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ARTICLE INFO ABSTRACT

Keywords: Rett Syndrome (RTT) is a rare X-linked neurodevelopmental disorder which affects about 1: 10000 live births.
Rett syndrome In > 95% of subjects RTT is caused by a mutation in Methyl-CpG binding protein-2 (MECP2) gene, which en-
Skin primary fibroblasts codes for a transcription regulator with pleiotropic genetic/epigenetic activities.

Proteasome The molecular mechanisms underscoring the phenotypic alteration of RTT are largely unknown and this has
a-Ring : . . . . . .

PACL impaired the development of therapeutic approaches to alleviate signs and symptoms during disease progres-
PAC2 sion.

A defective proteasome biogenesis into two skin primary fibroblasts isolated from RTT subjects harbouring
non-sense (early-truncating) MeCP2 mutations (i.e., R190fs and R255X) is herewith reported. Proteasome is the
proteolytic machinery of Ubiquitin Proteasome System (UPS), a pathway of overwhelming relevance for post-
mitotic cells metabolism. Molecular, transcription and proteomic analyses indicate that MeCP2 mutations down-
regulate the expression of one proteasome subunit, a7, and of two chaperones, PAC1 and PAC2, which bind each
other in the earliest step of proteasome biogenesis.

Furthermore, this molecular alteration recapitulates in neuron-like SH-SY5Y cells upon silencing of MeCP2
expression, envisaging a general significance of this transcription regulator in proteasome biogenesis.

1. Introduction girls start to lose cognitive, motor, language and social skills, further
developing an autism-like behaviour, which led to prior categorizing of

Rett Syndrome (RTT) is a rare X-linked neuro-developmental dis- RTT among Autism Spectrum Disorders [1].
order which affects almost exclusively the female gender (1:10000 live In more than 95% of cases, RTT is due to a sporadic mutation in

births) [1]. Clinical onset is typically within the first year of life when Methyl-CpG binding protein-2 (MECP2, Xq28) gene, which encodes a
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transcriptional repressor/activator with pleiotropic epigenetic activities
[2-4]. In heterozygous females, random X Chromosome Inactivation
(XCI) generates a mosaicism of cells expressing wild-type (wt) or the
mutated MeCP2 allele in whole organism, but even though major al-
terations can be documented also in non-nervous tissues, lack of func-
tional MeCP2 dramatically impairs Central Nervous System develop-
ment [2-11].

In fact, RTT females display microcephaly, intellectual disability,
transient autism-like behaviour, seizures and impaired visual search (in
the absence of retina abnormalities), intense eye-gaze and often de-
velop cardiac, respiratory and digestive tract abnormalities, severe
scoliosis and hormone disequilibrium [2-13].

The molecular basis of RTT onset and progression are not well
characterized, even though a major redox unbalance has been docu-
mented in several tissues, including Red Blood Cells (RBCs) [14-24].
However, discovery that rescue of wild-type (wt) MeCP2 expression in a
mouse model of RTT reverts the pathological phenotype is a strong
stimulus to move forward research on MeCP2 biology [25].

It is well known that a critical role in CNS homeostasis is played by
the Ubiquitin Proteasome System (UPS), a major intracellular proteo-
lytic pathway which surveys the proteostasis network, i.e. the delicate
equilibrium between protein synthesis, folding, trafficking and de-
gradation [26,27].

Proteasome, the core machinery of UPS, is a multi-subunit proteo-
lytic complex which degrades intracellular proteins tagged with a poly-
ubiquitin chain (poly-Ub) by E1-E2-E3 enzymes. Proteasome structure
is made up by ~56 subunits arranged into two particles, 19S
(Regulatory Particle, RP) and 20S (Core Particle, CP) [26,27]. 19S can
be divided into two modules, lid and base, which couple the recognition
of poly-Ub substrates with their ATP-dependent unfolding before
grasping and pulling them into the catalytic chamber of 20S [28-30].

208 is a hollow cylinder-shaped assembly made up by four stacked
rings, two outer a and two inner P rings, each composed by seven re-
peated subunits called al-7 (ie., PSMAI-7 genes) and (1-7 (ie.,
PSMB1-7 genes) [26-29]. Whilst a-rings interact with 19S and are in-
volved in the allosteric regulation of 20S gate opening and closure, f3-
rings host the catalytic subunits (i.e., chymotrypsin-like, trypsin-like
and caspase-like).

Molecular insights of 19S biogenesis are largely unknown yet,
whereas 20S biogenesis pathway has been unveiled by pioneering re-
searches of several authors [31-37]. According to latest findings, a4
(i.e., PSMA7, 20q13.33), a5 (i.e., PSMA5, 1p13.3), a6 (ie., PSMAI,
11p15.2) and a7 (i.e., PSMA3, 14q23.1) subunits assemble first to form
a core a-ring tetrameric intermediate (a4-a7) assisted by two chaper-
ones called PAC3 (i.e., PSMG3, 7p22.3) and PAC4 (i.e., PSMG4, 6p25.2)
[37]. Thereafter, two additional chaperones, called PAC1 (i.e., PSMGI,
21q22.2, also known as Down Syndrome Critical region 2) and PAC2
(i.e., PSMG2, 18p11.21, also known as hepatocellular carcinoma asso-
ciated gene 3) bind the a-ring intermediate preventing its possible off-
pathway dimerization and aggregation which is favoured by a-subunits
sticky properties [36,37]. Additionally, PAC1 and PAC2 mediate the
recruitment of al (i.e., PSMA6, 14q13.2), a2 (i.e., PSMA2, 7p14.1) and
a3 (ie., PSMA4, 15925.1) subunits, thus leading to the formation of a
mature heptameric a-ring [36,37]. This a-ring is then a scaffold for
subsequent insertion of the seven B-subunits through contribution of
another chaperon, called POMP, to constitute the half-20S molecule at
the Endoplasmic Reticulum (ER) outer surface [38]. Two half-protea-
somes finally assemble into a mature 20S. Once mature, 19S and 20S
may assemble in the cell cytosol, leading to the formation of three main
proteasome particles, namely (i) uncapped 208, (ii) singly capped 26S
(19S::20S), and (iii) doubly capped 30S (19S::20S::19S). These particles
can be further decorated by Proteasome Interacting Proteins (PIPs)
which modulate their composition and proteolytic specificities
[25,26,39-41]. However, capped particles are thought to deal with the
degradation of poly-Ub proteins, whereas uncapped 20S is supposed to
clear unfolded and oxidized proteins regardless the Ub tag [41,42,43].
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In a previous paper, mRNAs coding for canonical 19S and 20S forms
were found up-regulated in lympho-monocytes isolated from RTT
subjects along with a generic reduction in proteasome bulk proteolytic
activity [14]. However, this contradictory result between transcrip-
tional regulation of proteasome subunits and proteolytic activity of
mature particles was no further investigated.

Herewith, we report that skin primary fibroblasts isolated from RTT
patients harbouring two non-sense MECP2 mutations (i.e. R190fs and
R255X) are defective in proteasome biogenesis through down-regulated
expression of PSMA3 (i.e., a7 subunit), PSMG1 (i.e., PAC1 chaperone)
and PSMG2 (i.e., PAC2 chaperone) genes. Furthermore, defective pro-
teasome biogenesis recapitulates in human neuron-like SH-SY5Y cells
upon silencing of MeCP2 expression, envisaging an unprecedented role
of MeCP2 in transcriptional regulation of proteasome biogenesis.

2. Results

2.1.1. Reduced content of mature proteasome particles in RTT fibroblasts

Structural and proteolytic properties of intact proteasome particles
of skin primary fibroblasts of RTT and healthy subjects were first as-
sayed by native gel electrophoresis [44].

Crude cell extracts (e.g., cytosol fractions) of cells were separated by
their molecular mass/charge ratio under non-denaturing conditions and
capped (i.e. 30S and 26S) and uncapped (i.e. free 20S) particles were
visualized by probing the gel with 100 yM Suc-LLVY-amc (i.e. LLVY-
amc), a fluorogenic substrate specific for chymotrypsin-like activity
(Fig. 1A). The cleavage rate of LLVY-amc (which is almost linear with
light intensity of each band) of either capped (i.e. 30S and 26S) and
uncapped (i.e. 20S) assemblies of RTT cells were significantly slower
than those of healthy cells (Fig. 1A).

To further assess identity, particles were transferred to a ni-
trocellulose filter and probed with an anti-a7 subunit of 20S protea-
some (being a subunit shared by all assemblies investigated) by Western
blotting (WB). Again, immuno-detection of 30S, 26S and 20S was sig-
nificantly decreased in RTT fibroblasts (Fig. 1B). Capped particles
outcome was confirmed by probing the filters with an antibody raised
against the Rpn10 (i.e. PSMD4, 1q21.3) subunit of 19S. This staining
further highlighted a free 19S content comparable between RTT and
healthy cells (Fig. 1C).

Thereafter, poly-Ub proteins in whole cell extracts were assayed by
denaturing and reducing WB. High molecular weight (> 100 kDa) poly-
Ub proteins, which are the bona fide proteasome substrates, were ac-
cumulated in RTT fibroblasts (Fig. 1D).

2.1.2. Identification of an aberrant 20S precursor intermediate in RTT
fibroblasts

Upon further staining of the native gel (as in Fig. 1) by Coomassie
Brilliant Blue (CBB) to visualize non-catalytic proteasome precursor
assemblies a major uncommon band, hereafter referred to as “uni-
dentified band”, with a theoretical mass around 250 kDa, was ex-
clusively visualized in crude cell extracts of RTT fibroblasts (Fig. 2).
According to knowledge on proteasome structural properties, this spe-
cies was suggested to represent an assembly intermediate. Hence, it was
excised and subjected to trypsin digestion, mass spectrometry (MS)
analysis and database search. MS analysis detected all 20S a-subunits
with the exception of a7 subunit (Table I), showing an apparent pre-
dominance of a4 and a5 subunits. Remarkably, the missed detection of
a7 subunit was unlikely due to extensive post-translational modifica-
tion, as the search of all possible modifications provided no results.
Most notably, MS analysis highlighted the lack of 20S -subunits. In this
band, some 19S subunits, mostly belonging to base sub-module were
further identified; this occurrence was likely attributable to the co-se-
dimentation within the same molecular weight range of 19S assembly
intermediates which are not directly bound a-subunits (see Table 1).
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Fig. 1. (A) Native gel electrophoresis of proteasome particles isolated from healthy and RTT fibroblasts under non-denaturing conditions (crude cell extracts) (n = 2
for both groups). Proteolytic active particles were probed with 100 uM LLVY-amc and visualized into a Chemidoc gel analyzer (upper panel) (Exc. 365 nm; Em.
Visible). Average Molecular Mass of assemblies is 2500 kDa for 30S, 1800 kDa for 26S and 750 kDa for 20S. Identity of proteasome particles was verified by probing
the filter with an antibody raised against a7 subunit (lower panel); (B) Densitometric analysis of proteasome bands as they appear in immuno-blot: data are expressed
as Mean *+ SEM of three independent observations. A nominal value of 1 was assigned to the intensity of the particle-specific signal of first Healthy cell. 30S: Healthy
0.95 * 0.021, RTT 0.4050 = 0.010, *p < 0.0001; 26S: Healthy 0.9225 + 0.038, RTT 0.4725 =+ 0.0160, *p < 0.0001; 20S: Healthy 0.9625 *+ 0.0225, RTT
0.4925 = 0.03544, *p < 0.0001. Unpaired t Student's test; (C) Identity of proteasome particles was further probed with an anti-Rpn10 antibody; Densitometric
analysis of free 19S (bottom panel). A nominal value of 1 was assigned to the intensity of the particle-specific signal of first Healthy cell: Healthy 0,9200 = 0,03651,
RTT 0,9650 + 0,08568. (D) Poly-ubiquitinated proteins in whole cell extracts of Healthy and RTT fibroblasts by denaturing and reducing WB. Filters are presented
both as low and high exposure. Densitometric analysis was limited to smear of high molecular weight species (> 100 kDa) which represent the bona fide proteasome
substrates. A nominal value of 1 was assigned to the intensity of the particle-specific signal of first Healthy cell: Healthy 0.9200 + 0.03651, RTT 1.600 + 0.07071,

*p < 0.0001.
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Fig. 2. Identification of an aberrant a-ring intermediate assembly in RTT fi-
broblasts. Native gel was stained by CBB. Bands within the red rectangular
boxes, corresponding, from the top to the bottom of the lane, to 30S, 26S and
unidentified band, were excised, digested with porcine trypsin and analyzed by
MS (Table I). Area containing 26S and 30S assemblies was excised by following
indication of proteolytic activity through overlay assay.

To verify specificity of a7 loss in the “unidentified band”, gel areas
containing mature 26S and 30S (labeled in red) were further excised.
Notably, 30S and 26S species were confirmed to be less represented in
RTT fibroblasts also through CBB staining, which provides a reliable
quantitative analysis. MS analysis of 30S and 26S allowed to identify all
canonical 19S and 20S subunits, including a7, carrying only very small
differences in post-translational modifications as well as some poly-
morphisms in individual subunits among samples (Suppl. Info Tables I,
).

2.1.3. Selective down-regulation of a7, PAC1 and PAC2 in RTT fibroblasts

To get deeper details on a putative defective proteasome biogenesis,
a semi-quantitative analysis of individual 19S and 20S subunits in
whole cell extracts of RTT and healthy fibroblast by denaturing and
reducing WB was carried out.

In accord with MS analysis, a7 was robustly decreased in RTT fi-
broblasts together with a4 (Fig. 3A, B). Conversely, a2 content in RTT
cells was comparable to that of healthy fibroblasts (Fig. 3A, B).

Thereafter, analysis was extended to 19S subunits, either belonging
to lid, namely Rpn7 (i.e. PSMD6, 3p14.1) and Rpn10, and base, namely
Rpt5 (i.e. PSMC3, 11p11.2), and to 20S B-subunits either catalytic f5
(i.e. PSMB5, 14q11.2) and non-catalytic 36 (i.e. PSMBI1, 6q27). With
respect to healthy fibroblasts, all subunits investigated were either
over-represented (i.e. Rpt5, 35, 6) in RTT fibroblasts or fully com-
parable between samples (i.e. Rpn10) (Fig. 3A, B).

Thereafter, the expression of PSMA3, PSMA2, PSMA7, PSMBS5,
PSMB1 and PSMC3 was analyzed by quantitative Real-Time PCR
(qPCR). PSMA3 again was severely down-regulated compared to
healthy control subjects (2744 = 0.53). The analysis for the re-
maining genes did not report any considerable differences (Fig. 3C).

Thereafter, to shed light on a4 decrease, expression and abundance
of PAC1 and PAC2 chaperones, which assist a-ring formation pre-
venting a4-a7 core-assembly intermediate aggregation, was assayed by
WB and qPCR [31-37].

A very significant decrease in intracellular content of PAC1 and
PAC2 in RTT fibroblasts compared to healthy cells was documented
(Fig. 3D). According to this result, the expression analysis of PSMG1
(i.e. PAC1) and PSMG2 (i.e. PAC2) revealed a downregulation with
respect to control samples (PSMGI NM_001261824, NM_003720
27AACt = 0,29; PSMG2 27 44Ct = 0.75) (Fig. 3E). To verify specificity of
PAC1, PAC2 down-regulation, POMP, which is not involved in a-ring
maturation, but in later step of 20S biogenesis was further analyzed
[38]: POMP was increased in RTT cells, this being consistent with
previous data demonstrating POMP mRNA up-regulation in RTT pri-
mary cells (Fig. 3D) [14].

2.1.4. MeCP2 silencing in SH-SY5Y cells recapitulates the defective
proteasome biogenesis

To verify whether defective proteasome biogenesis of RTT fibro-
blasts is a cell-specific phenomenon or else MeCP2 is a more general
and unprecedented transcription regulator of proteasome biogenesis,
MECP2 expression was silenced in human neuron-like SH-SY5Y cell line
upon delivery of 1 uM pool of four MECP2 small-interfering RNAs (i.e.
siRNAs) (hereafter referred to as treated cells). Treated cells were
compared to untreated cells or cells transfected with 1 uM pool of four
non-targeting siRNAs (hereafter referred to as scrambled cells). Whole
cell lysates and crude cell extracts were harvested after 72 h of stimu-
lation.

Efficient silencing of MECP2 was confirmed by denaturing and re-
ducing WB of whole cell lysates: both ~72 and ~50 kDa MeCP2 species
were markedly reduced in treated cells (Fig. 4A and B). Thereafter, a7,
PAC1 and PAC2, but not 5 subunit, were found to be significantly
reduced in treated cells whereas data of untreated and scrambled cells
were comparable (Fig. 4A and B).

Finally, analysis of crude cell extracts of the same experimental
groups by native gel electrophoresis showed a marked decrease in
mature proteolytic active proteasome particles, either capped or un-
capped, in treated cells compared to either untreated or scrambled cells
(Fig. 4C).

Accordingly, the poly-ubiquitinated proteins pattern was increased
in MeCP2-silenced cells (Fig. 4C).
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Table 1
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List of the proteasome subunits identified by MS analysis in the bands investigated. Green and red boxes indicate the presence or the absence of the subunit,
respectively. Details about the results of database searching are reported in the Suppl. Info. section.

Subunit acc. no. Particle |Proteasome Healthy | RTT
Subunit
30S [26S |30S |26S |Unidentified
Band
208
spIP25786IPSA1_HUMAN PSMAL1 (a6) X X X X X
spIP25787IPSA2_HUMAN PSMA2 (a2) X X X X X
spIP25788IPSA3_HUMAN PSMA3 (a7) x  |x x |x s
spIP25789IPSA4_HUMAN PSMA4 (a3) X X X X X
splP28066IPSA5_HUMAN PSMAS (a5) X X X X X
spIP60900IPSA6_HUMAN PSMAG (al) X X X X X
splO14818IPSA7_HUMAN PSMAT7 (04) X X X X X
splP20618IPSB1_HUMAN PSMB1 (B6) X X X X
splP497211PSB2_HUMAN PSMB?2 (B4) X X X X
spIP49720IPSB3_HUMAN PSMB3 (B3) X X X X
splP28070IPSB4_HUMAN PSMB4 (B7) X X X X
splP28074IPSB5_HUMAN PSMBS (B5) X X X b
spIP28072IPSB6_HUMAN PSMB6 (B1) X X X X
splQ99436/PSB7_HUMAN PSMB?7 (B2) X X X X
splP28062IPSBS§_HUMAN PSMBS (B5i) X X X X
splP28065IPSB9_HUMAN PSMB9 (B1i) X
spIP40306/PSB10_HUMAN PSMB10 (B21) X
198
splP62191IPRS4_HUMAN PSMC1 (Rpt2) X X X X
spIP35998IPRS7_HUMAN PSMC2 (Rptl) X X X X
spIP17980IPRS6A_HUMAN PSMC3 (Rpt5) X X X X
splP43686/PRS6B_HUMAN PSMC4 (Rpt3) X X X X
splP62195IPRS8_HUMAN PSMCS5 (Rpt6) X X X X
splP62333IPRS10_HUMAN PSMC6 (Rpt4) X X X X
splQ99460IPSMD1_HUMAN PSMD1 (Rpn2) X X D¢ D¢
splQ13200/IPSMD2_HUMAN PSMD2 (Rpnl) X X X X
spl043242IPSMD3_HUMAN PSMD3 (Rpn3) X X X X
splQ15008IPSMD6_HUMAN PSMD6 (Rpn7) X X X X
spIP51665IPSMD7_HUMAN PSMD7 (Rpn8) X X X X
spIP48556IPSMDS_HUMAN PSMDS8 (Rpn12) X X X X
spl000231/IPSD11_HUMAN PSMD11 (Rpn6) X X X b
spl000232[PSD12_HUMAN PSMD12 (Rpn5) X X X X
splQIUNMG6IPSD13_HUMAN PSMD13 (Rpn9) X X X X
spl000487IPSDE_HUMAN PSMD14 (Rpnll) X X X X
spIP55036/IPSMD4_HUMAN PSMD4 (Rpn10) X X D¢ X

3. Discussion

Although MECP2 is expressed in all human tissues, the impairment
of its expression mostly leads to brain alterations, arising the question
why neurodevelopment is primarily affected during RTT onset and
progression [1,2]. Answer to this point likely encompasses, i) higher
expression of MECP2 in neurons than in other cell lineages; ii) the
possibility that metabolic pathways altered upon MECP2 loss are of
utmost relevance to post-mitotic cells homeostasis. Point i) finds some
additional clinical support through analysis of retinal tissue which was
reported to express a very low amount of MeCP2 and lacks neuro-
anatomical or physiological abnormalities in RTT subjects, indeed
[12,13]. Conversely, loss of MeCP2 appears to be deleterious for
neighbouring Retinal Pigment Epithelium, which could pose a histolo-
gical basis to explain the late onset of visual decline [45]. This state-
ment renders stimulating the perspective of comparing proteostasis
alteration in nervous tissues, such as cortex and retina, in RTT murine
models. With reference to point ii) several studies support the notion
that UPS is of overwhelming relevance to neurons maturation, by
driving synaptic formation and pruning, axon sprouting and dendritic
spine arborisation, and adult neurons homeostasis [46]. Remarkably,
Angelman's Syndrome, which is characterized by signs and symptoms
overlapping with those of RTT patients, is caused by a mutation of the

gene coding for an E3 ligase [47,48] and PSMG1-KO mice, which dis-
play defective proteasome biogenesis, develop diffuse neuroanatomical
abnormalities in cortex, hippocampus, dentate gyrus and cerebellum,
which are brain areas prominently affected also in RTT subjects
[35,49,50].

Herewith, a major defect of proteasome biogenesis has been un-
veiled into two cultured cell lines of skin primary fibroblasts isolated
from RTT subjects harbouring heterozygous non-sense early-truncating
mutations of MECP2 (i.e., R190fs and R255X). In accord with XCI, in
these cell cultures only half of cells express the MECP2 mutated allele,
and data refers to an overall pool of bona fide healthy (i.e., harbouring
no defect in proteasome biogenesis) and sick cells. Hence, it is likely
that mature proteasome particles (i.e., 30S, 26S, 20S) stained in RTT
fibroblasts proteasome-enriched cell fractions (Fig. 1A) are only those
expressed by cells carrying wt MECP2 allele, whereas cells expressing
the mutated allele display a severe lack of these assemblies. This pos-
sibility, together with a quick induction of a defective proteasome
biogenesis in SH-SY5Y cells upon MECP2 silencing, an experimental
condition which is as close as possible to a MECP2 early-truncation,
further supports the existing knowledge on the relevance of MECP2
dosage, and loss-of-function indeed, in transcriptional regulation of
genes. Notably, relevant proteasome alterations documented here, such
as lack of mature proteasome particles and down-regulation of the a7
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subunit were preliminarily observed also in RTT fibroblasts harbouring
additional MECP2 mutations (i.e., T158M, R168X, P152R), even though
to a variable extent (data not shown). However, these cell lines stopped
replicating before it had been possible to complete the analysis.
Furthermore, it is worth outlining that MeCP2-silenced SH-SY5Y
cells display a much less marked loss of mature proteasome assemblies
with respect to RTT fibroblasts. However, these observations can be
reconciled by taking into account the half-life of proteasome assem-
blies, which is supposed to be > 1 week in liver cells. Thus, we may
speculate that in order to detect a robust drop in proteasome assemblies
in SH-SY5Y cells it would have been necessary to grow them in the
presence of MeCP2 siRNA over a longer time interval which is, how-
ever, incompatible with cell viability in transfection medium.
Molecular defect likely relies on MeCP2-dependent transcriptional
down-regulation of PSMA3 (2~ 22°* = 0.53), PSMGI1 (PSMGI:
274ACt — 0.29) and PSMG2 (PSMG2: 2~ %2t = 0.75) mRNAs, which
impair the a-ring maturation pathway, that is the earliest event in 20S
biogenesis [31-37]. As a matter of fact, four independent methodolo-
gical approaches (i.e., WB, MS, RT-PCR and silencing experiments) have
all identified a dys-regulation of these proteins. However, proteomic
analyses, either MS and denaturing and reducing WB, provide outcomes
of not obvious interpretation also because the fate of free 19S and 20S
subunits and of 20S assembly intermediates, which form in vitro
whenever PSMG1 and PSMG2 expression is shut-off, is unclear [31-37].
To compare the data with those reported for PSMG1-KO mice might
help to draw some insights [35]: in CNS homogenates of this murine

BBA - Molecular Basis of Disease 1866 (2020) 165793

model 19S subunits content was increased, whereas a and (3 subunits
content was decreased; this observation may be put in relation with a
decreased half-life of free 20S subunits upon impaired assembly, even
though this is a still debated topic [35][51]. In RTT fibroblasts, 19S
subunits behaviour recapitulated that observed in PSMGI-KO mice; on
the other hand, unlike PSMG1-KO mice, 20S free 3-subunits increased
in RTT fibroblasts, this being compatible with their long-half life.
Concerning free a-subunits, the occurrence of a decrease of a4 subunit,
in the absence of a PSMA7 (i.e., the a4 gene) transcriptional down-
regulation, envisages the possibility that this subunit is sequestered
upon aggregation of an a-ring intermediate assembly. This possibility
may be somewhat reinforced by the evidence that the stoichiometry of
this subunit is increased, together with that of the a5 subunit, in the
“unidentified band” of RTT fibroblasts which is likely an aberrant off-
pathway assembly. Formation of aberrant a4-a7 subunits aggregates in
PSMG1-silenced HEK human cells was actually documented, providing
a rationale to this working hypothesis. Furthermore, disordered as-
semblies of a-subunits with theoretical masses compatible with those
observed in RTT fibroblasts were identified in the presence of si-
multaneous silencing of PSMG1 with either PSMA2 (i.e., the a2 sub-
unit), PSMAG6 (i.e., the al subunit) or PSMA4 (i.e., the a3 subunit), but
this occurrence was unexplored in the case of PSMG1 and PSMA3 (i.e.,
the a7 subunit) in HEK cells [37]. Hence, detection of six out of seven
a-subunits should allow interpreting the “unidentified band” as an at-
tempt of RTT fibroblasts to build up the a-ring and missed detection of
only a7 envisages the possibility that its availability may be severely
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Fig. 3. (A) Semi-quantitative analysis of proteasome subunits in whole cell extracts of Healthy and RTT fibroblasts by denaturing and reducing WB. GAPDH was used
as internal control. (B) Densitometric analysis of each subunit is reported on the right. Data are expressed as Mean *+ SEM (n = 8 for both healthy and RTT
fibroblasts). A nominal value of 1 was assigned to the protein/GAPDH ratio of the first Healthy cell. o7: Healthy 1.145 + 0.122, RTT 0.4250 =+ 0.027,
*p < 0.0007; a4: Healthy 1.125 + 0.078, RTT 0.5825 = 0.663 *p < 0.00066. a2: Healthy 0.9150 = 0.051, RTT 0.8625 = 0.04; B5: Healthy 1.078 + 0.0539,
RTT 2.238 + 0.1489 *p < 0.0034; 36: Healthy 1.058 + 0.075, RTT 1.298 = 0.0043, *p < 0.0091; Rpt5: Healthy 1.070 + 0.05, RTT 2.005 =+ 0.045,
*p < 0.0006; Rpn10: Healthy 1.023 =+ 0.04213, RTT 1.170 * 0.087; Rpn7: Healthy 0.987 + 0.042, RTT 1.203 =+ 0.096, *p < 0.0054. (C): Quantitative
analysis of PSMA3 (i.e. a7), PSMAZ2 (i.e. a2), PSMA?7 (i.e. a4), PSMBI (i.e. 6), PSMBS5 (i.e. f5), PSMC3 (i.e. Rpt5) expression in Healthy and RTT fibroblasts (n = 2
for both groups) by qPCR and comparative 2 ~“*“ method. Data are expressed by Mean * SEM. (D) Semiquantitative analysis of PAC1, PAC2 and POMP in whole
cell extracts of healthy and RTT fibroblasts by denaturing and reducing WB (n = 2 for both groups). Data are expressed as Mean *+ SD (n = 8 for both healthy and
RTT fibroblasts). A nominal value of 1 was assigned to the protein/GAPDH ratio of the first Healthy cell. PAC1: Healthy 0.99 =+ 0.034, RTT 0.1650 =+ 0.025,
*p < 0.0001, PAC2: Healthy 0.98 + 0.004, RTT 0.2750 + 0.044, *p < 0.0001; POMP: Healthy 0.7625 *= 0.09, RTT 1.027 *= 0.07, *p < 0.0001. Statistical
analysis: Unpaired t Student's test. (E) Quantitative analysis of PSMG1 (i.e. PAC1) and PSMG2 (i.e. PAC2) expression in Healthy and RTT fibroblasts by qPCR and
comparative 2~ **“* method. Data are expressed by Mean + SEM.
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Fig. 3. (continued)

affected not only upon transcription down-regulation but through fur-
ther post-translational mechanisms [52].

However, to further investigate a-ring biogenesis goes beyond the
aim of the present study. Moreover, the limited growth capacity of RTT
fibroblasts would not allow to perform more detailed molecular ana-
lyses. Furthermore, it is worth recalling that RTT fibroblasts suffer from
multiple metabolic alterations, including severe redox unbalance,
which supposedly hinders dynamics of proteasome biogenesis pathway
leading to pathogenic off-pathway events hard to be replicated in non-
RTT cell lines. In addition, it cannot be ruled out that additional post-
transcriptional or post-translational mechanisms of regulation of a-
subunits and of maturation chaperones, including those not-in-
vestigated in this paper, such as PAC3 and PAC4, may actually occur in
RTT fibroblasts. With respect to this, MeCP2 regulates microRNAs
pathways, and this possibility should be also taken into consideration to
find a molecular rationale of PSMA3, PSMG1, PSMG2 transcriptional
down-regulation [53].

To definitively determine whether this alteration occurs also in
living neurons is the greatest achievement of our investigation, giving a
possible answer to the question as to whether proteasome biogenesis is
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a major pathogenetic event in RTT onset.

Data on PACI-KO mice referenced above and the significant in-
crease in ubiquitin (Ub) immuno-staining in all layers of cerebellum
sections of MeCP2/y ™!-1Bird RTT mouse during the transition from the
asymptomatic to the symptomatic stage of the disease support this
possibility [24]. Although it cannot be exclusively attributed to pro-
teasome impairment, but also to autophagy dys-regulation, a patholo-
gical condition hinted in a previous paper by these authors, the en-
hanced Ub-staining provides a significant clue for a defective
proteostasis in CNS during RTT progression.

Hence, together with CANDLE/PRAAS4 syndrome, for which mu-
tations in the promoter of POMP and PSMG2 genes have been identified
[54,55], RTT syndrome might hold the requisite of a human pathology
determined, at least as a concurrent cause, by altered proteostasis
through defective proteasome biogenesis.

As a whole, these data might further be of general relevance in
proteasome biology, providing a clue for investigating transcriptional
regulation of proteasome genes expression (which is a largely un-
explored topic), and for a better knowledge of molecular insights of
proteasome proteolytic activity in living cells.

Based on the recent advances in UPS-related pharmacology and
considering the challenges of MECP2 gene therapy, currently regarded
as the only therapeutic approach potentially capable of reverting the
RTT phenotype, modulation of proteasome activity might provide a
novel therapeutic opportunity worth investigating to delay disease
progression.

Nonetheless, the very recent enrolment of RTT subjects in a phase II
clinical trial run with a drug which stimulates autophagy, whose dys-
regulation in the syndrome has been hinted in a previous paper by our
group, stimulate the interest in developing proteostasis-rescuing stra-
tegies for the clinical management of this disorder [24,56].

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbadis.2020.165793.
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Materials and methods
Cell lines isolation

RTT fibroblasts were isolated from patients enrolled in the study
according to standard international criteria for diagnosis of the pa-
thology as previously indicated, namely 3 of 6 main criteria (loss of
hand skills, communication skills, and babble speech, hand stereo-
typies, deceleration of head growth, and a disease profile of regression
followed by recovery of interaction) and 5 of 11 supportive criteria
(periodic breathing, aerophagia, bruxism, apraxia of or no gait, sco-
liosis, lower limb muscle atrophy, cold feet, sleep disruption, in-
appropriate screaming/laughing, diminished nociception, and intense
eye contact) [14,15,57]. Rett patients (8 and 12 years) bore the fol-
lowing MECP2 mutations: R190fs (frame-shift), R255X. Normal fibro-
blasts were harvested from healthy subjects and matched for age (8 and
12 years) and gender (all subjects were females). Healthy and RTT fi-
broblasts were grown in complete DMEM supplemented with 10% FBS,
nonessential amino-acids and antibiotics.

Native gel electrophoresis

The assay was performed by following methodology described
elsewhere [44]. Crude cell extracts (e.g., soluble fraction of the cell) was
extracted from cell pellets under non-denaturing condition through
freeze-thawing cycles in 250 mM sucrose, 20% glycerol, 25 mM Tris-
HCl, 5 mM MgCl, 1 mM EDTA, 1 mM DTT, 2 mM ATP, pH 7.4.
Thereafter, lysates were cleared by centrifugation at 13.000 rpm,
20 min on ice and protein concentration normalized by Bradford assay.
For each experimental condition, 75 pg of proteins were separated
under native conditions into a 3.5% acrylamide gel. Remarkably, the

native-gel approach herein adopted visualizes protein complexes in the
3500 kDa 200 kDa range and the macromolecules are separated by their
mass/charge. Inside gels, migration of the same assembly may be dif-
ferent depending on slightly different structural composition and post-
translational decoration. Gels were then harvested and soaked in a
clean dish in reaction buffer (50 mM Tris, 5 mM MgCl,, 1 mM ATP,
pH 7.5) supplemented with 100 uM 7-amino-4-methylcoumarin (AMC)
labeled Suc - Leu - Leu - Val - Tyr -AMC peptide (referred to as LLVY-
amc) specific for chymotrypsin-like activity of proteasome.

Proteins were then transferred to a HyBond-ECL nitrocellulose filters
(see also below for details) and probed with an antibody specific protea-
some subunits a7 or RpnlO (Protein-tech), diluted 1:3000 in 0.02%
Tween-PBS fat-free milk and, thereafter, incubated with a Horseradish
Peroxidase-conjugated anti-rabbit or anti-mouse IgG antibody (Biorad,
Hercules, CA, USA), diluted 1:50000 in 0.2% Tween-PBS fat-free milk.

Western blotting

For denaturing and reducing WB, cell pellets were lysed in RIPA
buffer and cleared by centrifugation at 13.000 rpm for 30 min, at 4 °C.
For each lane, a minimum of 15 pg of total proteins were loaded.

Proteins transfer to filters was done as described in the previous
paragraph. The various antibodies used were administered following
manufacturer indication (Abcam, Oxford, UK, Protein-tech) and de-
veloped as described in the previous section.

In-gel protein digestion

Excised bands were transferred to 1.5 mL microcentrifuge tubes and
subjected to in-gel trypsin digestion. Briefly, the gel slices were de-
stained, washed, reduced using 10 mM dithiotreitol (DTT), alkylated
with iodoacetamide (IAA), and finally digested overnight at 37 °C with
modified porcine trypsin. After in-gel digestion, the digested solution
was transferred into a clean 0.5 mL tube. Peptides were extracted from
gel pieces with 5% aqueous formic acid (FA) and subsequently with
acetonitrile (CAN). This extraction procedure was repeated three times.
The total extracts were pooled with the first supernatant and lyophi-
lized. The recovered peptides were then reconstituted in 20 pL of
water/acetonitrile (98:2) added with 5% FA.
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Mass spectrometry analysis

nLC-nESI MS/MS analysis was performed using a Thermo Scientific
Dionex UltiMate 3000 RSLCnano system (Sunnyvale, CA) coupled on-
line with a Thermo Fisher Scientific Orbitrap Fusion Tribrid® (Q-OT-

BBA - Molecular Basis of Disease 1866 (2020) 165793

qIT) mass spectrometer (Thermo Fisher Scientific, Bremen, Germany).
One microliter of the reconstituted tryptic peptide samples was loaded
onto an Acclaim® Nano Trap C18 Column (100 pm X 2 cm, 5 pm,
100 10\). After washing the trapping column with solvent A (H,O/ACN,
98/2 + 0.1% FA) at a flow rate of 7 uL/min for 3 min, the solution was
switched from the trapping column onto a PepMap® RSLC C18 EASY-
Spray column (75 pm X 50 cm, 2 pm, 100 A). Peptides were separated
by elution at a flow rate of 0.25 pL/min and 40 °C with a linear gradient
of solvent B (ACN + 0.1% FA) in A from 5% to 20% in 35 min, followed
by 20% to 40% in 30 min, 40% to 60% in 20 min, and 60% to 95% in
another 5 min. We finished by holding 95% B for 5 min and re-equi-
librating the column at 5% B for 20 min. Eluting peptide cations were
converted to gas-phase ions by electrospray ionization using a source
voltage of 1.9 kV and introduced into the mass spectrometer through a
heated ion transfer tube (275 °C). Survey scans of peptide precursors
from 200 to 1600 m/z were performed at 120 K resolution (@ 200 m/
z). Tandem MS was performed by isolation at 1.6 Th with the quad-
rupole, HCD fragmentation with normalized collision energy of 35, and
rapid scan MS analysis in the ion trap. Only those precursors with
charge state 2-4 and an intensity above the threshold of 5-10° were
sampled for MS2. The dynamic exclusion duration was set to 60 s with a
10 ppm tolerance around the selected precursor and its isotopes.
Monoisotopic precursor selection was turned on. The instrument was
run in top speed mode with 3 s cycles, meaning that the instrument
would continuously perform MS2 events until the list of non-excluded
precursors diminishes to zero or 3 s, whichever is shorter. MS/MS
spectral quality was enhanced enabling the parallelizable time option
(i.e. by using all parallelizable time during full scan detection for MS/
MS precursor injection and detection).

Mass spectrometer calibration was performed by using the Pierce®
LTQ Velos ESI Positive Ion Calibration Solution (Thermo Fisher
Scientific). MS data acquisition was carried out by utilizing the Xcalibur
v. 3.0.63 software (Thermo Fisher Scientific).

Protein identification

LC/MS/MS data were analyzed and searched against the “human”
SwissProt database (March 2017 release, containing 20,181 entries)
using two different search engines: Mascot algorithm (Matrix Science,
London, UK, version 2.5.1) and PEAKS de novo sequencing software (v.
8.5, Bioinformatics Solutions Inc., Waterloo, ON Canada). The amino
acid sequences generated by PEAKS de novo sequencing software from
each spectrum were searched using the SPIDER algorithm, a dedicated
search tool of PEAKS that is specially designed to detect peptide mu-
tations and perform cross-species homology search. For both search
engines, the full tryptic peptides with a maximum of 3 missed cleavage
sites were subjected to bioinformatic search. Cysteine carbamido-
methylation was set as fixed modification, whereas oxidation of me-
thionine, transformation of N-terminal glutamine and N-terminal glu-
tamic acid residue in the pyroglutamic acid form, N-acetylation of N-
terminus protein, acetylation of lysine, deamidation of glutamine and
asparagine residues, and phosphorylation of serine, threonine and tyr-
osine residues were included as variable modifications. The precursor
mass tolerance threshold was 10 ppm and the max fragment mass error
was set to 0.6 Da.

Finally, all the protein hits obtained by these two approaches were
processed by using the inChorus function of PEAKS. This tool combines
the database search results of PEAKS software with those obtained by
the Mascot search engine with the aim not only to increase the cov-
erage, but also the confidence since the engines using independent al-
gorithms and therefore confirm each other's results. Peptide spectral
matches (PSMs) were validated if at least one of the following condi-
tions was true: Mascot score =20, PEAKS -10LogP =25. The False
Discovery Rate (FDR) values for PSMs, Peptide sequences and Proteins
identified were always =0.2%. Only protein hits with a minimum of
InChorus Protein score of 60% and at least one marker peptide,
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Fig. 4. MeCP2 silencing in SH-SY5Y cells
recapitulates the proteasomal defect of RTT
fibroblasts. MeCP2 expression was silenced
upon delivery of 1 uM antisense oligonu-
cleotide (treated). As internal control, cells
were either untreated or stimulated with
1 uM non-targeting pool (scrambled). (A)
semi-quantitative analysis of MeCP2, PAC1,
PAC2, a7 and (35 subunits of proteasome by
denaturing and reducing WB; (B)
Densitometric analysis, a nominal value of 1
was assigned to the protein/GAPDH ratio of
untreated cells. *p < 0.0001 in all cases.
Data are presented as mean + SEM. A re-
presentative blot of three independent ex-
periments is shown. One-way ANOVA fol-
lowed by Tukey's post-hoc significance test;
(C) Native gel electrophoresis of protea-
some particles isolated from the different
experimental conditions. To improve de-
tection of 20S, 0.05% SDS was administered
in-gel. Poly-ubiquitinated proteins pattern
as from denaturing and reducing WB is
further provided. GAPDH was used as in-
ternal control. For densitometric analysis, a
nominal value of 1 was assigned to 30S, 26S
and 20S intensity along with staining of
poly-ubiquitinated proteins in untreated
cells. *p < 0.001 in all cases. Data are
presented as mean =* SEM. A re-
presentative blot of three independent ex-
periments is shown. One-way ANOVA fol-
lowed by Tukey's post-hoc significance test.
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satisfying the above reported conditions, were considered valid.
Total RNA extraction and qPCR analysis

Total RNA was extracted from RTT and healthy primary human fi-
broblast cells using TRIzol Reagent (Life Technologies), according to
the manufacturer's recommended procedure. The first-strand cDNA was
obtained using a high capacity DNA reverse transcription kit (Applied
Biosystems) according to the manufacturer's instructions [58]. Succes-
sively, the cDNA was subjected to qPCR assays which were performed
using SYBR Green (Applied Biosystems) on a 7500 Fast Real Time PCR
device (Applied Biosystems) [59]. Primer pairs were designed con-
sidering the following transcripts: PSMG1 (NM_001261824;
NM_003720), PSMG2 (NM_020232), PSMA3 (NM_002788), PSMA7
(NM_002792), PSMA2 (NM_002787), PSMB1 (NM_002793), PSMB5
(NM_002797) and PSMC3 (NM_002804). Each reaction was run as tri-
plicate and each assay was performed including a negative control.
Relative mRNA expression levels of all examined genes were measured
using the comparative 272" method, after normalizing to an en-
dogenous reference gene (GAPDH). Furthermore, gene expression
analysis was also performed using the Relative Quantitation (RQ) app
on Thermo Fisher Cloud.

Ethic statement

All experimental protocols were approved by the Tor Vergata and
Ferrara Universities Local ethic Committee all methodologies were
carried out in accordance with relevant guidelines and regulations.

Informed consent was obtained from parents of children enrolled in
the study.
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