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ARTICLE INFO ABSTRACT

Keywords: Untreated phenylketonuria (PKU) patients and PKU animal models show hypomyelination in the central nervous
Myelin basic protein system and white matter damages, which are accompanied by myelin basic protein (MBP) impairment. Despite
Phenylketonuria many assumptions, the primary explanation of the mentioned cerebral outcomes remains elusive. In this study,
x;z:gaR::y MBP protein and mRNA expression on brains of wild type (WT) and phenylketonuric (ENU2) mice were analyzed

throughout mice lifespan (14-60-180-270-360-540 post-natal days, PND). The results confirmed the low MBP
expression at first PND times, while revealed an unprecedented progressive MBP protein expression recovery in
aged ENU2 mice. Unexpectedly, unaltered MBP mRNA expression between WT and ENU2 was always observed.
Additionally, for the same time intervals, a significant decrease of the phenylalanine concentration in the pe-
ripheral blood and brain of ENU2 mice was detected, to date, for the first time. In this scenario, a translational
hindrance of MBP during initial and late cerebral development in ENU2 mice was hypothesized, leading to the
execution of a microRNA microarray analysis on 60 PND brains, which was followed by a proteomic assay on 60
and 360 PND brains in order to validate in silico miRNA-target predictions. Taken together, miR-218-1-3p, miR-
1231-3p and miR-217-5p were considered as the most impactful microRNAs, since a downregulation of their
potential targets (MAG, CNTNAP2 and ANLN, respectively) can indirectly lead to a low MBP protein expression.
These miRNAs, in addition, follow an opposite expression trend compared to MBP during adulthood, and their
target proteins revealed a complete normalization in aged ENU2 mice. In conclusion, these results provide a new
perspective on the PKU pathophysiology understanding and on a possible treatment, emphasizing the potential
modulating role of differentially expressed microRNAs in MBP expression on PKU brains during PKU mouse
lifespan.

Mouse maturation
Cerebral plasticity

reaction consists of a hydroxylation of L-Phe into Tyrosine (L-Tyr) in the
presence of tetrahydrobiopterin as cofactor. Mutations affecting PAH
gene result in an altered enzyme, leading to L-Phe accumulation
(hyperphenylalaninemia, HPA) in the peripheral blood and in the brain,

1. Introduction

Phenylketonuria (PKU; OMIM 261600) is a rare autosomal inherited
disorder characterized by a defect in the phenylalanine hydroxylase

(PAH, phenylalanine 4-monooxygenase, EC 1.14.16.1) functionality.
This enzyme is actively expressed in the liver, and it is fundamental in
the metabolism of the essential amino acid Phenylalanine (L-Phe). The
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besides to a reduced concentration of L-Tyr and its derivatives (van
Spronsen et al., 2021). L-Phe excess causes severe neurodevelopmental
impairment, leading to permanent neurological damages, intellectual
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disability, seizures, and behavioral problems.

Among the neurological defects reported in untreated PKU patients
and animal models (i.e. ENU2 mice), white matter alterations in the
central nervous system (CNS) are a common denominator (Anderson
and Leuzzi, 2010; Klippel et al., 2021). One of the main aspects that
could have an impact on the neuropatholological symptoms is the
observed hypomyelination or demyelination of the CNS axons, the cause
of which remains elusive (Schoemans et al., 2010; Gonzalez et al.,
2018). Indeed, many assumptions have been made, ranging from
abnormal epigenetic modifications (Dobrowolski et al., 2015, 2016) to
cytotoxic damage caused by oxidative stress (Bortoluzzi et al., 2021;
Dobrowolski et al., 2022). Other hypotheses are an impaired cholesterol
metabolism (Shefer et al., 2000; Guerra et al., 2020) and/or defects in
calcium homeostasis (Yu et al., 2007; Schuck et al., 2015), which add to
abnormal brain proteins synthesis and composition, especially at the
myelin sheath level (Park et al., 2009; Li et al., 2010; Hong et al., 2021).
Preclinical studies show that myelin basic protein (MBP,
ENSG00000197971), a fundamental structural protein of the myelin
sheath, is downregulated in the presence of high levels of L-Phe in the
peripheral blood, resulting in defective myelination (Baba et al., 1987;
Dyer et al., 1996; Pascucci et al., 2018), which may be prevented (Rossi
et al., 2014; Pascucci et al., 2018) or reversed (Burri et al., 1990) by
lowering blood L-Phe levels. Predominantly expressed by oligodendro-
cytes (OLs) in the corpus callosum and in the cerebral cortex, MBP is the
second most abundant protein in the myelin compartment, and it is
crucial for the correct assembling of the myelin leaflets. In fact, thanks to
its positive charge due to its basic character, the protein is pivotal in the
adhesion of the cytosolic surfaces of multilayered compact myelin and
its impaired functionality can result in shivering symptoms, severe
hypomyelination, seizures and early death (Campagnoni and Macklin,
1988; Campagnoni et al., 1993; Boggs, 2006). MBP translation occurs in
the myelin compartment, thanks to the MBP mRNA transport from nu-
cleus to the cellular membrane inside RNA transport granules that move
along microtubules (Lyons et al., 2009; Miiller et al., 2013; Herbert
et al., 2017). MBP expression is also regulated by cis- and trans-acting
factors which contribute to its translation both locally and temporally
(Laursen et al., 2011; Bauer et al., 2012; Miiller et al., 2013; Torvund-
Jensen et al., 2014). In fact, MBP mRNA can be already detected in
immature oligodendrocytes which do not yet synthesize MBP protein,
therefore MBP translation could be repressed in immature OLs until a
minimum degree of differentiation is achieved. In addition, the protein
itself interacts with plenty of proteins such as proteolipid protein 1
(PLP1), calmodulin (CAM), actin (ACTB), L1 cell adhesion molecule
(L1CAM), clathrin heavy chain (CLTC), 2',3'-cyclic nucleotide 3’ phos-
phodiesterase (CNP) and contactin (CNTN), thus demonstrating its key
role in the neural network (Smirnova et al., 2021).

Among the possible elucidations about the negative neurological
outcomes observed in PKU patients, abnormal epigenetic modifications
play an important role. In fact, aberrant DNA methylation has been
observed in postmortem brains of PKU patients and an extensive epi-
genome repatterning has been detected in the CNS of ENU2 mice
(Dobrowolski et al., 2015, 2016). These epigenetic modifications may
lead to an abnormal expression of important proteins involved in many
neurological processes, such as axon guidance, synaptic transmission,
and dendritic spines development (Huttenlocher, 2000), contributing to
explain the abnormal synaptogenesis and the altered dendritic devel-
opment found in PKU patients and in the animal models of disease
(Huttenlocher, 2000; Baumann and Pham-Dinh, 2001; Andolina et al.,
2011). Interestingly, L-Phe restricted diet in ENU2 mice displayed an
attenuated pattern of aberrant DNA methylation, highlighting the fact
that high L-Phe toxic exposure can modify the brain epigenome leading,
in turn, to hyper- or hypomethylated gene coding regions (Dobrowolski
et al., 2016). Among the latter, differential DNA methylation has been
observed in genomic loci enriched in microRNAs (miRNAs), which are
able to inhibit the translation or to degrade target mRNAs via base
pairing to complementary sites in the target mRNA 3'-UTR (Bartel,
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2004). Therefore, miRNAs dysregulation in PKU mice and patients may
have secondary effects upon the expression of targeted proteins
(Dobrowolski et al., 2016). It should be noted that several miRNAs are
involved in OLs development and myelination, thus playing a funda-
mental role in the outcomes of several demyelinating diseases such as
multiple sclerosis (Gandhi, 2015; Galloway and Moore, 2016).

In the current study, MBP expression was examined in the untreated
ENU2 animal model from 14 to 540 PND. Moreover, the occurrence of
up- or downregulated miRNAs that could interfere with MBP production
during this lifespan was investigated. Briefly, it has been shown for the
first time that while MBP synthesis was depressed during ENU2 brain
development, a normal level of MBP was restored in a more mature
brain. Moreover, a complete normalization of multiple cerebral proteins
during adulthood, linking the miRNAs' potential downregulating effects
to their respective targets, has been found. Taken together, this pre-
clinical longitudinal analysis over a prolonged period is aimed to figure
out which are the main causes that could lead to hypomyelination and
MBP downregulation in the ENU2 mouse brain, learning more about the
potential pathophysiological role of miRNAs on PKU cerebral outcomes
and, consequently, paving the way to alternative PKU treatments (i.e.
miRNAs gene therapy and/or epigenetic reprogramming (Bale, 2015; Fu
et al., 2019; Grisch-Chan et al., 2019; Tao et al., 2020)).

2. Materials and methods
2.1. Animals

BTBR mice have been raised in the animal shelter of the Biochemistry
and Biotechnology section of the Department of Biomolecular Sciences
of the University of Urbino Carlo Bo. PAHP2(-/-) (ENU2) and PAH"""2
/4 (wild type; WT) male mice used in this study were obtained from
mating between heterozygous animals belonging to the BTBR strain. The
animals were housed in standard cages, from 3 to 6 mice per cage, with a
light-dark cycle of 12 h and under controlled conditions of temperature
(22 + 1 °C), humidity (60%) and air change (every 12 h). Genetic
characterization was performed as described (McDonald and Charlton,
1997). All mice were fed with a Teklad global 18% protein rodent diet
(Teklad, Harlan Laboratories Inc., Madison, WI) and water ad libitum.
All the experiments were conducted in accordance with the European
legislation (2010/63/EU), with the Italian national legislation (DL26/
2014) which governs the use of animals for research and with the
guidelines of the National Institute of Health on the use and the care of
laboratory animals (Authorization n° 486/2017-PR).

2.2. Western blotting

WT and ENU2 brains of different PND (see Table 1) were collected
and snap frozen immediately in liquid nitrogen after washing in phos-
phate buffered saline (PBS). 30 mg of brain tissues were then homoge-
nized in RIPA buffer (Milli-Q Water, 0.05 M Tris Hydrochloride pH 7.4,
0.001 M Potassium Chloride, 0.0015 M Magnesium Chloride, 0.001 M
EDTA, 0.001 M Dithiothreitol, 0.005 M Sodium Fluoride, 0.001 M So-
dium Metavanadate, 0.1% SDS) with 10% Sodium Deoxycholate (Na-
DOC), 1% Triton X — 100 and 1x cOmplete™ Protease Inhibitor

Table 1
Mice brains numerosity utilized in this work.

Mice post-natal days N samples per genotype

WT ENU2
14 PND 6 4
60 PND 5 9
180 PND 5 5
270 PND 5 5
360 PND 6 6
540 PND 4 6
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Cocktail (Roche) for the subsequent Western Blotting (WB) procedure.
Samples were kept on ice for 20 min and then sonicated 30s at 50 W with
pulse mode.

After centrifugation (15 min at 4 °C, 12200 g), supernatants were
collected, and proteins were quantified using Bradford assay. 10 pg of
total proteins from each sample were loaded onto 8-12% poly-
acrylamide gels for SDS-PAGE. After 1 h running (40 mA), gels were
placed in sandwich cassettes with nitrocellulose membranes and sub-
mitted to the blotting transfer procedure for 70 min at 100 V. Electro-
phoretic transfer output was assessed with Ponceau S staining (0.1%
Ponceau S (w/v) in 5% (v/v) acetic acid) at the ChemiDoc Imaging
System (Bio-Rad). Membranes were then blocked with with Tris-
buffered saline (TBS)/5% non-fat dry milk for 1 h and incubated ON
with the proper primary antibodies diluted in Tween 0.1%-Tris-buffered
saline (TTBS)/5% non-fat dry milk (Table 2A). The next day, membranes
were washed 3 times (10 min each) with TTBS and then incubated 1 h at
room temperature with the appropriate secondary antibodies
(Table 2B). After that, membranes were washed again 3 times with TTBS
(10 min each) and then exposed to the ChemiDoc Imaging System using
the enhanced chemiluminescence (ECL) procedure after 2 min incuba-
tion with a mixture of HpOy and luminol substrate (WesternBright™
ECL, K-12045-D20; Advansta). Protein bands intensities were acquired
through densitometric analysis and the immunoblots were quantified
using Image Lab software (Bio-Rad). Mean ratios between MBP, Myelin
PLP1, MAG, ANLN and CNTNAP2 bands intensity were reported as
percentage of control values, with $-Actin as loading control.

2.3. Immunofluorescence and densitometric analysis of fluorescence
images

WT and ENU2 brain hemispheres of young and adult WT and ENU2
mice were collected and soaked in paraformaldehyde 4% with overnight
incubation for tissue fixation. After 24 h, brains were put in sucrose 30%
and left at 4 °C until precipitation. Brain sections were then incubated
overnight with a cocktail of primary antibodies, including rat anti-MBP

Table 2
List of the primary (A) and secondary (B) antibodies utilized in Western Blot
analyses.

Description Catalogue Host Dilution in Supplier
Number TTBS/5%
non-fat dry
milk

(A)

Anti-Myelin Basic MAB386 Rat 1:1000 Merck-
Protein (MBP) Millipore
Anti-Myelin #85971 Rabbit 1:500 Cell Signaling

Proteolipid Technology
Protein (PLP1)
Anti-Myelin- #346200 Rabbit 1:1000 Thermo Fisher
Associate Scientific
Glycoprotein
(MAG)
Anti-Anillin PA5114851 Rabbit 1:500 Thermo Fisher
(ANLN) Scientific
Anti-Contactin PA528969 Rabbit 1:5000 Thermo Fisher
Associated Scientific
Protein 2
(CNTNAP2)
Anti-p-Actin 8H10D10 Mouse 1:1000 Cell Signaling
(ACTB) Technology

(B)

Donkey anti-rat- AP189P Donkey 1:2000 Merck Millipore
1gG-HRP

Goat anti-rabbit- sc-2004 Goat 1:2000 Santa Cruz

IgG-HRP Biotechnology

Goat anti-mouse- 170-6516 Goat 1:2000 Bio-Rad

1gG (H + L)-HRP
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(Abcam #ab7349), and rabbit anti-PLP1 (Abcam #28846) in a solution
of PBS and 0.3% Triton X — 100, followed by a cocktail of secondary
antibodies (1:200, Invitrogen), including Alexa Fluor 555 conjugated
donkey anti-rat and Alexa Fluor 488 conjugated donkey anti-rabbit.
Sections were examined under a confocal laser scanning microscope
(Leica SP5). Densitometric analysis of MBP and PLP1 was performed on
5 brain sections per mice (at the level of the striatum). Specifically, MBP-
and PLP1-associated signals were quantified by manually outlining the
area of interest. Mean signal intensity (F) of the marker of interest was
performed on two squared frames (35 pm per side) on 5 sections
sampled to cover the rostro-caudal extent of the areas of interest
(striatum and corpus callosum) entirely (n = 10 samples per mouse). The
F/A ratio defines mean fluorescence of individual samples (F) normal-
ized to total cellular surface (A).

2.4. RT-gPCR

WT and ENU2 brains of different PND (see Table 1, no 540 PND) were
collected and snap frozen immediately in liquid nitrogen after washing
in PBS. After homogenization, whole brain lysates (30 mg) were treated
for RNA extraction using the RNeasy Plus Mini Kit (QIAGEN) following
the manufacturer's instructions. RNA samples were quantified using
Nanodrop® ND — 100 Spectrophotometer (Thermo Fisher Scientific),
keeping A260/A280 and A260/A230 ratios between 1.8 and 2.2 as
critical values for evaluating RNA purity and possible contaminants.
Subsequently, retrotranscription procedure was performed taking 500
ng from each RNA sample using the PrimeScript™ RT Master Mix
(Takara Bio Inc.), following the manufacturer's instructions. cDNA
samples were then diluted in DNAse-free H>O to have 10 ng/pl to be
used in the qPCR for the MBP mRNA quantification. For each cDNA
sample from WT and ENU2 brains of different ages, the reaction mix was
settled using TagMan probes specific for MBP (Mm01266402_m1,
Thermo Fisher Scientific) and HPRT (Mm03024075_m1, Thermo Fisher
Scientific). 10 pl of mix with cDNA from each sample were loaded in a
reaction plate (final volume: 20 pl) and then put in the 7500 Applied
Biosystem machine for cDNA amplification. Results expressed in 2"4ACt
were used for the subsequent relative quantification of MBP mRNA
expression levels, using HPRT as housekeeping gene.

2.5. L-PHE and L-TYR evaluation in dried blood spot (DBS)

Mouse whole blood was collected on Whatman TM 903, dried under
ambient conditions, and stored at —80 °C in plastic bags. A 3-mm
diameter dot was punched from the DBS into a single well of 96-well
micro plate. The analysis of L-Phe and L-Tyr in the DBS was per-
formed using a previously published method (Chace et al., 1993) with
some modifications (Rossi et al., 2014).

2.6. Brain L-PHE and L-TYR evaluation

For brain L-Phe and L-Tyr quantification, frozen brain samples were
weighted and homogenized in 0.1 N HClIO4 (Carlo Erba) containing Na-
metabisulphite (Carlo Erba) and 1 mM EDTA (Carlo Erba), in order to
have a ratio of 1:100 ml/mg. Homogenates were then centrifuged at
10000 g for 20 min at 4 °C. Supernatants were collected and subse-
quently transferred to the 1200 series HPLC system (Agilent Technolo-
gies, CA, United States). The analysis was performed using the method
published by Carducci et al. (Carducci et al., 1996) with some modifi-
cations. Chromatographic separation was accomplished with Hypersil
AA ODS 2.1 x 200 mm (5 pm) column coupled with an ODS Hypersil
ODS guard column 20 x 4 mm L.D. (Agilent Technologies, CA, United
States). Mobile phase A was 20 mM sodium acetate buffer (pH 7.2)
containing triethylamine 0.044% (v/v), while mobile phase B was a
solution of 100 mM sodium acetate buffer (pH 7.2), acetonitrile and
methanol (1:2:2, v/v/v) (Sigma-Aldrich, MO, United States). A gradient
elution was applied (Supplementary Material Table 1). The flow rate
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was 0.45 mL/min and the column temperature was 38 °C.
2.7. miRNA microarray and miRNA RT-qPCR

Selected WT and ENU2 brain lysates of 60 PND (WT, n = 4; ENU2, n
= 4) were prepared in QIAzol reagent and total RNA from each sample
was extracted with miRNeasy Mini Kit (QIAGEN) according to the
manufacturer's instructions. RNA samples were quantified using Nano-
drop® ND — 100 Spectrophotometer (Thermo Fisher Scientific), keeping
A260/A280 and A260/A230 ratios between 1.8 and 2.2 as critical values
for evaluating RNA purity and possible contaminants. Total RNA was
further analyzed by denaturing gradient gel electrophoresis (agarose
1.3%, formaldehyde 2.2 M, MOPS 1x), with the purpose of checking
RNA integrity and the possible presence of genomic DNA. miRNAs'
expression profile in WT and ENU2 was performed according to the
manufacturer's protocols (Affymetrix, Santa Clara, CA, United States) by
Cogentech Affymetrix microarray unit (Campus IFOM-IEO, Milan, Italy)
using Mus Musculus Affymetrix GeneChip miRNA 4.0 (Affymetrix). The
different gene expression patterns were analyzed by using Partek Ge-
nomics Suite updated to version 7019 (Partek®). PCA (Principal
Component Analysis) was carried out to highlight differentially
expressed miRNAs and the normalized background-corrected data were
transformed to the log2 scale. Unpairedt-test was performed to deter-
mine which miRNAs were modulated at a significance level (P < 0.05)
and statistically significant miRNAs were selected for final consideration
when their expression was at least 1.2-fold different between ENU2 and
WT samples.

For microarray validation of 60 PND miRNAs and and miRNAs
evaluation during mouse growth, total RNA from WT and ENU2 brain
lysates of different ages (14-60-180-270-360 PND, n = 4/condition) was
extracted as displayed previously. miRNA RT-qPCR from total RNA were
performed using the TagMan® MicroRNA Reverse Transcription Kit
together with the TagMan® MicroRNA Assays (both from Thermo Fisher
Scientific) specific for the miRNA of interest. Retrotranscription and
qPCR were carried out following manufacturer's instructions. Briefly, 10
ng of total RNA were retrotranscribed and 1.34 pl of the RT reaction
product were placed into each tube with the qPCR reaction mix. The
reaction mix was then loaded in the 7500 Applied Biosystem machine
for cDNA amplification. Results expressed in 2"24Ct were used for the
subsequent relative quantification of the selected miRNAs (mmu-miR-
217-5p, MIMATO0000679_st; mmu-miR-671-3p, MIMATO0004821 st;
mmu-miR-448-5p, MIMATO0017176_st; mmu-miR-1231-3p, MIM-
AT0022358_st; mmu-miR-218-1-3p, MIMAT0004665_st; mmu-miR-715,
miRBase Version v22.1; snoRNA202, AF357327), using snoRNA202 as
endogenous control.

2.8. Proteomic analyses on WT and ENU2 brains

20 pg of each selected WT and ENU2 brain lysates of 60 and 360 PND
(WT, n = 4; ENU2, n = 4 per age) were processed by EasyPep MS Sample
Kit (Thermo Scientific Pierce) by the TMT (Tandem Mass Tag) labeling
option (16plex TMTpro, Thermo Fisher Scientific) and finally mixed in
equimolar ratio. The sample was fractionated by Pierce High pH
Reversed-Phase Peptide Fractionation Kit. Subsequently, drying frac-
tions were dissolved in water 0.1% formic acid and 2 pug were injected in
an UltiMate 3000 RSLC nano system coupled to the Exploris 240 mass
spectrometer. Briefly, peptides were desalted online by Acclaim PepMap
C18 Reversed Phase HPLC Column (5 pm, 0.3 mm x 5 mm Thermo
Fisher Scientific), and then resolved by Easy-Spray Pepmap RSLC C18 (2
pm, 50 cm x 75 pm) at a flow rate of 300 nl/min with a gradient of phase
B (80% acetonitrile/0.1% formic acid, solvent A was 0.1% formic acid in
water) from 2% to 40% in 220 min. Then (B) was changed up 99% in 12
min, kept for 7 min, and then the column was re-equilibrated for 10 min.
Data were acquired in a positive mode and data-dependent manner. For
MS1 m/z range was set to 350-1500 at 120,000 resolution (at m/z 200),
ACG target 3e6, and auto maximum injection time. MS2 was adopted
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when ions intensity was above 5e3, with m/z range in auto mode,
normalized HCD energy 35%, ACG target 7.5e4, and maximum injection
time 40 ms. The resolution was set to 15,000 at m/z 200 and the internal
calibrant was employed in run start mode. Fractions were analyzed in
quadruplicates and raw data were employed in Proteome Discoverer
software v2.5 adopting the TMT signal quantification strategy. Master
proteins were considered differentially expressed with a fold change 1.5
and FDR < 0.1 (False Discovery Rate).

2.9. Bioinformatic analyses

2.9.1. miRNAs' targets prediction networks

Predicted target genes of the mature upregulated (fc > 1.2) and
downregulated (fc > 2.5) miRNAs in ENU2 were evaluated using three
online databases: miRDB (Chen and Wang, 2020) (>70 target score
cutoff), TargetScanMouse 8.0 (Agarwal et al., 2015) (<-30 total con-
text++ score cutoff) and DIANA TOOLS-microT-CDS (Paraskevopoulou
etal., 2013) (>0.7 miTG score cutoff). Only the target genes which were
common in the prediction of all the above algorithms were used in the
building of the miRNAs-predicted targets networks through Cytoscape
v3.9.1 software (Shannon et al., 2003) and in the preliminary targets'
functional evaluation through gene set enrichment analysis (GSEA) with
ShinyGO v0.76 (Ge et al., 2020) (http://bioinformatics.sdstate.
edu/go/), using the Benjamini-Hochberg FDR adjusted p-value (p <
0.05).

2.9.2. Protein-protein interaction and GSEA on ENUZ2 cerebral proteins

Protein-protein interaction (PPI) networks for the up- and down-
regulated proteins in ENU2 brains of 60 PND detected from the prote-
omic analysis were constructed using the Cytoscape v3.9.1 built-in
stringAPP, with minimum required interaction score set to medium
confidence (>0.4) (Shannon et al., 2003; Szklarczyk et al., 2019). The
resulting network was then analyzed through the Cytoscape plug-in
MCODE in order to detect significant clusters and subnetworks among
the principal one (Node Density Cutoff: 0.1; Node Score Cutoff: 0.2; K-
Core: 2; Max Depth: 100) (Bader and Hogue, 2003). Gene set enrichment
analyses over up- and downregulated proteins in ENU2 brains were
performed through ShinyGO v0.76 (Ge et al., 2020) (http://bioinformat
ics.sdstate.edu/go/) using the Benjamini-Hochberg FDR adjusted p-
value (p < 0.05).

2.10. Statistical analyses

Statistical analyses were performed with GraphPad Prism 8.0.1
(GraphPad Software, La Jolla, CA, USA) using two-way ANOVA in case
of more than two groups to be measured or two-tailed t-test when each
measure had only two groups. P-value threshold for significance was set
to p < 0.05. The data are shown as Mean + SEM.

3. Results

3.1. MBP levels increase during ENU2 mice lifespan, while MBP mRNA
remains unaltered

In order to evaluate the possible MBP downregulation during the
lifetime of PKU mice, WBs from WT and ENU2 mice brain lysates of
various ages (14-60-180-270-360-540 PND) were performed. As re-
ported in Fig. 1A-B, MBP levels are significantly lower in ENU2
compared to WT mice at 14 and 60 PND (—64.5% and — 70%, withp =
0.043 and p = 0.022, respectively). However, at 180, 270, 360 and 540
PND, a recovery of the MBP protein levels in middle-aged ENU2 mice
was observed (—50.9%, —20.4%, —14.7%, —9.1% respectively), almost
returning to the protein levels observed in healthy WT mice. The re-
ported multiple bands confirmed the four main MBP isoforms in the
mouse (Boggs, 2006) and allowed MBP quantification through mean of
the sum of their intensities. Together, myelin PLP1 (the most abundant
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Fig. 1. Representative immunoblots (A) and densitometric analysis (B) of MBP protein showing the expression levels in WT and ENU2 brains. MBP protein levels
reached almost normal expression compared to WT in middle-aged and aged ENU2 mice. Each lane corresponds to a different animal. Data are expressed as Mean +
SEM (14 PND, WT n = 6, ENU2 n = 4; 60 PND, WT n = 5, ENU2 n = 9; 180 PND, WT n = 5, ENU2 n = 5; 270 PND, WT n = 5, ENU2 n = 5; 360 PND, WT n = 6, ENU2
n = 6). All the reported values in the graph are densitometric values obtained calculating the mean of the sum between the relative intensities of each band using
Image Lab software. Bands are placed at known molecular weights (14.5-21 kDa). Two-way ANOVA followed by Bonferroni's multiple comparisons test, *p < 0.05.
(C) Confocal images and relative densitometric results (D) of the expression levels of MBP in the two experimental groups of mice at different ages. Expression levels
of MBP at 60 PND in ENU2 brain are significantly lower compared to 60 PND WT mice and its expression in adult mice shows no statistical differences between
conditions. The F/A ratio defines mean fluorescence of individual samples (F) normalized to total cellular surface (A). Two-way ANOVA followed by Bonferroni's
multiple comparison test, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. (E) RT-qPCR of relative MBP mRNA expression in WT and ENU2 brains. No dif-
ferences were detected in both condition during mice lifespan. Data are expressed as Mean + SEM (14 PND, WT n = 6, ENU2 n = 4; 60 PND, WT n =5, ENU2n = 9;
180 PND, WT n = 5, ENU2 n = 5; 270 PND, WT n = 5, ENU2 n = 5; 360 PND, WT n = 6, ENU2 n = 6). HPRT has been used as endogenous control. Two-way ANOVA
f‘()llowed by Bonferroni's multiple comparisons test, *p < 0.05.

myelin protein (Baron et al., 2015; Jahn et al., 2020)) immunoblots and
densitometric analysis revealed a slight PLP1 protein reduction in ENU2

ENU2 mice at 14-60 PND and an almost complete recovery of the MBP
staining during adulthood. On the other hand, PLP1 resulted to be un-

brain lysates of 14-60 PND (—51%, —19.8%, respectively), although the
obtained results were not statistically significant (Supplementary Ma-
terial Fig. S1A). In order to confirm and further validate WBs densito-
metric results, a confocal analysis of the immunofluorescence (IF)
stained sections —5 brain sections per mice at the level of the striatum-
was performed. Provided results (Fig. 1C-D) confirmed data already
obtained through WBs, with a MBP staining that is significantly lower in

>

4000+

altered in both conditions on the evaluated time points (Supplementary
Material Fig. S1B), with a slight decrease (even not significant)
observable in ENU2 mice at 60-180-540 PND. Taken together, these data
could indicate a specific hindrance only over MBP expression, with no
relevance over PLP1 expression.

We then hypothesized that low protein levels could correspond to a
reduced amount of the MBP mRNA expression levels. To do so, RT-qPCR
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Fig. 2. (A) L-Phe concentration levels in WT and ENU2 bloostream. L-Phe concentration in ENU2 peripheral blood showed a progressive decrease during ENU2 mice
lifespan. As expected, WT L-Phe was always lower compared to ENU2. (B) L-Tyr concentration levels in WT and ENU2 peripheral blood. Higher L-Tyr levels were
detected at 14 PND in both conditions. As expected, L-Tyr was always lower in ENU2 mice compared to WT. Data are expressed as Mean + SEM (WT 14 PND, WT n =
3, ENU2 n = 11; 60 PND, WT n = 5, ENU2 n = 5; 180 PND, WT n = 4, ENU2 n = 4; 270 PND, WT n = 5, ENU2 n = 5; 360 PND, WT n = 4, ENU2 n = 6). Two-way
ANOVA followed by Bonferroni's multiple comparisons test, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ## p < 0.0001 WT vs ENU2 for each age. (C) L-
Phe concentration levels in ENU2 and WT brains. L-Phe concentration in ENU2 brains showed a progressive decrease during ENU2 mice lifespan. As expected, WT L-
Phe was always lower compared to ENU2. (D) L-Tyr concentration levels in ENU2 and WT brains. Unexpectedly, no statistically significant differences were detected
between the two conditions, except for the time point 360 PND. Data are expressed as Mean + SEM (WT 14 PND, WT n = 6, ENU2 n = 4; 60 PND, WT n = 5, ENU2 n
= 4; 180 PND, WT n = 4, ENU2 n = 4; 270 PND, WT n = 5, ENU2 n = 5; 360 PND, WT n = 4, ENU2 n = 6). Two-way ANOVA followed by Bonferroni's multiple
comparison test, ****p < 0.0001 for WT and ENU2 L-Tyr at 360 PND.
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on RNA extracted from the same ENU2 and WT brain samples (see
Table 1, no 540 PND) were performed. In contrast to what was expected,
mRNA MBP was equally expressed in the two conditions in all the
investigated times. Indeed, no significant differences were found, even if
in the earlier time points considered (14-60-180 PND), MBP mRNA
expression seems even to be higher in ENU2 compared to WT (Fig. 1E).
These data, together with those obtained from WBs, suggest a possible
impairment at the translational level during the first phases of devel-
opment, which may result in the low MBP protein expression observed

A
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in ENU2 mice. As reported previously, MBP translation is a finely
regulated process, and a disruption over the expression of cis- or trans-
acting factors which regulate its translation could provoke a destabili-
zation of the MBP translational process.

3.2. L-PHE levels in peripheral blood and brain decrease during ENU2
mice lifespan

In the peripheral blood, as expected, L-Phe levels in ENU2 mice for
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Fig. 3. Hierarchical clustering (A) analysis of differentially expressed microRNAs in WT (n = 4) and ENU2 (n = 4) mice brains with a fc > 1.2. 156 microRNAs were
differentially expressed in ENU2 compared to WT mice, with statistical significance set at p-value: 0.05. Color gradation shows the relative expression of microRNAs:
green, downregulation; red, upregulation. (B) PCA applied to the examinated samples, highlighting a certain degree of separation between the two conditions.
Volcano plot (C) of differentially expressed microRNAs ENU2 and WT mice brains. Y-axis: p-value (0.05); X-axis: fold change (>1.2). Color gradation shows the
relative expression of microRNAs: blue, downregulation; red, upregulation. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)



A. Bregalda et al.

all the intervals considered were significantly higher compared to WT
mice (Fig. 2A, *#p < 0.0001), while L-Tyr levels were significantly
lower in ENU2 mice compared to WT (Fig. 2B, **p < 0.0001). As shown
in Fig. 2A, L-Phe levels in the peripheral blood of ENU2 mice of 14 PND
were significantly higher than any other time points. Levels of L-Phe
remained higher until 60 PND with respect to those detected in the adult
ENU2 animals aged 180 to 360 PND. Conversely, L-Tyr levels in ENU2
peripheral blood were persistently lower than in the control mice and
declined with aging following the same trend observed in controls
(Fig. 2B).

At cerebral level, as expected, L-Phe concentrations for all the

Table 3
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intervals considered in ENU2 mice were significantly higher compared
to the relative WT (Fig. 2C, ##p < 0.0001), while the opposite was
observed for L-Tyr concentrations, although significance was found only
between WT and ENU2 brain L-Tyr levels at 360 PND (Fig. 2D, *#p <
0.0001). Interestingly, as observed in the peripheral blood, L-Phe cere-
bral levels resulted in a decreasing trend during development in the
ENU2 brain, with significantly higher levels detected at 14 PND
compared to the other time points. L-Tyr, on the other hand, showed an
unexpected fluctuating trend, with lower levels detected at 60 PND for
both genetic conditions. L-Phe and L-Tyr concentrations values for both
peripheral blood and brain are reported in Supplementary Material

Differentially expressed proteins in the PKU mouse brain at 60 and 360 PND with fold > 1.5 and FDR < 0.1.

Accession Description Gene Fold 60 Fold 360 Ratio P-Value 60 Ratio P-Value 360
Symbol PND PND PND PND
60 PND (ENU2/WT)
Q9CXJ4 Mitochondrial potassium channel ATP-binding subunit Abcb8 -1,52 1,03 3,04E-03 0,74
G5E895 Aldo-keto reductase family 1, member B10 (aldose reductase) Akrlb10 -1,51 0,93 2,15E-06 0,65
E9Q804 Ankyrin repeat domain-containing protein 17 Ankrd17 -1,58 1,05 1,49E-02 0,72
Q8K298 Anillin Anln -1,68 1,04 7,33E-02 0,97
P14824 Annexin A6 Anxab -1,79 1,12 7,53E-02 0,89
Q8R3PO Aspartoacylase Aspa -1,85 1,11 9,61E-08 0,33
P00920 Carbonic anhydrase 2 Car2 -1,55 1,05 2,01E-06 0,96
Q3TYV5 2/,3'-cyclic-nucleotide 3'-phosphodiesterase Cnp -1,52 1,07 2,29E-09 0,36
Q63870 Collagen alpha—1 (VII) chain Col7al -1,59 0,98 4,57E-02 0,98
Q7TT37 Elongator complex protein 1 Elpl -1,59 1,64 8,53E-03 4,82E-03
035409 Glutamate carboxypeptidase 2 Folhl -1,71 1,24 1,93E-02 0,59
Q3U011 GLTP domain-containing protein Gltp -1,72 1,04 2,25E-04 0,88
Q9QY42 Prosaposin receptor GPR37 Gpr37 -1,54 1,11 1,56E-02 0,83
P20917 Myelin-associated glycoprotein Mag -1,54 1,05 2,36E-07 0,73
P04370 Myelin basic protein Mbp -1,58 0,96 1,02E-06 1,00
Q61885 Myelin-oligodendrocyte glycoprotein Mog -1,66 1,09 1,07E-10 0,29
P60202 Myelin proteolipid protein Plpl -1,80 1,02 2,91E-10 0,82
Q91vC7 Protein phosphatase 1 regulatory subunit 14A Ppplrlda -1,93 1,17 1,25E-09 0,23
P48379 DNA-binding protein RFX2 Rfx2 -1,87 0,94 9,77E-04 1,00
P50114 Protein S100-B S100b -1,91 0,93 1,23E-10 0,98
Q9D154 Leukocyte elastase inhibitor A Serpinbla -1,60 1,15 2,05E-09 0,02
P31650 Sodium- and chloride-dependent GABA transporter 3 Slc6all -1,52 1,12 4,33E-07 0,33
B2RQX9 Sodium- and chloride-dependent glycine transporter 2 Slc6a5 -1,60 1,16 2,71E-03 0,66
P28571-1 Isoform GlyT-1A of sodium- and chloride-dependent glycine Slc6a9 -1,57 0,97 2,29E-03 0,99
transporter 1
D3YTUO Vesicle-associated membrane protein 1 Vampl -1,57 1,03 1,33E-03 1,00
AOAOR4J2A2  Ankyrin repeat and sterile alpha motif domain-containing protein Anks1b 1,56 1,16 1,94E-02 0,96
1B
P11798 Calcium/calmodulin-dependent protein kinase type II subunit Camk2a 1,57 1,13 1,25E-04 0,22
alpha
Q3UTQ8 Cyclin-dependent kinase-like 5 CdklI5 1,62 1,19 1,78E-07 0,70
AO0T1G3 C-type lectin domain family 1 member B Cleclb 1,98 1,09 1,07E-02 0,74
Q3TY78 Guanine nucleotide-binding protein G(OIf) subunit alpha Gnal 1,51 1,01 1,58E-04 0,70
Q542P2 Neuronal membrane glycoprotein M6-a Gpm6a 1,53 0,87 1,78E-08 0,11
P39087 Glutamate receptor ionotropic, kainate 2 Grik2 1,50 0,92 1,77E-02 0,33
E9Q2Y3 NF-kappa-B essential modulator Ikbkg 1,61 0,94 7,11E-03 0,48
Q3TZP3 Metastasis-associated protein MTA2 Mta2 1,77 0,95 7,94E-05 0,25
P60761 Neurogranin Nrgn 1,63 1,17 2,97E-08 0,36
Q7TPG1 Phosphodiesterase PdelOa 1,56 0,98 1,25E-02 0,87
S4R2S0 Piezo-type mechanosensitive ion channel component Piezo2 1,50 0,91 2,91E-06 0,84
Q9D3P8 Plasminogen receptor (KT) Plgrkt 1,52 1,01 5,77E-03 0,98
Q9QZC2 Plexin-C1 Plxncl 1,61 0,98 1,35E-02 0,96
Q60829 Protein phosphatase 1 regulatory subunit 1B Ppplrlb 1,62 1,09 3,67E-09 0,54
E9PUC5 PH and SEC7 domain-containing protein 3 Psd3 1,52 0,97 6,13E-07 0,70
Q5U4D8 Sodium-dependent multivitamin transporter Slc5a6 1,61 1,05 4,80E-02 0,95
Q9CY18 Sorting nexin-7 Snx7 1,58 1,12 1,63E-02 0,93
P11031 Activated RNA polymerase II transcriptional coactivator p15 Subl 1,58 0,90 1,99E-11 0,09
Q3U336 Synaptopodin Synpo 1,51 1,03 5,19E-05 1,00
Q99LG1 Transmembrane protein 51 Tmem51 1,50 1,10 1,85E-02 0,98
Q8K1S4 Netrin receptor UNC5A Uncba 1,66 1,25 1,20E-02 0,81
360 PND (ENU2/WT)
Q9D6E4 Tetratricopeptide repeat protein 9B Ttc9b 1,29 -1,89 0,102 1,52E-03
P03995 Glial fibrillary acidic protein Gfap 1,00 1,81 0,941 1,02E-07
P28665 Murinoglobulin-1 Mugl 0,95 2,15 0,987 7,06E-02
Q3TPW7 Phosphoglucomutase-2-Like 1 Pgm2l1 0,88 2,39 0,916 1,08E-04
P07758 Alpha-1-antitrypsin 1-1 Serpinala 1,04 2,09 0,991 6,75E-04
P07759 Serine protease inhibitor A3K Serpina3k 0,94 1,67 0,822 3,92E-02
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Table 2.
3.3. miRNA microarray output analysis and miRNAs evaluation

Dobrowolski et al. (Dobrowolski et al., 2015, 2016) reported an
important epigenetic remodeling in PKU patients and mice, which leads
to the creation of hypo—/hypermethylated genomic loci and to the
subsequent overexpression or downregulation of certain genomic ele-
ments such as miRNAs or IncRNAs. To verify if the MBP translation in
ENU2 mice at late brain developmental stage could be impaired by
miRNAs, total RNA samples from 60 PND WT and ENU2 mice (n = 4/
condition) were analyzed through miRNA microarray technique. miRNA
profiling for the differentially expressed miRNAs between the two con-
ditions was depicted by hierarchical clustering (see Fig. 3A). PCA was
applied in order to reduce complexity and maximize differences be-
tween the samples included in the study (Fig. 3B), revealing some level
of separation between the two conditions under investigation. In fact,
156 miRNAs were found to be differentially expressed between WT and
ENU2 mice after passing volcano plot filtering (fold change >1.2-fold, p-
value <0.05; Fig. 3C). Of these 156 miRNAs, 68 were downregulated
and 88 were upregulated in ENU2 mice compared to WT mice.

Target genes of the mature upregulated miRNAs with fc > 1.2 and
mature downregulated miRNAs with fc > 2.5 were analyzed using target
prediction bioinformatics tools (miRDB, TargetScanMouse 8.0 and
DIANA TOOLS-microT-CDS), thus evaluating the possible molecular
targets with the most promising scores in each of the mentioned tools.
Only common target genes recognized by the three prediction tools
(Supplementary Material Table 3) were considered for further analyses
(GSEA - Supplementary Material Fig. S2A—B) and miRNAs-targets
networks were built via Cytoscape software, highlighting proteins
which could be targeted by more than one miRNA (Supplementary
Material Fig. S3A—B). Interestingly, many miRNAs' targets resulted to
be in common with two or more miRNAs, underlying their proximity
and suggesting a possible mutual functionality.

The expression of 5 upregulated miRNAs (miR-671-3p, miR-217-5p,
miR-448-5p, miR-218-1-3p and miR-1231-3p) were examined through
RT-qPCR to validate miRNAs upregulation obtained from the micro-
array analysis. RT-qPCR results were analogous to those of the micro-
array analysis, even if statistical significance was recorded only for miR-
217-5p (fc: 4.84), miR-218-1-3p (fc: 2.09) and miR-1231-3p (fc: 1.98)
(data not shown).

3.4. Proteomic analyses outcome

In order to identify and evaluate candidate proteins which could be
potential targets of the mature upregulated miRNAs and could interfere
with the correct MBP translation, a proteomic analysis on WT and ENU2
brain lysates of 60 and 360 PND (n = 4/condition) using TMT quanti-
fication was performed, considering as differentially expressed proteins
with a fold change 1.5 and FDR < 0.1. These two intervals (60-360 PND)
were chosen following the MBP protein expression levels observed af-
terwards WB and IF analyses. The peptide labeling efficiency was about
90%, with 19.86% of labeled peptides which were filtered by isolation
and thus not considered for the final evaluation. Moreover, the precursor
contamination percentage was about 5%, with a good quality control
after normalization of the ionic current signals (Supplementary Material
Fig. S4A-B-C). Differentially expressed proteins with fc > 1.5 were
evaluated after passing volcano plot filtering (Supplementary Material
Fig. SSA—B) and PCA analysis was performed in order to highlight both
samples variability and the relationship between WT and ENU2 brain
proteins over the time points considered (60-360 PND) (Supplementary
Material Fig. S5C).

As reported in Table 3, proteomic analysis detected 47 differentially
expressed proteins between WT and ENU2 at 60 PND, with fold change
set at 1.5 and FDR < 0.1. Of these proteins, 25 were significantly
downregulated, while 22 were significantly upregulated in ENU2

Neurobiology of Disease 180 (2023) 106093

compared to WT mice. Interestingly, many downregulated proteins at 60
PND normalized their own expression at 360 PND, thus highlighting the
great cerebral plasticity already observed during MBP protein analyses.
Speaking of MBP, its expression normalization in the middle-aged ENU2
mouse was confirmed also by the proteomic analysis; in fact, MBP raised
from a ENU2/WT ratio of —1.639 at 60 PND to a ENU2/WT ratio of
—1.052 at 360 PND, which is an indication of a complete normalization
over protein expression during adulthood. Is also of note the protein
expression recovery of many other myelin proteins, such as PLP1, MOG,
CNP, and MAG (which increased from a fold of —1.54 at 60 PND to a fold
of 1.05 at 360 PND). Moreover, protein expression normalization at 360
PND was observed also for other important downregulated proteins at
60 PND that are involved in myelin constitution, such as GPR37,
VAMP1, ANLN, and ELP1 and for upregulated proteins at 60 PND which
are involved as well in neuronal differentiation and migration (such as
NRGN, STX7, GMP6A and SYNPO). At 360 PND, two protein were found
significantly downregulated (TTC9B and ELP1), while 5 proteins were
found significantly upregulated in ENU2 compared to WT (GFAP,
MUG1, PGM2L1, SERPINA1A, SERPINA3K).

3.5. Bioinformatic analyses on up- and downregulated proteins

Proteomic results were bioinformatically analyzed in order to un-
derstand which relationships and/or pathways resulted to be altered in
the late development of the ENU2 mice brain. Interactions between up-
and downregulated proteins in ENU2 brain at 60 PND were analyzed
after submission to the STRING database with a minimum required
interaction score set to >0.40, while potential altered pathways were
analyzed through gene set enrichment analysis. As reported in Fig. 4A,
up- and downregulated myelin proteins are strictly interconnected,
forming a significant cluster with a score of 4.154 comprehensive of 14
nodes and 27 edges. From gene set enrichment analysis (Fig. 4B-C-D),
we found that significant up- and downregulated proteins are involved
in many biological processes such as synaptic transmission, myelination,
axon ensheathment and neurotransmitter uptake, while we found
myelin sheath adaxonal region, dendritic spine, myelin sheath and
presynaptic membrane among the possible altered cellular components.
Lately, we also found that alterations on the structural constituent of
myelin sheath, sodium symporter activity and protein serine/threonine
phosphatase inhibitor activity can occur in the young ENU2 mouse
brain.

3.6. miRNAs selection and relative validation of differentially expressed
proteins

Proteomic analyses defined many downregulated proteins that could
potentially be targets of the previously assessed upregulated miRNAs at
60 PND. In order to establish the most promising miRNA-protein rela-
tion that could explain the MBP trend observed during adulthood, and
with the purpose to validate proteomic analyses, we decided to search
for the common proteins among the potential upregulated miRNAs'
targets and the downregulated proteins at 60 PND. Therefore, in this
analysis, only the potential upregulated miRNAs detrimental effect was
investigated, thus excluding the investigation for a possible relation
between downregulated miRNAs and upregulated proteins in ENU2. To
extend the research, we included in the analysis all the downregulated
proteins with fold >1.2. As depicted from the Venn diagram in Fig. 5A,
14 proteins were in common between the two sets and thus were
considered as potentially downregulated by the hindering action of the
upregulated miRNAs (see Table 4).

Of the 14 candidate downregulated proteins, ANLN, MAG and
CNTNAP2, which are potential targets for the significant upregulated
miRNAs at 60 PND miR-217-5p, miR-218-1-3p and miR-1231-3p,
respectively (Fig. 5B), were evaluated by western blot analyses. These
proteins are, in fact, actively involved in the myelination process and
their downregulation can lead to detrimental effects over myelin
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Fig. 4. (A) Up- and downregulated proteins in 60 PND ENU2 mouse brain forming a cluster of 14 nodes and 27 edges. The degree of up- or downregulation was
reported as color gradient (green: downregulation; red: upregulation). (B-C-D) Gene Ontology for significant up- and downregulated protein at 60 PND (fold > 1.5).
Enrichment analysis was performed for Biological Process (BP), Cellular Component (CC) and Molecular Function (MF). Fold Enrichment and FDR are reported. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

formation and scaffolding, as well as lower levels of MBP (Quarles,
2007; McKerracher and Rosen, 2015; Erwig et al., 2019; Scott et al.,
2019). As reported in Fig. 5C-D-E, western blotting showed significant
downregulation of ANLN and MAG proteins in the PKU mouse brain
compared to the control (p = 0.034 and p = 0.033, respectively).
CNTNAP2 was downregulated as well compared to WT mice, even
though it resulted to be not significant using two-way ANOVA test (p =
0.26). At 360 PND all the three evaluated proteins normalized their own
expression, confirming what was seen at the proteomic level.

3.7. miRNAs evaluation during ENU2 mice lifespan

The potential miRNAs that could be involved in the downregulation
of the three proteins evaluated after proteomic and WBs (ANLN, MAG
and CNTNAP2) were examined throughout mice lifespan, to assess if
their expression was correlated with the corresponding target proteins
levels and, consequently, to MBP levels. Therefore, we decided to
evaluate miR-218-1-3p, miR-217-5p, miR-1231-3p and, together, the
sncRNA715, which is described as one of the potential ncRNA that could
regulate MBP correct protein synthesis (Bauer et al., 2012; Miiller et al.,
2015). As shown in Fig. 6, miRNAs' levels between WT and ENU2 mice
fluctuated greatly in the time points considered, with a peak in corre-
spondence of 60 PND and a declining trend along adulthood. miRNAs'

expression was not as expected especially at 14 PND; however, at that
age the L-Phe brain concentration was significantly higher compared to
all the other time points considered, thus leading us to hypothesize
another epigenetic reprogramming that could lead to new hyper- or
hypomethylated loci in the ENU2 mice brains. These considerations may
not be applied for miR-218-1-3p, because the expression of this miRNA
at 14 PND was higher in ENU2 compared to WT, even though not sig-
nificant (Fig. 6B—C). Concerning miR-218-1-3p, its trend is particularly
interesting because its expression in ENU2 brains at 60 PND is signifi-
cantly higher compared to the one found at 270 PND (p = 0.0048). The
same consideration can be made for miR-1231-3p, since that its
expression in young ENU2 brains is higher compared to the one found at
270 and 360 PND (p = 0.0022 and p = 0.008, respectively). Moreover,
although its low expression in ENU2 at 14 PND, miR-217-5p should be
considered as a promising miRNA because its expression at 60 PND is
significantly increased compared to all the other intervals of time (ENU2
60 PND vs 14 PND: p < 0.0001; ENU2 60 PND vs 180 PND: p = 0.0002;
ENU2 60 PND vs 270 PND: p < 0.0001; ENU2 60 PND vs 360 PND: p =
0.0022) (Fig. 6A). Finally, sncRNA715 was not considered as the po-
tential cause of MBP detrimental translation, since that was lower in
ENU2 brains and its trend did not follow the one observed for MBP
(Fig. 6D). Surprisingly, 2 out of the 3 miRNAs evaluated during mice
lifespan (miR-217-5p and -218-1-3p) showed a mild increasing trend on
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Fig. 5. (A) Venn diagram between mature upregulated (fc > 1.2) miRNAs' targets (in red) and downregulated proteins (fold >1.2) at 60 PND (in green). 14
downregulated proteins were in common between the two sets, suggesting the potential inhibitory action of upregulated miRNAs on their expression. (B) Predicted
consequential pairing of target region (top) and miRNA (bottom) for the three significant upregulated miRNAs (miR-218-1-3p, miR-217-5p, miR-1231-3p) and the
respective predicted targets. Image taken from TargetScanMouse 8.0. Representative immunoblots and densitometric analysis of (C) MAG, (D) ANLN and (E)
CNTNAP2 showing the expression levels of the proteins in WT and ENU2 brains at 60 and 360 PND. The evaluated proteins showed depressed expression in ENU2
mice brains at 60 PND, recovering, with a normalization at 360 PND. Data are expressed as Mean + SEM (n = 4/condition). All the reported values in the graph are
densitometric values obtained using Image Lab software. Two-way ANOVA followed by Bonferroni's multiple comparison test, *p < 0.05. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

their expression in ENU2 mice of 360 PND, which however may be due
mostly to aging (Smith-Vikos and Slack, 2012; Noren Hooten et al.,
2013) rather than diverse L-Phe levels.

4. Discussion

Hypomyelination and gliosis in the CNS could represent one of the
possible explanations for the neuropathological background of neuro-
developmental derangement and neurological impairment observed in
untreated PKU patients and in preclinical models of the disease. In ro-
dents, myelination completes its processes after ~ 30 days of age
(Norton and Poduslo, 1973) and, in the same period, the brain of PKU
mice is exposed to a relevant amount of blood L-Phe concentration that
leads to an alteration of myelinated axons, as observed in hypomyeli-
nated areas of mutant animals (Shefer et al., 2000). MBP, the second
most abundant protein of the CNS myelin, plays a crucial role in mye-
lination and it is essential for the assembly of a mature and functioning
myelin membrane (Boggs et al., 1986; Campagnoni and Macklin, 1988;
Nave and Werner, 2014). MBP protein expression is found to be altered
in frontal cortex and striatum of adult untreated PKU mice and rat, with
arecovery after a 4-week L-Phe restricted diet (Burri et al., 1990; Joseph
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and Dyer, 2003; Pascucci et al., 2018). To contribute to this topic, we
explored MBP protein and MBP mRNA expression levels in the brain of
young and fully grown ENU2 mice. Myelin PLP1 protein levels were also
evaluated from 14 to 60 PND. WBs followed by densitometric analyses
revealed that MBP protein is lower in young ENU2 mice compared to
WT, confirming previous data obtained by Pascucci et al. (Pascucci
et al., 2018). Interestingly, MBP recovered itself to nearly normal levels
in middle- and aged ENU2 mice. Confocal analysis of immunofluores-
cence material as well confirmed the MBP expression recovery in later
PND times. To date, this observation on the expression of MBP in the
adult mouse constitutes a novel finding and it would be consistent with
the delayed myelination detected in biochemically generated hyper-
phenylalaninemic rats (Baba et al., 1987; Burri et al., 1990). So far, there
are no available data about middle-aged PKU rodents that could illus-
trate a possible cognitive recovery after MBP increasing. In any case, on
clinical ground, untreated adult mice with PKU are clinically impaired
and no improvement may be detected without treatment (Winn et al.,
2022). However, this is not in contrast with the possible pathogenetic
role of MBP defect since it happens during a critical stage of postnatal
CNS maturation, thus potentially affecting the normal development of
brain connectivity. One possible explanation that could elucidate the
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Table 4

Potential relation between mature upregulated miRNAs' (fc > 1.2) targets and

downregulated proteins at 60 PND (fold >1.2) in ENU2 brains.

miRNA Fold change Downregulated Description
name ENU2 vs WT targets at 60 PND
(RT-qPCR fold (fold change)
change)
myelin-associated
_ glycoprotein
miR- MAG (-1.54) [Source:MGI Symbol;Acc:
218-1- 2.14 (2.09) MGI:96912]
3p ANKRD29 ankyrin repeat domain 29
(~1.25) [Source:MGI Symbol;Acc:
’ MGI:2687055]
MR- anillin,pe:‘(;ttiex;:inding
217- 2. . ANLN (—1.
57 07 (4.84) ( 68) [Source:MGI Symbol;Acc:
P MGIL:1920174]
adducin 1 (alpha) [Source:
ADD1 (-1.33) MGI Symbol;Acc:MGI:8
miR- 7918]
185- 1.9 pleckstrin homology like
3p domain, family B, member 1
PHLDBI (-1.31
=131 [Source:MGI Symbol;Acc:
MGI:2143230]
MR- contactin associated
CNTNAP2 protein-like 2
1231_ 1.77 (1.98) (—1.21) [Source:MGI Symbol;Acc:
P MGI:1914047]
miR- ermin, ERM-like protein
6923- 1.52 ERMN (—1.47) [Source:MGI Symbol;Acc:
3p MGI:1925017]
miR- sorting nexin 32
135a- 1.41 SNX32 (—1.23) [Source:MGI Symbol;Acc:
1-3p MGI:2444704]
MR- solute crzzl:;eiarflly 16,
6189_ 1.33 SLC16AL (-1.31) [Source:MGI Symbol;Acc:
P MGL:106013]
pleckstrin homology like
PHLDBI (_1.31) domain, family B, member 1
iR-93- [Source:MGI Symbol;Acc:
m 3 1.3 MGI:2143230]
P RAS-related protein 1a
RAP1A (-1.22) [Source:MGI Symbol;Acc:
MGI:97852]
lysosomal-associated
membrane protein family,
miR- LAMPS5 (—1.42) member 5 [Source:MGI
672- 1.29 Symbol;Acc:MGI:1923411]
5p ankyrin 1, erythroid
ANK1 (-1.22) [Source:MGI Symbol;Acc:
MGI:88024]
miR- solute izrr;e;efrarsmly 25,
5;0_ 1,26 SLC25A5 (-1.25) [Source:MGI Symbol;Acc:
P MGI:1353496]
N-acetyltransferase 8-like
miR-763 1.25 NATS8L (-1.29) [Source:MGI Symbol;Acc:
MGI:2447776]
miR- contactin associated protein-
874- 1.25 CNTNAP2 like 2
Ea ) (-1.21) [Source:MGI Symbol;Acc:

MGI:1914047]

lower MBP protein levels observed during early development lies on a
diminished brain large neutral amino acids (LNAAs) availability due to
high L-Phe levels, which in turn may lead to an impaired protein syn-
thesis (Hoeksma et al., 2009; de Groot et al., 2013, 2015). At this point,
it is important to clarify that brain dysfunctions observed in PKU pa-
tients and animal models can not be accounted only over L-Phe toxicity
(van Spronsen, 2009); in fact, the L-Phe excess can indirectly lead to a
decreased functionality of the enzymes tyrosine hydroxylase and tryp-
tophan hydroxylase, leading to lower levels of the neurotransmitters
dopamine and serotonine, respectively (Winn, 2016, 2018). Moreover,
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L-Phe higher levels alone do not completely correlate with LNAAs
shortage, which in turn, as reported before, is held to be the cause of the
lower protein synthesis detected in PKU mouse (Hoeksma et al., 2009;
van Spronsen et al., 2021). Nonetheless, our previous work (Pascucci
et al., 2018) reported that, along with MBP reduction, neurofilament
light polypeptide (NFL) expression was unaltered in ENU2 mice at 60
PND, while - in the current work - a slight decrease was detected in
Myelin PLP1 protein levels in ENU2 mice brains at 14-60 PND, thus
suggesting a possible severe hindrance only over MBP expression.
Further, mRNA expression revealed no significant changes at the time
points considered, with a tendency to be more expressed in the first
months of life in ENU2 mice. Together, MBP mRNA and Myelin PLP1
data obtained are consistent with the assessments made by Schoemans
and colleagues (Schoemans et al., 2010) and could pave the way to the
hypothesis of an impaired MBP translation during the first months of
life. Several studies report that MBP mRNA translation does not occur
immediately but is regulated locally and temporally by ribonucleopro-
teins (i.e. hnRNP-K and hnRNP-A2) (Laursen et al., 2011; Miiller et al.,
2013; Torvund-Jensen et al., 2014), kinases (i.e. ERK2 and FYN) (White
et al.,, 2008; Michel et al., 2015), and a small non-coding RNA
(sncRNA715, (Bauer et al., 2012; Miiller et al., 2015)) that allow MBP
translation only once it has reached the plasma membrane through RNA
granules. Previous studies by Dobrowolski et al. revealed altered DNA
methylation patterns associated with high levels of blood L-Phe in the
PAHF™2 brain tissue (as well as in the brain of two adult PKU patients)
that could provoke an alteration of genomic elements such as InRNAs
and miRNAs (Dobrowolski et al., 2015, 2016). Although the molecular
mechanism by which L-Phe can modify brain epigenome remains
elusive, the study conducted by Dobrowolski et al. pointed out that
animals undergoing L-Phe restricted diet displayed an attenuated
pattern of aberrant DNA methylation compared to hyper-
phenylalaninemic mice, thus emphasizing the brain epigenome repat-
terning as one of the possible response to toxic L-Phe exposure
(Dobrowolski et al., 2016). Following these assumptions, we probed the
possibility that these modifications may be implied in the pathogenesis
of MBP translational deficit by designing a long-term study in the ENU2
mice. Firstly, to evaluate if MBP upward trend and the potential pres-
ence of differentially expressed miRNAs were connected by diverse
L-Phe concentrations, L-Phe levels were measured in WT and ENU2 mice
from 14 to 360 PND. The obtained results showed an unprecedented
significant blood L-Phe levels decline during aging in ENU2 mice, which
nonetheless could be consistent with the decreasing tendency observed
in our previous work from 15 to 70 PND (Pascucci et al., 2018). Like-
wise, a remarkable reduction of L-Phe concentration was also found in
ENU2 brains from 14 to 360 PND. This trend is possibly related to a
residual activity of the PAH enzyme (Hamman et al., 2005), which could
be driven by developmental patterns. Notably, the 3-times L-Phe
reduction from 14 to 360 PND in the ENU2 brains observed in this work
appears to be sufficient to revert MBP expression, similarly to what re-
ported by Joseph and Dyer with ENU2 mice submitted to low L-Phe diet
on the first week (Joseph and Dyer, 2003). Taken together, our results
support the hypothesis that in the first months of life of the ENU2 mice
some epigenetic alterations (i.e. differentially expressed miRNAs or
ncRNAs), connected with the increase of the brain L-Phe, may disturb
MBP translational process, leading to low MBP expression. In fact,
miRNA microarray analysis carried out on ENU2 and WT mice brains of
60 PND revealed that 156 miRNAs were differentially expressed in
ENU2 mice compared to WT. This analysis was followed by gene set
enrichment analysis on mature up- and downregulated miRNAs' targets
(fc > 1.2 and fc > 2.5, respectively), which showed that many neuronal
pathways could be altered in ENU2 mice brains. Unfortunately, using
prediction tools with high scores, none of the detected upregulated
miRNAs has MBP among its potential targets, nor has the MBP regula-
tory elements mentioned before. Nonetheless, in order to confirm the in
silico predictive hypotheses and to point out which miRNA could have
an indirect impact over MBP correct translation, we analyzed the total
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Fig. 6. (A) miR-217-5p, (B) miR-1231-3p, (C) miR-218-1-3p and (D) sncRNA715 expression profiling during mice lifespan. Higher miRNAs expression leves were
detected in ENU2 brains of 60 PND compared to WT. Data were analyzed through RT-qPCR and presented as 2 22T relative to the levels of WT miRNAs expression.
Data are expressed as Mean + SEM (n = 4/group). Total RNA was extracted from the same 4 animals/condition evaluated in the proteomic assay. snoRNA202 was
used as endogenous small non-coding RNA. Two-way ANOVA followed by Tukey's multiple comparison test, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

proteome of ENU2 mice brains of 60 and 360 PND through proteomic
assay, with ENU2/WT fold >1.5. Proteomic analyses reported a general
normalization of brain proteins at 360 PND, confirming the retrieved
protein expression observed for MBP. Apart from MBP, among the
downregulated proteins we found PLP1 (which strengthens the decrease
observed in WB and IF), MOG, CNP, MAG and MOBP (the latter was not
significant), all proteins involved in oligodendrocytes development,
correct myelination and neuronal extracellular signaling (Solly et al.,
1996; Quarles, 2007; Cloake et al., 2018). The general lower level of
myelin proteins observed in ENU2 brains could be explained by many
assumptions, going from widespread demyelination to astrocyte cell
death induced by high L-Phe levels (Gregg et al., 2009; Preissler et al.,
2016; Thau-Zuchman et al., 2022). Even so, given the protein recovery
and the lower levels of peripheral blood and cerebral L-Phe at 360 PND,
we decided to move forward on the epigenetic remodeling hypothesis
throughout lifetime (Dobrowolski et al., 2015, 2016), evaluating the
potential miRNAs that could indirectly affect myelin formation and,
consequently, MBP expression in the young ENU2 mice (Stadelmann
et al., 2019). To do so, we merged all the downregulated proteins at 60
PND (increasing the pool to the proteins with fold >1.2) with the
upregulated miRNAs' targets (fc > 1.2), obtaining 14 candidate proteins
that could be potentially affected by miRNAs' higher expression. Among
them, we selected and validated by WBs 3 downregulated proteins in
ENU2 at 60 PND that could be targeted by the upregulated miRNAs:
ANLN, MAG and CNTNAP2. ANLN is fundamental in the correct myelin
folding and its downregulation leads to the disruption of myelin septin
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assembly and consequently to pathological myelin outfoldings (Patzig
et al., 2016; Erwig et al., 2019). This protein is potentially targeted by
miR-217-5p, which is significantly upregulated at 60 PND; notably,
miR-217-5p — ANLN relationship was already been observed by Idichi
et al. (Idichi et al., 2017), thus confirming the possible detrimental ac-
tivity of miR-217-5p on ANLN correct expression. On the other hand,
MAG is strictly associated with MBP (Mann et al., 2008; Cheishvili et al.,
2014) and its downregulation or deletion can provoke demyelination
and white matter damages similar to what observed for multiple scle-
rosis (Quarles, 2007; Rahmanzadeh et al., 2018). Moreover, MAG as
been reported as the key transmembrane protein that activates
Fyn-kinase in the initial events of myelination (Umemori et al., 1994;
White et al., 2008), which in turn phosphorylates several components of
the MBP and MOBP mRNA granule, finally allowing the release of MBP
mRNA from its inhibitors and its subsequent localized translation
(Schafer et al., 2016). Activation via Fyn kinase is indeed crucial during
the MBP translational process, given that MBP levels are reduced in
Fyn-knockout mice (Umemori et al., 1999; Lu et al., 2005; White et al.,
2008). In our case, MAG is potentially targeted by miR-218-1-3p, which
is particularly interesting because its expression follows an opposite
trend compared to MBP expression. From our analyses we also detected
a downregulation of CNTNAP2, which can cause defective neurotrans-
mission, developmental delay in cortical neurons and a decreased MBP
expression (Scott et al., 2019; Lu et al., 2021). In this case, the protein
could be a potential target for miR-1231-3p, which, similarly to
miR-218-1-3p, shows an opposite trend compared to MBP during ENU2



A. Bregalda et al.

mice lifespan. Finally, is of note the downregulation of ERMN, poten-
tially mediated by the action of miR-6923-3p (microarray fc: 1.52). In
fact, this protein is fundamental in the cytoskeletal rearrangements
during the late wrapping and it plays an important role in the mainte-
nance and stability of myelin sheath in the adult (Brockschnieder et al.,
2006; Wang et al., 2020). Moreover, knockout of ERMN leads to lower
MBP levels and to an aberrant myelin architecture (Wang et al., 2020;
Ziaei et al., 2022). Taken together, the upregulation of the previously
discussed miRNAs during early and late brain development may have a
detrimental effect on the expression of target proteins that are involved
in the MBP efficient translation (Bijlard et al., 2015; Stadelmann et al.,
2019). These findings give a brand-new possible explanation for the
depressed MBP expression observed in the young ENU2 mice, taking
into account for the first time the potential activity of miRNAs over MBP
correct regulation.

5. Conclusions

In summary, our studies confirm the MBP impairment in the first
months of the ENU2 mouse brain development, together with a pro-
gressive recovery of MBP expression in the adult and aged ENU2 mouse.
At the same time, MBP mRNA expression levels were found to be un-
altered between ENU2 and WT, thus excluding a regulation mechanism
at the transcriptional level and suggesting translational or post-
translational regulation. In this scenario, miRNAs can have a key role,
as we found miR-218-1-3p, miR-1231-3p and miR-217-5p to be poten-
tially involved in the decreased MBP translation observed for the young
ENU2 mouse brain. These observations are novel and can contribute to
enhance the knowledge over MBP regulation and, overall, over PKU
neurological outcomes, linking the epigenetic modifications data with
the miRNAs' differential expression highlighted in this work. In fact,
since that multiple possible miRNAs' targets for the detected differen-
tially expressed miRNAs belong to the neuronal network, an altered
expression of target genes caused by miRNAs activity could have
detrimental effects on CNS development. Nonetheless, despite being
promising, the relationship between epigenetic modifications and
miRNAs' altered expression remains unclear, with brain chromatin
immunoprecipitation (ChIP) analysis that could be fundamental to link
the hyper- or hypomethylated loci with the differentially expressed
miRNAs. Still, these findings need to be addressed with further in-
vestigations (i.e. with cellular models or lowering the target prediction
score) in order to validate the hypotheses made, also verifying their
evolution in aged ENU2 mice. Moreover, further studies will be neces-
sary in order to assess if MBP increasing could lead to cognitive and/or
myelination retrieval and if MBP could recover itself after selective
antisense miRNAs administration. Finally, brain and blood metabolites
and/or markers between 60 and 360 PND ENU2 mice will be also
needed in order to check if some proteins (i.e. hormones) or metabolites
are involved in the L-Phe lower levels observed in aged ENU2 peripheral
blood and brain and, consequently, in the PKU cerebral outcome.
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