MA, USA), pH 7.4, for 20 min at room temperature. Lastly,
the samples were incubated with DAPI at a final concentration of 1 ug/mL for 1.5 h at
room temperature and analyzed by confocal microscopy (Confocal laser scanning mi-
croscopy platform Leica TCS SPS, Leica Microsystems). As a control, cells were reacted
with DAPI without prior incubation with MitoSOX™ Red. Assessment of fluorescence
intensity was performed using the FIJI software.

6.7 MTT assay
The MTT assay is a colorimetric assay used as an indicator of cell viability of all cells by

measuring the growth rate of cells comparing with the absorbance.
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The MTT assay is based on the reduction of MTT (3-(4-(4, 5-dimethylthiazolyl-2)-2, 5-
diphenyltetrazolium bromide) a yellow water-soluble tetrazolium salt created by mito-
chondrial dehydrogenases in metabolically active cells that is reduced to purple forma-
zan-stained crystals (Figure 23) (138).
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Figure 23. Chemical structure of MTT and colored formazan product (138).

Human dermal fibroblasts were seeded in a 96-well plate at 2 x 10° cells/well density.
After 24 hours period of incubation at 37 °C in a 5% CO», 10 ul MTT assay kit reagent
(Merck) was added to each well, and cells were incubated for 3 h. MTT crystals were
eluted with 100 pl of elution solution, composed of 4 mM HCI, 0.1% (v/v) NP40 all in
isopropanol for 30 min. The relative absorbance was measured with Multiskan™ multi-
mode plate reader (Thermo Fisher Scientific) at A = 570 nm. The results are expressed as
a percentage of the absorbance read in healthy fibroblasts cells (CTR).

6.8 Transmission Electron Microscopy (TEM) analysis

After being cleaned with 1X PBS, around 3x10° live cells were gently scraped from the
culture flasks and fixed in 2.5% glutaraldehyde in 0.13 M phosphate buffer, pH 7.2-7 .4,
for 2 h. Following this process, cells were post-fixed in 1% (w/v) osmium tetroxide, de-
hydrated through graded ethanol and propylene oxide, and embedded in Epon-Araldite.
Several semithin sections (about 70 nm thick) were prepared from each sample and
stained with 0.5% toluidine blue in 1% sodium borate. Ultrathin sections of 50 nm were
then generated and counterstained with uranyl acetate and lead citrate, to be observed
using a Tecnai Spirit BT transmission electron microscope (Thermo Fisher Scientific).

6.9 RNA sequencing workflow

The primary challenge with RNA-seq is the experiment design, where accuracy and cost
need to be balanced. To produce dependable analysis, the ideal number of biological and
technical duplicates must be selected, together with the necessary sequencing depth.

The decision to use "single-reads" or "paired-end" is especially noteworthy as it influ-
ences whether the fragments are read from one end to the other or from both ends. To
increase sequence coverage, "paired-end" sequencing is advised where it is feasible
(139).
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An RNAseq experiment typically includes of many fields of biology: experimental biol-
ogy, computational biology, and systems biology (Figure 24).
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Figure 24. Schematic representation of RNAseq workflow. The three primary sections: Experimental Biol-
ogy (orange), Computational Biology (green), and System Biology (blue) are displayed in different boxes.
As shown by the arrows, the workflow begins with sample preparation and moves on to the sequencing and
analysis phases. Created with BioRender.

RNA samples were isolated from human dermal fibroblasts and their quality were deter-
mined using the Agilent 4200 TapeStation System (Agilent, Santa Clara, CA, USA). Four
samples per patients were analyzed (N =4). RNA-seq libraries were prepared with the
CORALL Total RNA-Seq Library Prep Kit (Lexogen, Austria) using 750 ng total RNA.
To remove ribosomal RNA, a RiboCop rRNA Depletion Kit (Lexogen, Austria) was
used. The quality and quantity of the sequencing libraries was assessed with D1000
ScreenTape Assay using the 4200 TapeStation System (Agilent, USA). Libraries were
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sequenced using 75 bp paired end reads on the Illumina NextSeq 500 platform (Illumina,
San Diego, CA, USA).

FastQ files were generated via Illumina bcl2fastq2 (v. 2.17.1.14). The quality of the raw
data output was examined on a FastQC.

The bioinformatic data analysis pipeline included unique molecular identifier (UMI) ex-
traction, trimming, alignment, and quality control steps. Because CORALL libraries con-
tain N12 UMIs at the start of Read 1, UMIs were removed in the first step using the UMI
tools software.

Adapter sequences, poly-A sequences at the 3’ end of Read 1, and poly-T sequences at
the 5’ end of Read 2 were then trimmed using the Cutadapt software. Subsequent steps
to assess gene and transcript intensities were carried out using the STAR software and
transcripts were aligned on the GRCh38 version of the genome. Gene and transcript
abundance were computed using the FeatureCounts software, with the “stranded for-
ward” option.

A differential expression analysis was performed using R package DESeq.2; coding and
non-coding genes were considered differentially expressed and retained for further anal-
ysis when [log2 group2/groupl)>1 and FDR < 0.1.

The R software was used to generate heatmaps (the heatmap.2 function from the R
ggplots package), PCA plots (the prcomp function from the R ggplots package), and bi-
otype plots. Over-representation analysis (ORA) for Gene Ontology, Reactome and
KEGG were carried out using ClusterProfiler (140). A Venn diagram for shared genes
was constructed using the InteractiVenn webtool (141). The differentially expressed
IncRNAs and coding genes were loaded on the ncpath webtool and an integrated KEGG
enrichment analysis which includes all three classes of RNAs was performed (142).

6.10 Statistical analysis for in vitro experiments

Statistics was evaluated using GraphPad Prism version 9.0a (GraphPad Software Inc, La
Jolla, USA). Student's unpaired t-test was used if two conditions were to be analyzed
during data collection, and one-way ANOVA followed by Tukey's post-test was used
when three or more conditions were to be analyzed. For all in vitro experiments, data are
reported as mean + Standard Error Mean (SEM). The statistical significance level was
set at p=0.05.
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7. RESULTS
7.1 Setup of the experimental model

Thanks to the collaboration with the Pediatric Neurology Unit at the Buzzi Children's
Hospital in Milan (Dr. Davide Tonduti), we enrolled one AGS-affected patient (AGS9)
in this study and obtained a sample of skin biopsy from which we isolated primary dermal
fibroblasts (see material and methods section for detailed protocol and patients’ relative
information). These cells indeed represent a reliable in vitro model to study type I inter-
feronopathies (143,144), and they can be obtained with a minimally invasive procedure.
Fibroblasts of an age and sex matched control (CTR) were already available for this study
and used to obtain the results presented thereafter (see materials and methods section for
patient and control’s relative information).

7.1.1 Fibroblast characterization

To confirm that the isolated cell population from the skin biopsy was purely composed
of fibroblasts, an immunophenotypic characterization was performed via Fluorescence-
activated cell sorting (FACS) analysis (Figure 24). Specifically, the cells were tested for
the potential expression of two hematopoietic markers, CD45 and CD31 to exclude the
potential presence of hematopoietic cells. Results confirm that the totality of the cell pop-
ulation do not express these markers (Figure 25A), indicating that there wasn’t a contam-
ination of hematopoietic cells. CD45-/CD31- cells were also tested for CD90 and Ep-
CAM (epithelial cell adhesion marker). EpCAM is an antigen mainly expressed in cancer
stem cells and epithelial tumors, while CD90 is a specific dermal fibroblast marker
(145,146). Results demonstrate that fibroblasts express CD90 marker but not EpCAM
(Figure 25B), indicating that the isolation process was successful.
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Figure 25. Phenotypic analysis of cell surface markers. Fibroblast characterization was performed via flow
cytometry. Hematopoietic markers CD45 and CD31(A); CD90 and EpCAM (B). Y-axis represents the per-
centage of cells positive or negative to the markers. CTR: fibroblasts derived from the healthy control’s
biopsy; AGS9: fibroblasts derived from the AGS patient’s biopsy carrying the mutation in RNU7-1. The
results refer to two experiments (N=2).
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7.1.2 Metabolic state and membrane permeability assay

MTT assay was performed to test fibroblasts’ metabolic activity consequently to RNU7-
1 mutation and it was conducted at three time-points: 24 hours, 48 hours, and 72 hours
after plating.

The MTT reagent (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-2H-tetrazolium bromide)
is a mono-tetrazolium salt that can reach the mitochondrial inner membrane of metabol-
ically active cells where it is reduced to formazan through a colorimetric-based reaction
(147). Results highlight a reduced metabolic activity in fibroblasts derived from the
AGS9 patient compared to CTR (Figure 26).
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Figure 26. Metabolic feature of both CTR and AGS fibroblasts. MTT assay in control (CTR) and AGS patient
(AGS9). MTT assay was performed at different time point (24h, 48h, 72h). Histograms show the results of
three independent experiment, eight wells per experiments (N=24, ****p<0.0001 vs CTR). Data are ex-
pressed as mean + SEM.

7.2 Impact of RNU7-1 pathologic variant on U7 snRNA

7.2.1 Folding prediction of U7 snRNA following RNU7-1 mutation

Through Whole Exosome Sequencing (WES) conducted from our collaborators at Buzzi
Children’s Hospital, two homozygous transitions have been identified in the RNU7-1
gene of the enrolled AGS-affected patient: n.23T>G and n.54G>C (Figure 27A).

RNU7-1 is one of the 9 AGS-related genes and encodes for the U7 small nuclear RNA
(U7 snRNA) (89).

U7 snRNA folding prediction was obtained through the software package RNAfold 2.6.4

and highlighted some structural differences between the Wild-Type (WT) RNA sequence
and the mutated one (n.23T>G; n.54G>C) (Figure 27B).

41



Results

A)

YCAGTGTITACAGCTCTTTTAGAATTTGTCTAGTAGGCTITCTGGCTTITTACCGGAAAGCCCCTY

}MW‘C}W

WT RNU7-1 n.23T>G n.54G>C RNU7-1

Figure 27. A) Schematic representation of the RNU7-1 gene with localization of the investigated mutations
reported in red. (B) Structure prediction of wild-type (WT) U7 snRNA (left) and mutated U7 snRNA (right).
RNA minimum free energy (MFE) structure. Created with RNAfold 2.6.4.

7.2.2 Investigation of U7 snRNA expression and localization in primary fibro-
blasts carrying mutations in RNU7-1

As altered RNA morphology could affect both the expression and the localization of U7
snRNA, a standard Real-Time qPCR analysis and a nuclear-cytoplasmic mRNA quanti-
fication have been conducted on dermal fibroblasts. Results demonstrates that global ex-
pression of RNU7-1 does not significantly change between AGS9 and CTR conditions
(Figure 28A). On the other hand, RNU7-1 pathologic variant affects the localization in
subcellular compartment of the U7 snRNA, thus leading to an increase of the cytoplasmic
isoform at the expense of the nuclear one (Figure 28B).
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Figure 28. Altered RNU7-1 morphology affects U7 snRNA subcellular localization. A) Real-Time qPCR of
RNU7-1 in AGS9-affected patient (AGS9) vs healthy (CTR) fibroblasts (N=9). GAPDH was used as
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housekeeping gene. Data are expressed as means £ SEM of 3 replicate values in 3 independent experiments.
(B) Absolute quantification of RNU7-1 in either cytosol (N=9, *p<0.05 vs CTR) or nucleus (N=9,
**%p<0.001 vs CTR) of fibroblasts of a CTR and AGS9 patient. GAPDH and MALAT were used as house-
keeping genes for cytosol and nuclei, respectively.

7.3 Impact of RNU7-1 pathologic variant on other AGS-related genes

The 9 AGS-related genes are strongly dependent with one another as they all encode for
proteins or transcripts involved in metabolism and nucleic acids uptake (11,32). To in-
vestigate whether mutations in RNU7-1 impacted other AGS genes, the mRNA expres-
sion of IFIHI, TREXI1, SAMHDI, RNASEH2A, LSM11 and the two isoforms of ADAR1
(p150 and p110) have been measured through Real-Time qPCR. Results report that fi-
broblasts expressing the pathologic variant of RNU7-1 present an increased expression
of LSM11, and the two isoforms of ADARI (p150 and p110) (Figure 29). Our data con-
firms the strong relationship between RNU7-1 and LSM11 as they both encode for com-
ponents of the U7 snRNP complex. Moreover, the overexpression of ADAR emphasizes
the hypothesis according to which multiple members of the ADAR family form large
multicomponent protein complexes with nuclear ribonucleoproteins to cooperate during
the pre-mRNA processing machinery (148). Taken together, these data suggest a broader
impact of the RNU7-1 variant on the molecular landscape associated with AGS.
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Figure 29. Mutations in RNU7-1 impact the expression of other AGS-related genes. Real-Time qPCR of
AGS genes in AGS9 and CTR fibroblasts. Total ADAR1, ADARp110, ADARp150, IFIH1, TREX1,
SAMHDI1, RNASEH2A, RNASEH2B, RNASEH2C, and LSM11 levels were assessed by Real Time gPCR.
GAPDH was used as housekeeping gene. Results are reported as means = SEM of 3 replicate values in 3
independent experiments. (N=9, *p<0.05, **p<0.01 vs CTR).

7.4 Investigation of AGS canonic features
7.4.1 Production of IFNa. in fibroblasts carrying mutations in RNU7-1

Increased expression of [FNa in CSF and serum is a key aspect in over 85% of AGS
patients (28). IFNa has the function of activating the transcription of ISGs. ISGs are a
panel of more than 100 genes which encode for several components involved in the in-
flammatory process and in the activity of innate and adaptive immune systems (149). To
determine whether IFNa is overexpressed in the AGS9 condition, we set out an ELISA
(enzyme-linked immunosorbent assay) test to quantify the amount of IFNa in the
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supernatant derived from both AGS9 and CTR fibroblasts (Figure 30). Results highlight
the increased production of IFNa in AGS9 condition.

ik Ak

8004 1
T
S, 6004
=2
=
s
®
£ 4004
©
LL]
=
k=]
S
T 200
Fra T
0 T L]
CTR  AGSS

Figure 30. Interferon overproduction in RNU7-1 pathologic variant. ELISA (enzyme-linked immunosorbent
assay) to target IFNa in the secretome derived from AGS9 and CTR fibroblasts after 72h of incubation (N=6,
*#*%p<(0.0001 vs CTR). Data are expressed as means = SEM of 3 replicate values in 2 independent experi-
ments.

7.4.2 Evaluation of interferon signature in AGS9 fibroblasts

mRNA expression of the 6 ISGs mostly related to AGS (SIGLEC-1, IFI44L, IFI27,
IFITI, ISGI15 and RSAD?2) (29) was assessed via Real-Time qPCR, and these targets re-
sulted upregulated (Figure 31A). Expression of ISGs is often used to calculate an im-
portant parameter of AGS, the interferon score. The interferon score defines the level of
dysregulation of IFN, and it can be measured to test the effectiveness of a therapy or to
monitor the state of the disorder (137). In this study, the interferon score has been ana-
lyzed in both fibroblast cells and in a whole blood sample of the AGS9 patient and the
respective CTR. The analysis confirms the overall increased transcription of the ISGs in
fibroblasts (Figure 31B) and in whole blood (Figure 31C) derived from the affected sub-
ject in respect to the control. Protein expression of these ISGs was also assessed via
Western Blot (Figure 31D) and Immunofluorescence (Figure 31E), confirming an overall
increased expression of these targets.
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Figure 31. Activation of the IFN signature in fibroblasts of the AGS9 patient. A) Real-Time qPCR of ISGs
in AGS9 and CTR fibroblasts. SIGLEC1, IF144L, IF127, IFIT1, ISG15 and RSAD?2 levels were assessed.
GAPDH was used as housekeeping gene. Results are reported as means + SEM of 3 replicate values in 3
independent experiments. (N=9, *p<0.05, ***p<0.001 vs CTR). B) IFN SCORE mRNA expression in AGS9
and CTR fibroblasts (N=9, ***p<0.001 vs CTR). IFN SCORE levels were assessed by Real Time qPCR.
GAPDH was used as housekeeping gene. Data are expressed as means + SEM of 3 replicate values in 3
independent experiments. C) IFN score calculated in whole blood with the IFN Signature type 1 One Step
Multiplex assay (N=1). D) Western Blot (right) and relative protein quantification (left) of ISGs. Representa-
tive images showing SIGLEC1 (N=3), IFI44L (N=3, **p<0.01), RSAD2 (N=3), IFI127 (N=3, **p<0.01),
IFIT1 (N=2) and ISG15 (N=3, **p<0.01). B-actin was used as housekeeping protein. Data are expressed as
means + SEM. E) Immunofluorescence images (top) and relative fluorescence quantification (bottom) of
ISGs in CTR and AGS9 cells. Nuclei are stained with DAPI (blue) and ISGs are shown in green. Data are
expressed as mean + SEM of three independent experiments, with three fields per experiment (N=9, *p<0.05,
**#%p<0.0001 vs CTR). Scale bar = 30 pm.
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7.5 Effects of Hydroxychloroquine on interferon signaling and cell viability

Chloroquine (CQ) and its synthetic analogue hydroxychloroquine (HCQ) are currently
employed as antimalarial drugs (125). Recently, they have been approved for use as mon-
otherapy or in conjunction with other therapies for the treatment of autoimmune diseases
such as systemic lupus erythematosus (SLE), rheumatoid arthritis, and Sjogren's syn-
drome as immunosuppressive drugs (126,127).

7.5.1 Hydroxychloroquine reduces interferon signature and secretion of I[FNo,

Given some similarities between SLE and AGS (150), we wanted to investigate the pos-
sible therapeutic effect of hydroxychloroquine (HCQ) on AGS outcomes. Specifically,
we investigated if this compound could reduce IFN production and interferon signature
in AGS9 fibroblasts. Basing on a previous reported protocol (151), we treated fibroblasts
obtained from the AGS9 patient and the CTR with hydroxychloroquine sulfate (see ma-
terial and methods for detailed protocol). Results obtained via ELISA confirm the in-
creased production of IFNa in non-treated AGS9 cells (NT) and its subsequent decrease
following hydroxychloroquine treatment (TR) (Figure 32A). Moreover, expression of
ISGs and IFN score in AGS9 condition significantly decrease in AGS9 treated condition
(Figures 32B and 32C). On the other hand, this treatment seems to not affect the overall
expression of IFNa and ISGs in CTR cells.
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Figure 32. Hydroxychloroquine effectively reduces IFN production and its signaling pathway. A) ELISA
(enzyme-linked immunosorbent assay) to target IFNa in non-treated (NT) AGS9 and CTR conditions and
after chloroquine treatment (TR). Experiments were performed in duplicates in two experiments (N=4). Re-
sults are reported as mean + SEM. B) SIGLEC, IF144L, IF127, IFIT1, ISG15 and RSAD2 mRNA expression
in CTR and AGS9 with and without hydroxychloroquine treatment. GAPDH was used as housekeeping gene.
Results are reported as means = SEM of 2 replicate values in 3 independent experiments (N=6, **p<0.01;
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**#%p<0.0001). C) Interferon score mRNA expression in CTR and AGS9 fibroblasts with and without hy-
droxychloroquine treatment. SIGLEC, IFI44L, IF127, IFIT1, ISG15 and RSAD2, INTERFERON SCORE
levels were assessed by Real-Time qPCR. GAPDH was used as housekeeping gene. Experiments were per-
formed in duplicates in three independent experiments (N=6, ****p<0.0001). Results are reported as mean
+ SEM. NT=non treated; TR=treated with hydroxychloroquine.

7.5.2 Hydroxychloroquine improves overall metabolism of AGSY cells

As reported in the setup of the experimental model, AGS9 fibroblasts presented a strongly
reduced metabolism measured through MTT assay. Recent research indicate that inflam-
mation is one of the major contributors in cell viability as it has been demonstrated that
cells subject to inflammation stimuli present higher mortality risk (152). To test the po-
tential effects of hydroxychloroquine on cell survival, viability, and metabolism, an MTT
assay has been conducted on supernatant of fibroblasts treated with this drug. A standard
MTT assay without any drug treatment has also been set out as a negative control (Figure
33). Results confirm the improvement of cell viability in AGS9 condition after hy-
droxychloroquine treatment, giving more credit to role of inflammation in overall cell
survival.
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Figure 33. Hydroxychloroquine ameliorates cell viability. MTT assay performed in control (CTR) and AGS
fibroblasts (AGS9) in both non-treated (NT) and treated conditions. Treated condition refers to the addition
of 10 p hydroxychloroquine in cell media for 8h. MTT assay was performed at different time point (24h,
48h, 72h). Histograms show the results of three independent experiment, eight wells per experiments (N=24,
**+%p<0.0001 vs CTR). Data are expressed as mean + SEM. NT=non treated; TR=treated with hydroxychlo-
roquine.

7.6 Importance of the cGAS-STING signaling cascade in IFN production

Amongst all the molecular pathways that lead to the production of IFNa, the cGAS-
STING signaling cascade has emerged as a key mediator of inflammation in AGS path-
ogenesis (153,154).

The primary effector of this signaling cascade is the cyclic GMP-AMP synthase (cGAS)
which catalyzes the production of the 2’,3'-linked dinucleotide cGAMP (55).
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The endoplasmic reticulum (ER) transmembrane adaptor protein stimulator of interferon
genes (STING) is then activated by cGAMP and subsequently reaches the Golgi appa-
ratus (56).

At this point, the C-terminal tail of STING recruits and activates the TANK-binding ki-
nase 1 (TBK1) that in turn phosphorylates the IFN regulatory factors 3 (IRF3). Lastly,
IRF3 translocates to the nucleus and causes the transcription of IFNa and its autocrine
signaling cascade (53,54,56).

To point out the potential activation of the cGAS-STING pathway in AGS9 fibroblasts,
the expression of the players implicated in this cascade have been investigated. Results
demonstrate the overall upregulation of both mRNAs (Figure 34A) and proteins (Figure
34B) of cGAS, STING and TBK1 in AGS9 condition.
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Figure 34. Major IFNa expression in AGS9-derived cells. A) cGAS, STING, IRF3 and TBK1 mRNA ex-
pression was assessed via Real-Time qPCR, GAPDH was used as housekeeping gene. Data are expressed as
mean = SEM of three independent experiments performed in duplicates (N=6, ****p<0.0001 vs CTR). B)
Immunofluorescence analysis of IFN activators in CTR and AGS9 cells. Nuclei are stained with DAPI (blue)
and target proteins are shown in green. Data are expressed as mean + SEM of three independent experiments,
with three fields per experiment (N=9, **p<0.01, ****p<0.0001). Scale bar =30 pm.
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7.7 Investigation of AGS specific features following RNU7-1 variation

Increased production of IFNa and interferon signature, as well as activation of the cGAS-
STING represent canonic AGS readouts but do not explain how pathologic variations in
RNU7-1 are involved in AGS pathogenesis. To overcome this aspect, this part of the
study is focused on the characterization of specific functional readouts triggered by var-
iations of RNU7-1.
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7.7.1 RNU7-1 variations affect expression of U7 snRNP-related genes

The U7 small nuclear RNA (U7 snRNA), encoded by the RNU7-1 gene, is an essential
component of the U7 small nuclear ribonucleoprotein (U7 snRNP) complex (91) (Figure
35A). Besides the U7 snRNA, the other components of U7 snRNP are LSM10 and
LSM11 proteins. Other essential proteins for U7 snRNP functioning are ZFP100 (also
called ZNF473) and SLBP that allows the cut of poly-A of replication-dependent histones
(92). Specifically, ZFP100 stabilizes the binding of U7 snRNP to the poly-A cleavage
site whilst SLBP is a trans-acting factors that binds the stem-loop structure and cooper-
ates with U7 snRNP to the cut (90).

In this part of the study, we wanted to investigate the effects of mutated RNU7-1 on the
components of U7 snRNP. Real-Time qPCR conducted on the genes that encode for the
components of the U7 complex shows an increase of LSM11 and ZFPI100 in AGS9 fi-
broblasts (Figure 35B).
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Figure 35. Effects of RNU7-1 mutation on U7snRNP complex A) Representative image of the U7 complex.
Created with BioRender.com. B) LSM10 (N=9), LSM11 (N=9, *p<0.05 vs CTR), SLBP (N=9), and ZFP100
(N=9, ***p<0.001 vs CTR) mRNA expression in fibroblasts were assessed via Real-Time qPCR; GAPDH
was used as housekeeping gene. Results are reported as mean = SEM of three different experiments per-
formed in triplicates.

To better understand how aberrant U7 snRNA leads to the overexpression of LSM11 and
ZFP100, the IntAct Molecular Interaction Database (IMID) was used. IMID is a tool
used to study molecular interaction data derived from literature curation (155). Through
this database, it was possible to discover that the U7 snRNA physically binds ZFP100
during the functioning of U7 snRNA (Figure 36). Moreover, recent research indicates
that variants of ZF/P100 (here reported as its alias ZNF473) could affect its binding with
U7 snRNA, overall leading to U7 snRNP misfunctioning (97).
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Figure 36. IntAct search results for “RNU7-1 human”. Schematic representation of RNU7-1 and ZFP100
(ZNF473) interaction (top) and interaction table with specific information about the two interactors (bottom).

7.7.2 Variations of RNU7-1 impair physical association between U7 snRNA
and ZFP100

To verify whether variations RNU7-1 could affect the binding between U7 snRNA and
ZP100, RNA immunoprecipitation (RIP) was conducted (see materials and methods sec-
tion for detailed protocol). Results highlight the decrease in physical association between
U7 snRNA and ZFP100 in AGS9 fibroblasts (Figure 37). Thus, leading to a potential U7
snRNP misfunctioning.
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Figure 37. Effects of RNU7-1 mutation on ZFP100-RNU7 binding. RNA immunoprecipitation analysis of
ZFP100. RNU7-1 (N=9, *p<0.05 vs CTR) mRNA expression in fibroblasts were assessed via Real-Time
qPCR; GAPDH was used as housekeeping gene and results were normalized according to ZFP100 antibody
or isotype immunoglobulin G (Isotype IgG; negative control). Results are reported as mean = SEM of three
different experiments performed in triplicates.

7.8 Identification of novel molecular pathways involved in AGS9 pathology

7.8.1 RNA-sequencing analysis highlights differences in AGS9 transcriptome

To investigate whether novel pathologic pathways could be involved in RNU7-1 medi-
ated AGS, we performed a total RNA-sequencing (RNAseq) analysis in fibroblasts ob-
tained from either the AGS9 patient or the matched control.
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Principal Component Analysis (PCA) highlighted a separation amongst conditions (Fig-
ure 38A), and the heatmap reports the top 30 up- and down-regulated genes (Figure 38B).
Specifically, differential expression analysis highlighted 663 transcripts as differentially
expressed (DEGs), of which 344 are down-regulated and 319 are up-regulated. Moreo-
ver, Figure 38C shows the distribution of the different biotypes of DEGs, and it is possi-
ble to see how the vast majority (535) are protein coding, 68 are IncRNAs, and the re-
maining ones are other types of RNAs.
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Figure 38. RNA-sequencing analysis indicates transcriptional perturbations following AGS9 mutation. A)
Principal Component Analysis (PCA) of differentially expressed genes (DEGs) in AGS9 vs. CTR. We con-
sidered as differentially expressed genes with [log2FC| > 1 and a False Discovery Rate (FDR) < 0.1. B)
Heatmap of the top 30 up- and down-regulated genes in AGS9 vs. CTR. C) Biotype of DEGs reported as
barplot indicating on the y axis the number of DEGs and on the x axis the different biotypes.
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7.8.2 AGSY fibroblasts present alterations in multiple neural pathways

Gene Ontology (GO) analysis was then performed to assess implicated biological pro-
cesses in which differentially expressed genes are involved. Interestingly, Biological Pro-
cesses analyses highlighted multiple neuro-related pathways such as neurogenesis, neu-
ron differentiation and nervous system development, which are main neurologic features
in AGS patients (Figure 39).

Thus, confirming the role of aberrant neurologic pathways in AGS pathogenesis. More-
over, GO data indicates that fibroblasts represent a good in vitro model for the study of
this disorder as they reflect specific molecular AGS aspects.
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Figure 39. Differentially expressed genes in AGS9 are mainly involved in neural-related pathways. Treeplot
showing the hierarchical clustering of enriched terms in GO Biological Processes. Pathways are clustered
according to pairwise similarities which are calculated according to the Jaccardi’s similarity index; dot size
represents the number of different DEGs in the pathway, and the color indicates the adjusted p-value.

Reactome pathway enrichment analysis also confirmed dysregulation in neuron-related
mechanisms and pointed out differentially expressed genes involved in interferon a and
B signaling, a key feature in AGS pathology (Figure 40). Specifically, multiple ISGs re-
sulted to be upregulated, including ISG15, IFI127, and RSAD2, confirming previously re-
ported results regarding interferon-signature.
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Figure 40. Cnet plot of enriched Reactome pathway. This plot was produced in ClusterProfiler based on the
results of the “EnrichDAVID” function. Category =the enriched Reactome pathway. Size =the number of
differentially expressed genes which belong to the enriched Reactome pathway. Fold change =the fold
change difference between AGS9 and CTR.

7.8.3 Transcriptional changes in AGS9 cells affect chromatin modifications

GO analysis also highlighted multiple events related to chromatin modifications which
are affected by transcriptional changes in AGS9 cells with respect to CTR. Specifically,
the “structural constituent of chromatin” pathway resulted to be the most altered one.
Figure 41 illustrates a cnet plot that includes the genes included in this pathway and,

interestingly, most of them are genes involved in histone post-translational modifica-
tions.
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Figure 41. Cnetplot showing the clustering of enriched terms in GO Molecular Functions. This plot was
produced in ClusterProfiler based on the results of the “EnrichDAVID” function. Category = the enriched

53



Results

Reactome pathway. Size = the number of differentially expressed genes which belong to the enriched Reac-
tome pathway. Fold change = the fold change difference between AGS9 and CTR.

7.9 Variations in RNU7-1 gene affect histone mRNA maturation and translation

Given the results previously reported in RNAseq analysis, this part of the study was fo-
cused on the impact of RNU7-1 variations on histone transcription and translation.

7.9.1 Misprocessing of RDH pre-mRNAs in AGS9 fibroblasts

U7snRNP is a complex that mediates replication-dependent histone (RDH) pre-mRNA
processing (14). The RDH genes encode the four core histones (H2A, H2B, H3 and H4)
and the linker histone family (H1).

A distinctive feature of RDH is that they encode the only known eukaryotic mRNAs
without a poly-A tail at the 3’ end, terminating instead with a stem-loop structure (89).
This unique 3’ end is formed by a U7-dependent endonucleolytic cleavage of the pre-
mRNAs between the stem-loop and a purine-rich sequence called histone downstream
element (HDE) (90). A failure in this mechanism can lead to the production of aberrant
mRNA isoforms that possess a poly-A (156).

To investigate functional consequences of the RNU7-1 variant on U7 snRNP functioning,
we performed a Real-Time qPCR in patient and control fibroblasts using primers that
span the endonucleolytic cleavage site between the stem-loop site and HDE to determine
the presence of misprocessed RDH transcripts. Compared to controls, patient cells were
enriched for forms of RDH mRNAs that still present the poly-A tail. On the other hand,
expression of replication-independent histones (RIH) mRNAs, which are normally pol-
yadenylated and do not require the U7 snRNP complex, was unaffected (Figure 42).
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Figure 42. Enrichment in poly-A of RDH pre-mRNAs following RNU7-1 mutation. HIFX (N=9), H3F3A
(N=9), HISTHIC (N=9, **p<0.01 vs CTR), HISTH2AC (N=9, ***p<0.001 vs CTR), and HIST2H3A (N=9,
*#**p<(0.0001 vs CTR) mRNA expression in fibroblasts were assessed via Real-Time qPCR; GAPDH was
used as housekeeping gene. Results are reported as mean £ SEM of three different experiments performed
in triplicates.
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To demonstrate that the increase in poly-A tail was a direct consequence of U7 snRNA
misfunctioning and not a result of a potential basal overexpression of histone genes in
AGS9, a standard Real-Time qPCR on both RDH and RIH transcripts has been per-
formed. No significant differences were found among AGS9 and CTR conditions in
terms of total histone transcription (Figure 43), suggesting a normal transcription of RDH
genes and an aberrant maturation of their transcripts that could have consequences in
term of histone translation.
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Figure 43. Histone mRNA basal expression is not affected by U7 snRNP misfunctioning. Real-Time qPCR
of RDHs and non RDHs histones in AGS9 and CTR fibroblasts. HIFX (N=9), H3F3A (N=9), HISTHI1C
(N=9), HISTH2AC (N=9), and HIST2H3A (N=9) mRNA expression in fibroblasts were assessed; GAPDH
was used as housekeeping gene. Data are expressed as means = SEM of 3 replicate values in 3 independent
experiments.

7.9.2 Histone translation is reduced because of RNU7-1 pathologic variations

As maturation of RDH transcripts resulted to be compromised by U7 snRNP misfunc-
tioning, this part of the study focused on the consequences of altered RDH mRNA mat-
uration on histone protein production. To this end, western blot on protein nuclear ex-
tracts (Figure 44A) and immunocytochemistry (Figure 44B) were conducted on both
AGS9 and CTR fibroblasts. Results report a significant decrease of histone proteins in
AGS9 condition, suggesting a link between RNU7-1 mutation and histone translation.
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Figure 44. RNU7-1 pathologic variations affect histone protein expression in AGS9 fibroblasts. A) Western
Blot (left) and relative protein quantification (right) of H1 (N=2, *p<0,05 vs CTR), H2AX (N=2, **p<0.01
vs CTR), H2B (N=2, ***p<0,001 vs CTR), H3 (N=2, **p<0.01 vs CTR) and H4 (N=2, *p<0.05 vs CTR).
Lamin B1 was used as housekeeping protein. Data are expressed as means £ SEM. D) Immunofluorescence
images (top) and relative analysis (bottom) of histones in CTR and AGS9 cells. Nuclei are stained with DAPI
(blue), histones are represented in red, and vimentin is shown in green. Data are expressed as mean + SEM
of three independent experiments, with three fields per experiment (N=9, *p<0.05, ****p<0.0001 vs CTR).
Scale bar = 30 pm.

7.10 TEM analysis reveals morphological alterations in AGS9 fibroblasts

Since histones are essential proteins for the package of genomic DNA and for gene reg-
ulation (157), their dysfunction could affect chromatin structure and expression.
Transmission electron microscopy (TEM) analysis on AGS9 and CTR fibroblasts re-
vealed a lack of chromatin in AGS9 nuclei, confirming previously reported RNAseq re-
sults. Smaller mitochondria and reduced localization of ribosomes on ER membranes in
AGS9 cells were also reported (Figure 45).
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Figure 45. Representative transmission electron microscopy (TEM) images of fibroblasts from an AGS pa-
tient carrying mutations in RNU7-1 and a healthy control. Chromatin lack (in nucleus (orange), reduced
dimensions of mitochondria (blue) and ribosome lack (yellow arrow) have been reported in AGS9 condition.

7.10.1  AGS9 fibroblasts present dysfunctions in mitochondrial metabolism

Several studies have recently demonstrated the involvement of mitochondrial impairment
in multiple inflammatory disorders and AGS, with a close correlation between altered
mitochondrial metabolism and the induction of an aberrant IFNa-dependent immune re-
sponse (107,108,110). However, there is still a cap in knowledge regarding the potential
role of mitochondrial alterations in RNU7-1 mediated AGS.

For this reason, this part of the study is focused on the investigation of mitochondrial
alterations in AGS9 context. Firstly, to understand whether morphologic alterations in
mitochondria reported with TEM analysis affect mitochondria basal activity, we per-
formed Mitotracker staining assay. Results report a decrease in fluorescence signaling in
fibroblasts from AGS9 patients, supporting the findings highlighting a decrease in mito-
chondrial metabolic activity (Figure 46A).

Moreover, as aberrant mitochondria metabolism in AGS has been recently linked to in-
creased production of reactive oxygen species (ROS) (110,111), Mitosox assay was also
performed. Results confirm an increased release of ROS in AGS9 cells, confirming the
implication of oxidative stress in AGS pathogenesis.
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Figure 46. Mitochondrial dysfunctions in AGS9 cells. A) Mitotracker staining assay in AGS9 vs CTR fibro-
blasts (left) and relative quantification (right). Nuclei are stained with DAPI (blue) and mitochondria are
labelled in red. Data are expressed as mean = SEM of two independent experiments, with three fields per
experiment (N=6, *p<0.05). Scale bar =30 um. B) Mitosox staining assay in AGS9 vs. CTR fibroblasts (left)
and relative quantification (right). Nuclei are stained with DAPI (blue) and mitochondria are labelled in red.
Data are expressed as mean = SEM of two independent experiments, with three fields per experiment (N=6,
*#%*%p<(.0001). Scale bar = 30 pum.

7.10.2  Nascent protein synthesis is decreased in AGS9 cells

TEM results revealed a lack of ribosomes in nuclei of AGS9-derived fibroblasts. As ri-
bosomes are essential for protein synthesis (158), their damage or decrease could impact
nascent protein synthesis. Therefore, nascent protein synthesis in AGS9 and CTR fibro-
blasts has been assessed via Click-iT Metabolic Labeling Reagents for Proteins which
enables the tagging of novel proteins with an azide-containing biomolecule (L-az-
idohomoalanine). Results report a decrease in nascent protein production in AGS9 fi-
broblasts, confirming an alteration in this process (Figure 47).
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Figure 47. Decreased protein synthesis in AGS9 cells. Click-iT staining assay in AGS9 vs. CTR fibroblasts
(right) and relative quantification (left). Nuclei are stained with DAPI (blue) and nascent proteins are labelled
in green. Data are expressed as mean = SEM of two in-dependent experiments, with three fields per experi-
ment (N=6, *p<0.05). Scale bar =30 um.
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8. DISCUSSION

Aicardi-Goutiéres syndrome (AGS) is a rare pediatric-onset disorder that usually occurs
during the first 3 years of life. AGS is characterized by a progressive encephalopathy
related to motor impairment and alteration of normal neurodevelopment (64). This con-
dition is classified as a type 1 interferonopathy because of the increased alpha interferon
(IFNa) production in CSF and blood of more than 85% of affected individuals (7). AGS
presents a hereditary component and it is currently associated with mutations in 9 genes
(TREX1, RNASEH2A, RNASEH2B, RNASEH2C, SAMHD1, ADARI, IFIHI, LSM11 and
RNU7-1), all coding for proteins or transcripts involved in nucleic acids (NAs) metabo-
lism and signaling (11,32). Mutations in one of these genes indeed compromise the abil-
ity of the organism to discriminate endogenous from exogenous NAs, triggering an ab-
errant immune response that results in elevated production and release of IFNa (13,14).
Amongst the 9 commonly mutated genes underlying AGS, the least frequently mutated
gene is RNU7-1 (AGS9), that is indeed responsible of less than 1% of AGS cases (2,190).
This gene encodes for the U7 small nuclear RNA (U7 snRNA) which is an essential
component of the U7 small nuclear ribonucleoprotein (U7 snRNP) complex. U7 snRNP
mediates replication-dependent histone (RDH) pre-mRNA processing (91,92).

During the last two decades, multiple studies documented the role of IFNa dependent
immune response in multiple inflammatory disorders, including AGS (29,41,58). Specif-
ically, it has been discovered the relationship between this disease and the interferon
signature (IS), described as the chronic upregulation of multiple interferon-stimulated
genes (ISGs) (11). Many specific molecular pathways involved in AGS pathogenesis
have also been identified for most of the genes related to this disorder (63,69,80,153).
However, no study has already focused on the pathogenic role of RNU7-1 (AGS9) in
AGS, thus making this gene the least characterized one in this disease.

For these reasons, this work aimed to dissect the role of RNU7-1 in AGS pathogenesis
by exploiting dermal fibroblasts derived from an AGS patient carrying a pathological
variant of RNU7-1 and comparing them to fibroblasts derived from a healthy control
subject matched by age and sex with the patient. Specifically, this work highlighted mul-
tiple common molecular mechanisms of AGS, such as the increased production of [FNa
and the activation of ISGs, but also identifying novel pathways uniquely related to RNU7-
1 through innovative approaches such as RNA-sequencing.

As AGS is a rare condition that affects infants as early as birth, sample recruitment is a
limiting factor in the research of this disease and especially in the molecular factors un-
derlying its genesis. We first obtained fibroblasts from a skin biopsy of the AGS patient
carrying a mutation in RNU7-1 and a healthy control matched by age and sex. Through
FACS analysis, we characterized these cells using CD45, CD31, CD90 and EpCAM as
specific markers, confirming that the isolated lines are purely composed of fibroblasts
without any other cell contamination.

Before working with a new primary cell line, it is always important to verify their vitality
and overall metabolic activity.
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MTT assay was conducted at different times (24 hours, 48 hours, 72 hours) to test cell
metabolic activity consequently to RNU7-1 mutation and it revealed a reduced metabolic
activity of fibroblasts derived from the AGS patient compared to CTR.

Through whole exosome sequencing we identified two homozygous transitions in the
RNU7-1 gene of the enrolled AGS-affected patient (n.23T>G and n.54G>C) and pre-
dicted the folding structure of the transcript derived from the mutated gene with the one
obtained from the wild-type (WT) one. Results revealed some differences between the
WT transcript and the mutated one.

As altered RNA morphology could affect both the expression and the localization of U7
snRNA, a standard Real-Time qPCR analysis and a nuclear-cytoplasmic mRNA quanti-
fication have been conducted on dermal fibroblasts, revealing an altered localization of
U7 snRNA in AGS9 condition that could potentially affect its biological activity.

Since all the 9 AGS genes are involved in metabolism and nucleic acids uptake (15), we
investigated if the variant of RNU7-1 could affect the expression of the rest of AGS
genes. Real-Time qPCR conducted on AGS genes highlighted a significative increase of
LSM11, ADAR p150, ADAR p110 and total ADARI, thus confirming the strong relation-
ship between RNU7-1 and LSM11 as they both encode for components of the U7 snRNP
complex and the role of ADAR family components in cooperating with during the pre-
mRNA processing (148).

As previously mentioned, AGS is a disease classified as interferonopathy (1) and inter-
feron plays a crucial role in its pathogenesis (137). For this reason, we analyzed IFNa
levels and its signature. In AGS, interferon is produced due to deficits in nucleic acid
recognition, editing or breakdown pathways, which activate a series of processes that
establish inflammation and trigger IFNa production, which in turn activates transcription
of ISGs (59). IFNa and ISGs expression levels were then investigated in fibroblasts, and
results reported the overexpression of both [IFNa and multiple ISGs in AGS9 condition.
Basing on these results, we also determined an important parameter of AGS, the inter-
feron score in fibroblast cells and in a whole blood sample of the AGS patient and the
CTR. The interferon score defines the level of dysregulation of IFN, and it can be ana-
lyzed to test the effectiveness of a therapy or to monitor the state of the disorder (9). The
analysis confirms the increased transcription of the ISGs in AGS9 in both fibroblasts and
whole blood. Altogether, this data validates the importance of the “interferon signature”
and the role of IFNa in AGS pathogenesis.

Next, we wanted to test hydroxychloroquine (HCQ), a drug currently employed in treat-
ment of multiple inflammatory disorders (129), as potential therapeutic treatment to de-
crease IFN signature. We demonstrated that HCQ treatment in AGS9 fibroblasts posi-
tively reduced their interferon signature and overall interferon production. Moreover, our
results show that this drug also restore cell viability in AGS9 fibroblasts.

In the following part of the study, we focused on the study of the molecular pathways
involved in production of IFNa. Since recent research hypothesized the involvement of
the cGAS-STING signaling cascade in IFNa production in AGS (150,151), we focused
on the investigation of this pathway in AGS9 fibroblasts.
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Our Real-Time qPCR and immunochemistry data confirmed the upregulation of ¢GAS,
STING and TBK]1, all players involved in the cGAS-STING pathway.

We then investigated the effects of pathologic variations in RNU7-1 on U7 snRNP related
genes. As previously mentioned, RNU7-1 encodes for the U7 snRNA that, together with
LSM10 and LSM11 composes U7 snRNP (89). Other important factors for U7 snRNP
functioning are ZFP100 (also called ZNF473) and SLBP, two proteins that allow U7
snRNP to carry out its biological activities (90). Real-Time qPCR results demonstrate an
increased expression of LSM11 and ZFP100 in AGS9 fibroblasts. To better understand
these data, the IntAct Molecular Interaction Database (IMID) was used, and it pointed
out the physical interaction between U7 snRNA and ZFP100. To verify whether varia-
tions RNU7-1 could affect the binding between U7 snRNA and ZP100, an RNA immuno-
precipitation (RIP) was conducted, and results highlighted the decreased physical asso-
ciation between U7 snRNA and ZFP100 in AGS9 condition. Thus, indicating that the
previously discussed misfolding of U7 snRNA could affect its ability to bind ZFP100.

One of the aims of this thesis work was to identify novel pathologic pathways potentially
involved in AGS9 pathogenesis, so we conducted an RNA-sequencing (RNAseq) analy-
sis on fibroblasts obtained from either the AGS9 patient or the matched control. This
analysis provided a comprehensive view of the transcriptomic differences between AGS9
and control cells. In addition, RNAseq was useful for the identification of differentially
expressed genes (DEGs), their categorization into various biotypes, and offered insights
into the molecular processes affected by the RNU7-1 variant. The enrichment of path-
ways related to neuron function and interferon signaling further emphasized the role of
aberrant neurologic pathways in AGS pathogenesis and validated fibroblasts as a good
in vitro model for the study of this disorder. RNAseq also confirmed the upregulation of
multiple ISGs, giving even more credit to our preliminary data. Interestingly, transcrip-
tional changes in AGS9 cells were related to chromatin structural components. Specifi-
cally, it was highlighted that genes involved in histone post-translational modifications
were strongly affected.

Keeping in mind RNAseq results, we investigated the impact of RNU7-1 pathologic var-
iations on histone transcription and translation. It is known that U7 snRNP mediates rep-
lication-dependent histone (RDH) pre-mRNA processing (13). Mature RDH transcripts
indeed are not polyadenylated at the 3’ end, terminating instead with a stem-loop structure
(87). This unique 3’ end is formed by a U7-dependent endonucleolytic cleavage of the
pre-mRNAs between the stem-loop and a purine-rich sequence called histone down-
stream element (HDE) (88, 153). Through Real-Time qPCR conducted with primers that
span the endonucleolytic cleavage site between the stem-loop site and HDE, we deter-
mined the presence of misprocessed RDH transcripts that still present the poly-A in
AGS9 cells. On the other hand, expression of replication-independent histones (RIH)
mRNAs (which are normally polyadenylated and do not require the U7 snRNP function-
ing) and total histone expression were the same in AGS9 and CTR cells, suggesting a
normal transcription of RDH genes and an aberrant maturation of their transcripts that
could have consequences in term of histone translation. WB and immunocytochemistry
analysis were then performed to investigate whether aberrant RDH maturation affects
histone translation, revealing a significant decrease of histone protein expression in
AGS9 condition.
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As histone expression could affect chromatin folding and expression (154), transmission
electron microscopy (TEM) analysis was performed to visualize overall chromatin con-
tent in AGS9 and CTR fibroblasts. TEM results revealed a lack of chromatin in AGS9
nuclei, confirming previously reported RNAseq results.

Since TEM analysis also revealed smaller mitochondria and reduced localization of ribo-
somes on ER membranes in AGS9 cells, we started to investigate the potential role of
this organelles in this disorder. Several studies have already demonstrated the potential
involvement of mitochondrial dysfunctions in AGS, with a close correlation between al-
tered mitochondrial metabolism, increased production of reactive oxygen species (ROS),
and the induction of an aberrant IFNa-dependent immune response in AGS
(105,106,108). For this reason, Mitotracker and Mitosox staining assays were carried out,
and results demonstrated a reduced basal metabolic activity together with an increase
production of ROS in AGS9 condition. Lastly, Click-iT Metabolic assay was conducted
to assess if the reported lack of ribosomes in ER of AGS9 cells could affect overall nas-
cent protein synthesis. Results revealed a decrease in nascent protein production in AGS9
fibroblasts, confirming an alteration in this mechanism that could be involved in patho-
genesis of this disease.

In conclusion, this study confirms the key role of IFN-signaling in AGS pathogenesis,

and it also proposes novel mechanisms related to RNU7-1 variations, including mito-
chondrial and histone dysfunctions.
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