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A B S T R A C T

Trisomy 21 (T21) is the genetic cause of Down syndrome (DS), and the presence of extra genetic material causes 
altered expression of genes located on chromosome 21 (Hsa21) and others, with effects as altered levels of 
metabolic reaction products. The one‑carbon pathway plays a central role in correct human neurodevelopment 
and was found to be altered in DS and neurological impairments of different entities. In this work, the expression 
of 42 genes involved in the one‑carbon cycle was analyzed in blood samples from 10 subjects with T21 and 10 
euploid (N) subjects. Additionally, plasmatic concentration of methylcobalamin (MeCbl) was evaluated in 10 
subjects with T21 and 7 N subjects.

The results showed that 13 genes out of 42 were differentially expressed: 11 were over-expressed (ABCC3, 
ABCC4, ARMT1, CTH, FOLR2, GART, ICMT, PRMT2, SETD4, SLC19A1, and NSD2) and 2 were under-expressed 
(NSUN3 and TRMT112). Among these, 4 over-expressed genes are located on Hsa21 (GART, PRMT2, SETD4, and 
SLC19A1). Statistical analyses revealed significant correlations between gene expression data, highlighting in
terconnections among genes. Finally, MeCbl shows a slight statistically significant reduction in the T21 group.

In conclusion, the presence of three copies of Hsa21 leads to the dysregulation of gene expression associated 
with the one‑carbon cycle. This dysregulation affects genes located on both Hsa21 and other chromosomes 
resulting in metabolic alterations. Additionally, new gene interconnections were discovered that have not been 
previously reported in the literature.

1. Introduction

Trisomy 21 (T21) is the genetic cause of Down syndrome (DS) and 

represents the most frequent aneuploidy occurring in live human births 
(OMIM190685) and the most common genetic cause of intellectual 
disability (ID) [1–3]. The association of DS with the presence of an extra 
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copy of chromosome 21 (Hsa21) was discovered in 1959 by Jérôme 
Lejeune and coll. [4].

T21 causes the presence in three copies of more than 400 genes 
located on Hsa21, of which 228 genes are known protein-coding genes 
[5]. Based on the most straightforward model of gene expression in T21, 
genes on Hsa21 should be over-expressed with a 3:2 ratio (T21/euploid 
condition) but there is evidence of under-expressed Hsa21 genes and 
alterations of genes located on chromosomes other than Hsa21 [6]. It is 
well known that this global state of dysregulation leads to the DS 
phenotype, but the association between specific genetic determinants 
and clinical characteristics that can be manifested is still poorly under
stood [6–9]. Differential gene expression analyses have been extensively 
used to determine the expression levels of Hsa21 genes and of the whole 
genome in T21 tissues and cell cultures compared with euploid condi
tion and to investigate their involvement in the molecular mechanisms 
that may be related to the pathogenesis of DS [6,10–12]. These studies 
often show contrasting results, probably due to different tissue speci
ficities, developmental stages, experimental conditions, platforms and 
statistical techniques [6,13,14].

Therefore, the presence of extra genetic material in T21, causing 
altered expression of genes located on Hsa21 and other chromosomes, 
leads to downstream effects such as altered levels of proteins and me
tabolites [15–18].

In individuals with DS, a discriminant metabolic profile detected by 
untargeted NMR was demonstrated and mitochondrial metabolism 
resulted particularly altered [15,16]. Among the altered molecules, 
formate was revealed one of the one-carbon donors which metabolically 
connects mitochondrial and cytoplasmatic one‑carbon metabolism. 
Indeed, one‑carbon pathway reactions are interconnected and com
partmentalized in the cytoplasm, in the mitochondria, and in the nucleus 
[19]. Bringing these results together with the scientific thoughts of 
Lejeune [20] about the alteration of one‑carbon pathway in DS, suc
cessive metabolism analyses were conducted by enzyme-linked immu
nosorbent assays (ELISA) and showed the significant alteration of 
several one‑carbon pathway molecules not detectable by untargeted 
NMR method [18]. This pathway is crucial as it consists of interlinked 
biochemical processes driven by the cycles of folate and homocysteine- 
methionine. Its central role is the transfer of one‑carbon groups from 
carbon donors as serine to carbon acceptors as nucleotides or methyl 
groups through the passage for folate intermediates. One‑carbon cycle 
results involved in several processes, including DNA replication and 
repair through purine and thymidylate generation, amino acid homeo
stasis, redox balance, and epigenetic regulation through homocysteine- 
methionine cycle [21–23]. It supports cell growth and critical cellular 
functions such as mitochondrial respiration and is fundamental for 
rapidly proliferating cells [24].

For these reasons, it plays a central role in correct human neuro
development and if impaired like in cerebral folate deficiencies (CFD), 
various neurological impairments may occur, depending on the specific 
metabolic paths involved [25]. One‑carbon pathway is finely regulated 
by gene expression and particularly relevant downstream mechanisms, 
such as substrate/product availability. At the same time, this meta
bolism can itself impact cellular transcription, due to the synthesis of the 
universal methyl donor S-Adenosyl-methionine (SAM) that through 
methyltransferase (MT) enzymes, transfers its methyl group to many 
different substrates, including DNA molecules or histone proteins that 
are fundamental for epigenetic regulation of gene expression [24,26].

The dysregulation of the one‑carbon pathway in T21 was revealed by 
several authors [27–32]. Recently, we analyzed plasma samples of DS 
subjects compared with euploid controls (N) and we identified a 
decreased level of tetrahydrofolate (THF) and an increased level of SAM 
and S-Adenosyl-homocysteine (SAH) with a decreased SAM/SAH ratio 
in DS [18,33].

Regarding gene expression dysregulation of the one‑carbon pathway 
in DS, it is known that several genes involved in this metabolism are 
located on Hsa21, as cystathionine β-synthase (CBS), 

phosphoribosylglycinamide formyltransferase, phosphor
ibosylglycinamide synthetase, phosphoribosylaminoimidazole synthe
tase (GART) and solute carrier family 19 member 1 (SLC19A1), of which 
an over-expression in specific tissues has been demonstrated 
[12,34–36].

This work aimed to investigate the imbalance of one‑carbon pathway 
genes in T21 and the possible relationship between gene expression data 
and metabolite concentrations in T21.

2. Experimental procedures

2.1. Ethics statement

The Independent Ethics Committee of the Hospital - University of 
Bologna Policlinico S. Orsola-Malpighi Italy has granted the ethical 
approval for this study (number: 39/2013/U/Tess). We obtained an 
informed written consent from all participants to collect blood samples 
and clinical data in the context of the yearly routine follow-up provided 
for subjects with T21. Concerning minors, the consent was collected 
from his/her parents. All procedures were carried out in accordance 
with the Ethical Principles for Medical Research Involving Human 
Subjects of the Helsinki Declaration.

2.2. Blood processing and RNA extraction

Blood samples from T21 and N subjects were collected in ethyl
enediaminetetraacetic acid (EDTA)-coated blood collection tubes, kept 
at room temperature, and treated within two hours from blood draw. A 
volume of 1–1.5 mL of blood was centrifuged at 1200g for 10 min, 
plasma fraction was removed, 5 mL of denaturing solution [37] was 
added to the remaining blood fraction (buffy coat and red blood cells), 
and then stored at − 20 ◦C until RNA extraction. The plasma samples 
were again centrifuged at 800g for 30 min and the supernatants were 
isolated in aliquots and stored at − 80 ◦C.

Total RNA extraction from blood deprived of plasma was performed 
with the method of Chomczynski and Sacchi [37] and the RNA quantity 
and integrity were verified through RNA ScreenTape Assay for TapeS
tation Systems (Agilent 4150/4200 Santa Clara, CA, USA).

2.3. Selection of RNA and plasma samples

We selected RNA samples extracted from blood deprived of plasma 
from 20 Caucasian subjects (10 subjects with DS and 10 N subjects) with 
similar age range between the T21 and N groups, with sufficient RNA 
concentration values to perform all the reactions and an RNA integrity 
equivalent (RINe) > 6.5 (Supplementary Dataset 1 A).

Regarding plasma samples, we selected 17 Caucasian samples (10 
from subjects with DS and 7 from N subjects) treated within 2 h from 
blood draw, not contaminated from erythrocytes and a volume sufficient 
to perform the analyses (Supplementary Dataset 1B). The subjects from 
which plasma samples were isolated are different from the subjects from 
which RNA blood samples were extracted, except for one DS and one N 
subject (Supplementary Dataset 1).

For both RNA and plasma samples, we preferentially selected bio
logical samples from the same subjects studied in our previous work 
[18].

Control samples were selected among siblings of subjects with DS 
and without evidence of abnormal karyotype.

2.4. Selection of one‑carbon genes

To obtain the list of all genes involved in one‑carbon pathway, we 
performed searches in two databases: KEGG (Kyoto Encyclopedia of 
Genes and Genomes) pathway (https://www.genome.jp/kegg/), and 
NCBI (National Center for Biotechnology Information) PubMed (htt 
ps://pubmed.ncbi.nlm.nih.gov/). From KEGG pathway database we 
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extracted the genes encoding for proteins of the following gene cate
gories: “one-carbon pool by folate” genes (hsa00670); “cysteine and 
methionine metabolism” genes (hsa00270), of which we selected 
“Methionine degradation” (M00035) and “Cysteine biosynthesis” 
(M00338); “antifolate resistance” genes (hsa01523). We also searched 
the term “Methyltransferase” on “KEGG GENES” in order to have a list of 
all the known MTs; the term “carrier” selecting for carrier of one-carbon 
pathway metabolites; the term “folate receptor”. We also searched all 
the pathways in which the following metabolites are involved on “KEGG 
COMPOUND” database: folic acid (FA); dihydrofolic acid; THF; 10- 
formyl-THF; 5,10-methenyl-THF; 5-formyl-THF (5-f-THF); 5-methyl- 
THF (5-m-THF); methionine; cysteine; homocysteine (Hcy); SAM; cys
tathionine; SAH; 5,10-formimidoyl-THF. To be sure to have found all the 
one-carbon pathway genes, we conducted the following search on NCBI 
PubMed: methyltransferase [MH] AND metabolism [MH] AND “methyl 
donor”, filtering for Humans, Review and English language; metabolism 
[MH] AND carrier AND one-carbon, filtering for Humans, Review and 
English language; metabolism [MH] AND receptor AND one-carbon, 
filtering for Humans, Review and English language. The function of all 
MT enzymes thus obtained was analyzed using NCBI PubChem (http 
s://pubchem.ncbi.nlm.nih.gov/) in order to eliminate MTs not depen
dent on SAM but involved in other metabolic pathways. In addition, we 
eliminated genes of uncertain function (gene symbol beginning with 
“LOC” prefix).

Then, using the T21 vs N human blood cell transcriptome map ob
tained by RNA-SEq. [12], we selected one-carbon pathway genes to be 
analyzed by real time RT-PCR using the following criteria: number of 
samples from which the expression datum derives ≥50 % of total; 
standard deviation (SD) < 100 % of gene expression values in T21 or N 
group, this means that the intersample variability of the expression 
value of each gene is less than 100 % of the mean value; reads per 
kilobase of transcript per million mapped reads (RPKM) > 1 of gene 
expression values in both T21 and N group, to handle read mapping 
uncertainty [38]; gene expression ratio (ER) ≤ 0.76 and ≥ 1.30 refer to a 
previous careful analysis of differentially expressed genes (DEGs) be
tween different types of trisomy 21 and normal tissues in which was 
considered the biological significance of the gene expression ratios near 
to 3:2 (1.5) or 2:3 (0.67) due to the stimulatory or inhibitory effects, 
respectively, of the extra copy of Hsa21. Moreover, in order to account 
for natural variation in gene expression, threshold values have been 
extended to 1.3 or 0.76, respectively [11].

2.5. DNase treatment and real time RT-PCR

After RNA extraction, we used a DNase treatment (Invitrogen by 
Thermo Fisher Scientific, Waltham, Massachusetts, USA) to remove 
possible contaminating genomic DNA (gDNA) and we quantified RNA 
again using Nanodrop spectrophotometer (NanoDrop™ OneC Micro
volume UV–Vis Spectrophotometer, Thermo Fisher Scientific). Then we 
proceeded to reverse transcription (RT) (1–2 μg of RNA) using Super
Script™ III (Thermo Fisher Scientific).

We performed real time RT-PCR to ensure that RT was properly done 
using exon-exon primers and that complementary DNA (cDNA) was not 
contaminated by gDNA using intron-spanning primers (Supplementary 
Table 1). Sybr Select Master Mix 2× for CFX (Thermo Fisher Scientific) 
in a total volume of 20 μL was used according to the manufacturer’s 
instructions. Real time RT-PCR was performed in duplicate for each 
sample using 10 ng per sample, by CFX96 instrument (Bio-Rad Labo
ratories, Hercules, CA, USA). A duplicate, negative reaction was 
included for each target.

For the gene expression study, we used 96 PCR custom well plates 
having primer pairs for the selected genes lyophilized in the wells (one 
plate for each cDNA sample) with PrimePCR SYBR Green Assay (Bio-Rad 
Laboratories) and we followed the manufacturer’s instructions. Real 
time RT-PCR was performed in technical duplicate for each sample using 
10 ng per sample in a total volume of 20 μL, by CFX96 instrument (Bio- 

Rad Laboratories). A duplicate, negative reaction was included for each 
target.

To identify the best possible reference housekeeping genes, we per
formed a search on NCBI Pubmed using “HKG AND RT-qPCR” in the 
search bar and a list of possible housekeeping genes was compiled 
[39–41]. Then we selected the best housekeeping genes based on gene 
ER of T21 vs N in the range of 0.9–1.2, SD as low as possible and RPKM >
1 [12].

For the gene expression analysis, we used the Livak method of 2− ΔΔCt 

[42].

2.6. OMIM database analysis

For each gene included in the analysis, we performed a search using 
the gene symbol in OMIM (Online Mendelian Inheritance in Man) 
database. Then, we clicked on “Phenotype MIM number” and reported 
the genetic diseases and phenotypes associated for each gene paying 
attention to neurological and hematological phenotypic features.

2.7. ELISA assay

We evaluated the quantitative measurement of methylcobalamin 
(MeCbl) plasma concentrations using a specific ELISA kit (BlueGene, 
Shanghai, China) based on a competitive enzyme technique. The spec
ifications were: sensitivity, 0.1 ng/mL; intra-assay precision, Coefficient 
of Variation (CV) < 10 %; inter-assay precision, CV < 12 %; no signif
icant cross-reactivity or interference between MeCbl and analogues was 
observed. Other metabolite concentrations were retrieved from the work 
of Vione and coll. [18]. The %CV was calculated dividing the standard 
deviation of the two measurements for the mean of the two measure
ments and multiplying by 100.

2.8. Statistical analyses

All statistical analyses were conducted using IBM SPSS Statistics 
software (Version 25 for Mac OS X). A two-tailed p-value < 0.05 was 
considered statistically significant. Pearson’s correlation coefficient (r) 
was used to assess the linear relationship between the two continuous 
variables. Correlations were interpreted as weak (r < 0.4), moderate 
(0.4 ≤ r < 0.7), or strong (r ≥ 0.7), in accordance with standard 
conventions.

To determine if there was any difference between the DS and N 
groups for age or sex, we performed a Mann-Whitney U test and Fisher’s 
test, respectively.

Outlier detection was performed on ΔCt values (prior to expression 
ratio calculations) and on molecule concentrations using the inter
quartile range (IQR) method. Specifically, values below Q1 – 1.5 × IQR 
or above Q3 + 1.5 × IQR were flagged as outliers. Only strong outliers 
were removed from subsequent analyses to minimize data loss and 
preserve statistical power.

For gene expression data, we assessed the agreement between real 
time RT-PCR and RNA-Seq expression ratios using bivariate correlation 
and a Bland-Altman plot. To create the Bland-Altman plot, the data 
obtained by the two measurements were imported into SPSS in column 
format (one variable for each method). For each pair of values, the mean 
(X-axis) and the difference between the two values (Y-axis) were 
calculated. Subsequently, a scatter plot was created to represent the 
differences as a function of the means. The bias line (mean of the dif
ferences) and the limits of agreement (± 1.96 * SD of the mean of the 
differences) were added to the graph.

The normality of variable distributions was assessed using the 
Kolmogorov-Smirnov test. For variables normally distributed, bivariate 
Pearson correlation was used to examine associations with age, and 
independent sample t-tests were used to test differences between sex or 
fasting groups. Equality of variances for the t-test was verified using 
Levene’s test. For non-normally distributed variables, non-parametric 
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tests (Mann-Whitney U test or Kruskal-Wallis test) were applied as 
appropriate.

To assess the relationships among all study variables, we performed 
pairwise linear correlation analyses. For variables significantly associ
ated with chronological age, partial correlation analyses were used to 
control for the effects of age. Similarly, for variables influenced by sex or 
fasting state, we performed correlation analyses while controlling for 
these covariates in order to reduce potential confounding.

To control for multiple hypothesis testing, p-values obtained from 
the association analyses were adjusted using the Benjamini-Hochberg 
false discovery rate (FDR) procedure. All raw p-values were first ar
ranged in ascending order and assigned a rank i, where i ranges from 1 to 
N, and N is the total number of tests. For each ranked p-value, an in
termediate value was calculated as (pi × N) / i. To ensure a non- 
decreasing sequence of adjusted values, the minimum of each interme
diate value and all larger-ranked values was taken to obtain the final 
FDR-adjusted q-values. Calculations were performed in Microsoft Excel 
by sorting p-values in ascending order, assigning ranks, computing the 
Benjamini-Hochberg term, and applying a cumulative minimum func
tion from the largest to the smallest rank. Genes with q-values < 0.05 
were considered statistically significant after FDR correction.

Finally, MeCbl concentration levels were compared between the T21 
and N groups using an independent samples t-test.

3. Results

3.1. Selection of RNA and plasma samples

Regarding RNA samples used to perform the gene expression study, a 
total of 20 Caucasian subjects were selected: 10 subjects with DS with a 
mean age of 13.3 years old, including 7 males and 3 females and 10 N 
subjects with a mean age of 11.3 years old, including 9 males and 1 
female, who were selected among the siblings of subjects with DS 
enrolled in the study (Supplementary Dataset 1 A). Eighteen out of 20 
blood samples had corresponding metabolic data related to one-carbon 
pathway. These data have been integrated into the present study.

Regarding plasma samples used to assay MeCbl concentration, a total 
of 17 Caucasian subjects were selected: 10 subjects with DS with a mean 
age of 10.7 years old, including 5 males and 5 females and 7 N subjects 
with a mean age of 20.7 years old, including 2 males and 5 females, who 
were selected among the siblings of subjects with DS enrolled in the 
study (Supplementary Dataset 1B). Twelve out of 17 blood samples had 
corresponding metabolic data related to one-carbon pathway [18]. 
These data have been integrated into the present study.

We obtained both RNA and plasma samples from only 2 subjects.

3.2. Selection of one-carbon genes

The analysis on “KEGG PATHWAY” database integrated with NCBI 
PubMed research results allowed us to extrapolate a list of 277 genes 
involved in one-carbon pathway. Using NCBI PubChem, 7 genes refer
ring to MTs not dependent on SAM but involved in other metabolic 
pathways were eliminated. In addition, we eliminated 10 genes of un
certain function (with “LOC” prefix). Applying the following selection 
criteria, we obtained a list of 260 genes (Supplementary Dataset 2 A).

The genes of our interest were further selected based on the T21 vs N 
human blood cell transcriptome map [12]. In particular, we excluded 28 
genes because their gene expression was not detectable in blood cells; 18 
genes because their expression values derived from a number of samples 
< 50 % of the total in either T21 or N group; 3 genes because their 
expression values had SD > 100 %; 24 genes because their expression 
values had RPKM < 1; 135 genes with T21/N ERs > 0.76 and < 1.30; 10 
genes because they had only predicted functions, or custom primers 
were not available, or their function was biochemically far from the 
KEGG pathway in which the metabolites investigated are involved [18].

In total, we have selected 42 genes (Supplementary Table 2). Among 

these, 6 genes were under-expressed in T21 samples (ER ≤ 0.76) and 36 
were over-expressed (ER ≥ 1.3) [12].

3.3. Real time RT-PCR

No abnormal amplifications were showed in real time RT-PCR re
actions using intron spanning primers to exclude contamination by 
gDNA and normal detectable amplifications were obtained using exon- 
exon primers to confirm RT (Supplementary Table 1).

For our analyses, 3 genes (HDAC1, PPIA, YWHAZ) were selected as 
reference genes among the 7 genes resulting from the NCBI PubMed 
search (Supplementary Dataset 2B).

Strong outliers in ΔCq values were searched for using SPSS software 
and 7 of them (4 among ΔCq in the T21 group and 3 among ΔCq in the N 
group) were found and excluded from further analyses (reported in red 
in Supplementary Table 3).

Using real time RT-PCR, among the 42 selected genes involved in 
one-carbon pathway, we identified 13 differentially expressed genes 
(DEGs). In particular, 11 genes showed an ER ≥ 1.3 (ABCC3, ABCC4, 
ARMT1, CTH, FOLR2, GART, ICMT, PRMT2, SETD4, SLC19A1, NSD2), 2 
genes showed an ER ≤ 0.76 (NSUN3 and TRMT112) and the remaining 
showed an ER < 1.3 and > 0.76.

Comparing the T21 vs N human blood cell transcriptome map data 
obtained by RNA-Seq (Supplementary Table 2) [12] with the data ob
tained here by real time RT-PCR, we found that 11 out of 42 genes 
maintain the same ER pattern in both analyses, of which 10 resulted 
over-expressed (ABCC3, ABCC4, ARMT1, CTH, FOLR2, GART, ICMT, 
PRMT2, SETD4, SLC19A1) and 1 under-expressed (NSUN3). Among 
them, there are 4 genes which encode for transporter proteins (ABCC3, 
ABCC4, FOLR2, SLC19A1), 2 genes which encode for enzymes involved 
in the production/utilization of one-carbon pathway metabolites (CTH, 
GART) and 5 genes which encode for methyltransferase enzymes 
(ARMT1, ICMT, NSUN3, PRMT2) or aid methyltransferase activity 
(SETD4) (Supplementary Tables 2 and 3, Fig. 1). The genes located on 
Hsa21 (GART, PRMT2, SETD4 and SLC19A1) maintain an ER ≥ 1.3 in 
both analyses (real time RT-PCR and RNA-Seq).

Twenty-nine genes resulting with an altered ER in the RNA-Seq 
transcriptome map showed a normal ER (>0.76 and < 1.30) in real 
time RT-PCR. Finally, 1 gene over-expressed in the transcriptome map 
resulted under-expressed in real time RT-PCR (TRMT112) and, on the 
contrary, one gene under-expressed in the RNA-Seq transcriptome map 
resulted over-expressed in the real time RT-PCR (NSD2); both of them 
encode for methyltransferase enzymes (Supplementary Tables 2 and 3, 
Fig. 1).

3.4. OMIM database analysis

Among the 42 genes analyzed in this study, 9 genes resulted asso
ciated with genetic mendelian disorders (Supplementary Table 4), 4 of 
which resulted altered from real time RT-PCR (CTH, NSD2, NSUN3, 
SLC19A1) (Supplementary Table 3, Fig. 1). CTH, NSUN3 and SLC19A1 
are associated to an autosomal recessive inheritance, NSD2 to an auto
somal dominant inheritance.

The 9 genes found in OMIM resulted associated with neurological 
symptoms and in particular, for 8 of them the central nervous system is 
involved, while for the last, the peripheral nervous system is involved. 
Developmental delay, motor impairment and mental retardation of 
varying degrees are very common phenotypic characteristics. In addi
tion, 5 out of 9 genes also manifest hematological phenotypes, 2 of 
which resulted altered by real time RT-PCR (NSUN3, SLC19A1). 
Different kinds of anemia are a common phenotypic characteristic.

For all of them, the mutation causes a loss of function of the encoded 
proteins.
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3.5. ELISA assay

We obtained the MeCbl plasma concentration level in 10 subjects 
with T21 and in 7 N subjects.

To assess the intra-replicate variability of the assays in duplicate, the 
coefficient of variation of the optical density (O.D.) values expressed as 
percentage (%CV) was reported for each sample in Supplementary Ta
bles 5. The mean of the %CV values also named intra-assay CV was 8.67 
%. To obtain a standard curve in order to quantify the MeCbl plasma 
levels, the coefficient R2 value was determined for polynomial of grade 2 
(quadratic) curve corresponding to 0.90 (Supplementary Table 5).

3.6. Statistical analyses

The 10 subjects with DS and 10 N subjects selected for the expression 
analysis resulted comparable in age (Mann-Whitney U test: p = 0.405, U 
= 61.5) and sex (Fisher’s test: p = 0.582). The 10 subjects with DS and 7 
N subjects selected for the MeCbl analysis resulted to not be comparable 
in age (Mann-Whitney U test: p = 0.0136, U = 10.0) but comparable in 
sex (Fisher’s test: p = 0.622).

Concordance analysis between real-time RT-PCR and RNA-Seq data 
revealed an average bias of − 0.3321, with concordance limits ranging 
from − 1.40 to +0.74, indicating a systematic tendency for RNA-Seq to 
overestimate gene expression levels compared to real time RT-PCR. 
Spearman’s correlation (r = 0.410, p = 0.007) suggests moderate 
concordance in the relative classification of expression levels between 
the two methods. However, the width of the concordance limits and the 
presence of 3 outliers (FOLR2, SLC19A1, and NSD2) suggest non- 
negligible variability, making the methods not fully interchangeable in 
absolute quantitative terms (Supplementary Fig. 1). We found FOLR2 
and SLC19A1 both presenting an over-expression (ER ≥ 1.3) in both 
types of data, but with higher levels in RNA-Seq one (FOLR1: real time 
RT-PCR ER = 1.56 and RNA-Seq ER = 3.60; SLC19A1 real time RT-PCR 
ER = 1.73 and RNA-Seq ER = 3.50), while NSD2 resulted over-expressed 
in the real time RT-PCR, but under-expressed in the RNA-Seq data (real 
time RT-PCR ER = 1.62 and RNA-Seq ER = 0.72).

Starting from 42 gene expression data (Supplementary Table 3) and 
6 associated metabolic data (THF, 5-mTHF, 5-f-THF, SAH, FA, vitamin 
B12; Supplementary Dataset 1 A [18]), 2 strong outliers were found 

among metabolic data: one for FA (ng/mL) and one for vitamin B12 (or 
cobalamin, Cbl) (pg/mL) (in red in Supplementary Dataset 1 A). They 
were excluded from the following analyses. The results of descriptive 
analyses without strong outliers are shown in Table 1.

The Kolmogorov-Smirnov test highlighted the presence of 4 vari
ables whose distribution was significantly different from normal: FOLR3 
and MTHFD2 ERs (p = 0.002 and p = 0.02 respectively) among gene 
expression data and SAH and FA concentration levels (p = 0.018 and p =
0.013) among metabolite levels data thus for the following two sample t- 
test we used non-parametric tests (Mann-Whitney or Kruskal-Wallis).

From the bivariate correlation between all variables and age, ERs of 
ABCC4 (p = 0.034 and r = − 0.669), COQ3 (p = 0.049 and r = 0.635), 
EEF2KMT (p = 0.015 and r = 0.737), FTSJ (p < 0.001 and r = 0.875) and 
SLC25A26 (p = 0.015 and r = 0.738) resulted significantly correlated 
(Supplementary Table 6A). From the two sample t-test, ER of METTL7A 
(p = 0.017) and NSD2 (p = 0.004) resulted different for fasting/non- 
fasting state groups (Supplementary Table 6B e 6C), while ERs of 
ARMT1 (p = 0.009), FOLR2 (p = 0.043), METTL22 (p = 0.013), MET
TL7A (p = 0.0024) and PCMT1 (p = 0.005) resulted different for male/ 
female groups (Supplementary Table 6D e 6E).

Finally, we performed the bivariate correlation between all 48 var
iables (Supplementary Table 7). For age-related variables we performed 
a partial correlation (Supplementary Table 7B), for fasting and sex- 
related variables we performed bivariate correlations separating the 
two groups (fasting/non-fasting and male/female; Supplementary 
Table 7C and 7D respectively).

Application of the Benjamini–Hochberg FDR procedure to the uni
fied dataset of p-values identified a small subset of gene ERs that 
remained significant after correction for multiple testing (Supplemen
tary Table 8). Using a q-value threshold of 0.05, seven genes (AHCYL2, 
LCMT2, METTL3, MTR, SETD4, SETDB2, and TRMT61A) showed at least 
one comparison with an FDR-adjusted q-value below the significance 
cutoff (Table 2).

Regarding MeCbl concentration data (Supplementary Table 5) and 
associated metabolic data (THF, 5-m-THF, 5-f-THF, SAH, SAM, FA, Cbl, 
Hcy; Supplementary Dataset 1B [18]), a preliminary analysis detected 2 
outliers in the set of Cbl values (T21 group) that were excluded from 
further elaborations. The Kolmogorov-Smirnov test highlighted the 
presence of 2 variables whose distribution was significantly different 

Fig. 1. Comparison between log2 T21/N expression ratio (ER) of real time RT-PCR results (in green) and RNA sequencing (RNA-Seq) results (in violet). The 
red line represents the ER threshold above which the genes are considered over-expressed. The blue line represents the ER threshold below which the genes are 
considered under-expressed. The real-time RT-PCR was conducted on cDNA from 10 trisomic and 10 euploid samples, and technical replicates were performed for 
each biological sample (see Supplementary Table 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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than normal: Cbl in T21 group and THF in N group, while due to paucity 
of measures the normality test failed for several molecules (THF, 5-f- 
THF, SAH, SAM, Hcy in the T21 group and 5-m-THF, 5-f-THF, SAH, 
SAM, FA, Cbl, Hcy for N group) and they were thus excluded from the 
analysis. The retained data was first studied by descriptive statistical 
analysis (Table 3).

Two sample t-test showed significant difference between MeCbl 
concentrations in T21 and N groups (p = 0.044) with a mean and median 
ratio T21/N = 0.957. All the variables have also been tested for any 
relationship with sex and fasting, through two sample t-test or Mann- 
Whitney test, and also age through bivariate correlation: the only sig
nificant relationships found are between FA and fasting state in the T21 
group (p = 0.011) and between MeCbl and sex in the N group (p =
0.047), even though any other further analysis to normalize the results 
by sex or fasting state was not possible due to insufficiency of data. 

MeCbl was not influenced by age in both the DS and N groups, even 
though there was a statistically significant difference in age between the 
two groups. The hypothesis that the metabolites could be correlated to 
MeCbl has been tested through bivariate correlation, but with no sig
nificant results.

4. Discussion

In this work, the expression of genes strictly involved in the one- 
carbon pathway was studied in T21 blood samples compared with 
euploid controls. We identified 260 genes involved in the one-carbon 
cycle, and we further selected 42 genes differentially expressed in a 
previous blood transcriptome map created with data from RNA-SEq. 
[12]. The gene expression study was performed on 42 genes, in 10 
T21 vs 10 N blood samples. The number of RNA samples analyzed was 
determined through a rigorous selection process based on the homoge
neity of the two groups in terms of age and gender, the possibility to 
integrate gene expression data with metabolic data derived from pre
vious analysis of the same individual blood sample [18], and RINe and 
concentration values (details in the “Experimental procedures” section).

Comparing the data obtained by real time RT-PCR with the differ
ential blood transcriptome map data [12], we found that 11 genes 
maintain the same ER pattern in both analyses (over-expressed or under- 
expressed in both analyses). The concordance analysis (Supplementary 
Fig. 1) indicated a systematic tendency for the RNA-Seq method to 
overestimate gene expression levels compared to real time RT-PCR. 
Spearman’s correlation (r = 0.41, p = 0.007) suggests moderate 
concordance in the relative classification of expression levels between 
the two methods. However, the width of the concordance limits suggests 
non-negligible variability, making the methods not fully 

Table 1 
Descriptive analyses of all variables using SPSS Statistics. Variables related 
to subjects with trisomy 21 whose blood samples were used to investigate the 
expression ratios of the selected one-carbon genes. n = number of samples; min 
= minimum value; max = maximum value; SD = standard deviation. THF =
tetrahydrofolate, 5-m-THF = 5- methyl-tetrahydrofolate, 5-f-THF = 5-formyl- 
tetrahydrofolate, SAH=S-Adenosyl-homocysteine, FA = folic acid, Cbl =

cobalamin or vitamin B12. Data on THF, 5-m-THF, 5-f-THF, SAH, FA, Cbl come 
from [18].

Variables n min max mean SD

ABCC3 10 0.63 2.64 1.35 0.64
ABCC4 10 0.65 1.97 1.39 0.47
AHCYL1 10 0.83 1.47 1.17 0.21
AHCYL2 10 0.68 1.45 1.10 0.21
ARMT1 9 1.06 1.78 1.31 0.25
BMT2 10 0.63 1.42 0.91 0.23
CAMKMT 9 0.76 1.67 1.21 0.27
COQ3 10 0.47 1.39 0.92 0.29
CTH 10 0.70 2.56 1.36 0.51
RAMAC 10 0.69 1.06 0.90 0.12
EEF2KMT 10 0.21 1.69 1.04 0.45
FOLR2 10 0.86 1.91 1.56 0.41
FOLR3 10 0.26 3.53 0.97 1.10
FTSJ1 10 0.66 1.85 1.25 0.38
CMTR1 10 0.55 1.42 1.06 0.24
GART 10 1.02 1.97 1.60 0.29
HNMT 10 0.50 1.89 0.96 0.38
ICMT 10 0.69 1.89 1.38 0.36
LCMT2 10 0.34 1.17 0.80 0.25
NTMT1 10 0.66 1.45 1.03 0.23
METTL14 10 0.63 1.57 1.09 0.27
METTL21A 10 0.77 1.10 0.87 0.10
METTL22 10 0.88 1.38 1.09 0.17
METTL3 10 0.82 1.88 1.28 0.41
METTL7A 10 0.66 1.61 0.97 0.29
METTL9 9 0.72 1.14 0.95 0.16
KMT2D 10 0.76 1.82 1.26 0.30
MTHFD2 10 0.86 1.90 1.06 0.31
MTR 10 0.51 1.87 1.28 0.37
NSUN3 10 0.37 1.57 0.74 0.35
PCMT1 9 0.94 1.27 1.06 0.11
PRMT2 10 1.32 2.36 1.81 0.33
PRMT5 10 0.50 1.93 1.10 0.39
SETD4 10 0.74 2.41 1.47 0.47
SETD7 10 0.74 1.38 1.15 0.20
SETDB2 10 0.57 1.45 1.06 0.28
SLC19A1 10 1.00 2.80 1.73 0.60
SLC25A26 10 0.39 1.37 0.83 0.32
SLC43A2 10 0.66 1.74 1.07 0.29
TRMT112 10 0.45 0.96 0.73 0.15
TRMT61A 10 0.43 1.53 0.98 0.34
NSD2 10 0.96 2.52 1.62 0.52
THF (ng/mL) 10 3.82 61.94 34.51 17.43
5-m-THF (ng/mL) 10 41.35 65.37 52.36 7.91
5-f-THF (pg/mL) 9 128.34 259.46 169.50 47.92
SAH (ng/mL) 10 3.69 16.19 8.88 4.71
FA (ng/mL) 7 4.50 7.70 6.43 1.14
Cbl (pg/mL) 9 143.00 407.00 277.44 89.22

Table 2 
Significant p-values corrected by Benjamini-Hochberg (BH) false discovery 
rate (FDR) method. The p-values resulting from the bivariate correlations be
tween all variables studied were corrected using the BH FDR procedure, and the 
q-values of those still significant (q-value <0.05) are reported in this table. 
Genes located on Hsa21 are reported in bold.

Variable 1 Variable 2 p-value q-value r

MTR AHCYL2 0.000002 0.003 0.973
SETDB2 LCMT2 0.000045 0.020 0.942
TRMT61A LCMT2 0.000057 0.020 0.939
TRMT61A METTL3 0.000075 0.020 0.934
TRMT61A SETD4 0.000067 0.020 0.936

Table 3 
Descriptive analyses of all variables related to subjects whose blood samples 
were used to investigate the methylcobalamin (MeCbl) concentration levels. In 
2a the variables related to T21 group are showed, in 2b the variables related to 
control (N) group are showed. n = number of samples, min = minimum value, 
max = maximum value, SD = standard deviation, 5-m-THF = 5- methyl- 
tetrahydrofolate, 5-f-THF = 5-formyl-tetrahydrofolate; FA = folic acid, Cbl =
cobalamin or vitamin B12. Data on 5-m-THF, FA, Cbl and THF come from [18].

a

T21 n min max mean median SD

MeCbl (ng/mL) 10 7.175 8.407 7.802 7.780 0.371
5-m-THF (ng/mL) 6 39.588 58.934 51.323 51.570 7.119
FA (ng/mL) 6 5.000 13.800 7.800 7.350 3.216
Cbl (pg/mL) 5 314.000 354.000 342.800 349.000 16.453

b

N n min max mean median SD

MeCbl (ng/mL) 7 7.934 8.536 8.149 8.124 0.225
THF (ng/mL) 5 35.138 105.413 77.314 102.354 37.075
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interchangeable in absolute quantitative terms.
Focusing on DEGs located on Hsa21 (GART, SLC19A1, PRMT2, 

SETD4) (Table 4), there is insufficient literature regarding their 
involvement in the alteration of one-carbon pathway in trisomy 21. The 
protein encoded by the GART gene is a trifunctional polypeptide which 
is required for de novo purine biosynthesis, involved in the conversion of 
10-formyl-THF into THF and it is widely known to be increased at 
expression and protein levels in T21 [34]. It was previously identified 
that THF plasma level is decreased in subjects with DS (T21/N median 
ratio = 0.66) [18], in contrast to GART gene over-expression data (real 
time RT-PCR ER = 1.60; RNA-Seq ER = 1.58). The correlation between 
gene expression and metabolite levels is not always directly identifiable, 
and a recent work did in fact demonstrate that GART mRNAs are regu
lated by ncRNA in T21 hippocampus samples [43]. This might explain 
the lack of correlation between GART expression and THF metabolite in 
blood. Furthermore, THF is the most interconnected folate form in the 
one-carbon pathway [18], thus its final concentration could not be 
influenced by the increased expression of GART gene.

The second over-expressed gene mapping on Hsa21 is SETD4 (real 
time RT-PCR ER = 1.47; RNA-Seq ER = 1.42), a SAM-dependent lysine 
MT gene which can methylate proteins and histone proteins, for example 
enabling histone H4K20 MT activity. SETD4 is predicted to be involved 
in several processes, including positive regulation of inflammatory 
response interacting with interferon signalling [44] and it is known that 
interferon response is activated in DS [14]. Moreover, SETD4 seems to 
have a still poorly understood role in many other processes such as cell 
proliferation and migration and the regulation of stem cell quiescence by 
promoting heterochromatin formation [45] [33].

The third over-expressed Hsa21 gene is PRMT2 (real time RT-PCR 
ER = 1.81; RNA-Seq ER = 1.60), a SAM-dependent MT gene encoding 
for an enzyme that converts SAM into SAH. PRMT2 enzyme is important 
in post-translational methylation of arginine residues that is involved in 
different cellular processes, including transcriptional regulation, RNA 
metabolism, DNA repair and signal transduction [33,46,47]. It is known 
that PRMT2 interacts with RB1 to regulate E2F transcriptional activity. 
PRMT2 repressed E2F1 transcriptional activity in an RB1-dependent 
manner, delaying cell cycle progression from G1 to the S phase [47]. 
In the differential transcriptional map, RB1 is over-expressed (ER =
1.40) and E2F1 tends to be under-expressed (ER = 0.77) [12].

Finally, SLC19A1 (or RFC) gene encodes the transmembrane protein 
which transports intracellularly reduced folates including 5-m-THF and 
methotrexate (MTX); thus it was hypothesized that increased SLC19A1 
expression in various body tissues of individuals with DS may result in 

increased intracellular MTX transport contributing to the MTX toxicity 
of DS subjects [48,49]. In our analyses, it results over-expressed (real 
time RT-PCR ER = 1.73; RNA-Seq ER = 3.50). SLC19A1 is associated, 
with AR inheritance, to folate-responsive megaloblastic anemia with 
demyelination and immunodeficiency with occasional global develop
mental delay. Megaloblastic anemia displays with a decreased capacity 
of MTX transport activity, suggesting an impaired folate transport into 
hematopoietic cells. T-cells from immunodeficient patients, instead, 
show reduced production of various cytokines but, most interestingly, 
they hardly proliferate in vitro in conditions of FA depletion (OMIM, 
Table of Contents: 600424) (Supplementary Table 4).

It is interesting to note that among the differentially expressed genes 
identified in this study, CTH, NSD2, NSUN3, and SLC19A1 are genes 
described in OMIM as responsible for developmental delay when car
rying loss-of-function mutations, even though only NSUN3 resulted in 
under-expressed. Loss-of-function mutations in both alleles of NSUN3 
are accountable for the combined oxidative phosphorylation deficiency 
48 (AR disorder, https://omim.org/entry/619012), whose phenotype is 
also characterized by increased plasma lactate levels. High lactate levels 
have been documented in DS plasma samples [15], and this phenome
non demonstrates that the connection between altered mitochondrial 
metabolism in DS [15] and the one-carbon cycle metabolic and genetic 
imbalance is worth exploring.

The correlation analyses suggest the presence of an altered func
tional biological network in trisomy 21. A total of five correlations were 
identified involving seven genes, all of which are part of the 
homocysteine-methionine cycle (Table 2). Among these, SETD4 is the 
only gene located on Hsa21. It presents an ER of 1.47, indicating over- 
expression compatible with a gene dosage effect (a ratio close to 1.5), 
and aligning with what is expected for genes on Hsa21 in the absence of 
transcriptional compensation [8]. The SETD4 gene plays a role in the 
methylation of lysine on histone proteins, which can influence chro
matin accessibility and transcriptional stability [50]. The heightened 
expression of SETD4 in T21 may trigger a cascade effect on gene regu
lation. Indeed, we found that the ER of SETD4 correlates with that of 
TRMT61A (ER = 0.98; q = 0.02; r = 0.936; Table 4), a tRNA methyl
transferase, thereby influencing translation stability and efficiency [51]. 
In turn, TRMT61A correlates with the ER of METTL3 (ER = 1.28; q =
0.02; r = 0.934), a mRNA N6-adenosine-methyltransferase that plays a 
role in controlling mRNA stability, splicing, and translation, and it was 
reported to influence metabolism-related diseases [52]. TRMT61A also 
correlates with the ER of LCMT2 (ER = 0.80; q = 0.02; r = 0.939), a 
methyltransferase that catalyzes the final stage of the synthesis pathway 

Table 4 
Real-time RT-PCR results with statistically significant correlations. In this table only the differentially expressed genes (DEG) in real time RT-PCR are reported 
together with gene name, expression ratio (ER) resulting from real-time RT-PCR, ER resulting from RNA-SEq. [12] and results of bivariate analyses, taking in 
consideration only correlation with q < 0.05. MT = methyltransferase enzyme. Genes located on Hsa21 are reported in bold. Complete results are shown in Sup
plementary Tables 3, 7 and 8.

Gene 
symbol

Gene name Function ER 
real time 
RT-PCR

ER 
RNA- 
Seq

Correlations q < 0.05

ABCC3 ATP binding cassette subfamily C member 3 transporter 1.35 1.35
ABCC4 ATP binding cassette subfamily C member 4 transporter 1.39 1.43
ARMT1 acidic residue methyltransferase 1 MT 1.31 1.59

CTH cystathionine gamma-lyase
production/utilization of 1- 
C metabolites 1.36 2.32

FOLR2 folate receptor beta transporter 1.56 3.60

GART
phosphoribosylglycinamide formyltransferase, phosphoribosylglycinamide 
synthetase, phosphoribosylaminoimidazole synthetase

production/ utilization of 
1-C metabolites

1.60 1.58

ICMT isoprenylcysteine carboxyl methyltransferase MT 1.38 1.47
NSUN3 NOP2/Sun RNA methyltransferase 3 MT 0.74 0.69
PRMT2 protein arginine methyltransferase 2 MT 1.81 1.60

SETD4 SET domain containing 4 MT 1.47 1.42
TRMT61A: r = 0.936, 
q = 0.02

SLC19A1 solute carrier family 19 member 1 transporter 1.73 3.50
TRMT112 tRNA methyltransferase activator subunit 11–2 MT 0.73 1.42
NSD2 tRNA methyltransferase 61 A MT 1.62 0.72
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of the hypermodified nucleoside wybutosine, which is present at posi
tion 37 of the tRNA for phenylalanine [53]. This modification is reported 
to influence the stability of codon-anticodon pairing indirectly and, 
consequently, the accuracy of protein translation [54]. In turn, LCMT2 
correlates with the ER of SETDB2 (ER = 1.06; q = 0.02; r = 0.942), a 
histone methyltransferase involved in H3K9 methylation and implicated 
in transcriptional repression [55].

SETD4 (along with TRMT61A, METTL3, LCMT2, and SETDB2) cata
lyzes the conversion of SAM to SAH. It is possible that its hyperactivity 
could lead to increased demand for SAM and an accumulation of SAH. 
We previously detected that the concentration of SAH in the plasma of 
individuals with DS is approximately four times higher than in controls 
[18]. SAH is reported to be a cytotoxic molecule and an inhibitor of 
methyltransferase enzymatic activity [56].

The last correlation was found between the ER of AHCYL2 and MTR 
(ER AHCYL2 = 1.10; ER MTR = 1.28; q = 0.003; r = 0.973). AHCYL2 
converts SAH to homocysteine [57], while MTR converts 5-methyl-THF 
and homocysteine to methionine [58]. These two enzymes, therefore, 
help regulate the SAM/SAH ratio. Although the ER of both MTR and 
AHCYL2 resulted not correlated with SETD4, the increased expression of 
MTR detected may suggest an attempt to boost SAM production to 
maintain cellular methylation balance. Even though MTR has not been 
classified as DEG in our expression analyses, its ER is 1.28 (Supple
mentary Table 3), very close to the established over-expression 
threshold of 1.30.

No correlations were identified between gene expression and 
metabolite data. In fact, according to some literature evidence, it is 
challenging to establish a direct correlation between gene expression 
and metabolites in the one-carbon pathway, due to its complex regula
tion [24].

For the first time, the plasmatic MeCbl concentration was studied in 
T21 samples. Another set, different from that used for gene expression 
analysis, consisting of 10 T21 plasma samples and 7 euploid controls, 
was selected from the plasma samples already analyzed in our previous 
research to integrate the metabolic data previously obtained related to 
the one-carbon pathway [18]. MeCbl indeed plays a central role in one- 
carbon pathway as the active form of Cbl and co-factor of methionine 
synthase (MTR), which represents the coupling enzyme between the 
folate cycle and methionine cycle [58]. The obtained mean and median 
ratio of MeCbl concentration between DS and N group is 0.96 (p =
0.044), thus showing a statistically significant slight reduction in T21 
group. This result should be confirmed by a wider study involving a 
larger number of subjects. The slight decrease of MeCbl concentration in 
the T21 group, together with a slight increase in 5-m-THF (a substrate of 
the reaction), a decrease in THF (a product of the reaction) [18], and the 
ER of MTR of 1.28 (encoding for the enzyme of the reaction) indicate the 
context of an imbalanced reaction. It was not possible to test statistical 
analyses between MeCbl plasma levels and gene ERs due to the absence 
of samples in which both analyses were performed.

5. Conclusions

This work aimed to investigate the imbalance of one-carbon pathway 
genes in trisomy 21. We started from a group of one-carbon cycle genes 
differentially expressed in the blood transcriptome map and performed 
further real-time RT-PCR analysis using a different and larger group of 
samples in order to exclude the possible biological differences between 
groups [59] and further narrow down the set of one-carbon genes to 
focus on and perform further experimental studies in the future.

The results showed that the three-copy presence of Hsa21 drives 
dysregulation of the expression of genes involved in the one-carbon 
cycle, located on both the same and other chromosomes, potentially 
leading to the alterations found at the metabolic level in DS. The data 
appear to reveal an expression imbalance of many methyltransferase 
genes, two of which are located on Hsa21 (SETD4 and PRMT2) and could 
lead to epigenetic alteration and abnormal regional methylation found 

in trisomy 21 tissues [60,61].
The sample size for the gene expression and MeCbl metabolism an

alyses remains a limitation of the study, although the statistical results 
have been corrected for multiple testing and the SD% of the MeCbl data 
is extremely low.

Finally, given the known role of the one-carbon pathway in neuro
development, these explorative findings could be further investigated in 
other T21 tissue models. A T21 neuronal cell model will be developed 
from T21 induced pluripotent stem cells, and cerebrospinal fluid sam
ples will be used in the future to investigate the metabolite levels of the 
one-carbon pathway in biological models more suitable to study the 
molecular basis of intellectual disability. However, blood can be 
considered a general collector of one-carbon metabolites from the whole 
organism, and fundamental alterations of this ubiquitous pathway are 
expected to be reflected in most tissues.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.cca.2025.120747.
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zione Cromosoma della Felicità APS”, Chieti; “Gruppo Giovani Oratorio 
Narzole”; Ezio Meroni; Simone Bombardi and “Associazione Culturale 
Compagnia dell’Anello”, Forlì; Maurizio Funazzi; Maria Grazia Verand- 
Bassani; Mimmo and Friends, dinner on 27/01/2024 at Toscanella di 
Dozza; Maurizio Poloni and Young Doctors in Rimini; Mario Gargantini, 
“Centro Culturale Marcello Candia”, Melzo (MI); Giorgio Carpenito’s 
Family.

We are deeply grateful for their generous bequest in favour of our 
research to: Mrs. M.T.; to Mrs. Franca Troffei, in memory of Massimo 

Marchini.
We are very grateful to all the other people that have very kindly 

contributed through individual donations to support this research, in 
particular: Giuseppe Angelillo; Gaia Berlanda; Ornella Carciani; Carlo; 
Andrea Conti; Mariadele Conti; the family of Desirèe Donato; Simone 
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