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Abstract

The homocysteine-methionine cycle is involved in the critical human cellular functions, such as proliferation and epigenetic regu-
lation. S-adenosylmethionine (SAM) and S-adenosylhomocysteine (SAH) metabolites are synthesized in this metabolic cycle, and
their levels are finely regulated to ensure proper functioning of key enzymes controlling the cellular growth and differentiation.
SAM and SAH levels were found altered in the plasma of subjects with trisomy 21 (T21), but how this metabolic dysregulation
influences the clinical manifestation of T21 phenotype has not been previously described. SAM and SAH quantifications were
performed in urine samples of 58 subjects with T21 and 48 controls (N) through liquid chromatography with tandem mass spec-
trometry. SAH resulted slightly more excreted in urine of subjects with T21 (T21/N mean ratio = 1.16, P value = 0.021), although
no difference was found in SAM levels. Metabolite urine levels were compared with those previously observed in plasma, in
which higher amounts of SAM and SAH were found. In addition, we examined if an association between the levels of SAM and
SAH in T21 and the expression levels of genes involved in their production/utilization exists using the transcriptome map of
blood samples of T21 and N subjects. The analysis showed overexpression of 44 methyltransferase genes responsible for the
conversion of SAM to SAH, of two genes involved in SAH utilization, adenosylhomocysteinase-like 1, adenosylhomocysteinase-
like 2, and of one gene involved in SAM utilization, adenosylmethionine decarboxylase 1. These data support the hypothesis that
T21 genetic imbalance is responsible for SAM and SAH excess, which may be involved in the T21 phenotypic features.

NEW & NOTEWORTHY S-adenosylmethionine (SAM) and S-adenosylhomocysteine (SAH) are critical metabolites for the funda-
mental cellular functions, such as proliferation and epigenetic regulation. For the first time, their levels were quantified in the
urine of subjects with trisomy 21 (T21) and compared with euploid controls (N). These dosages were compared with their plasma
levels, and the expression of genes involved in SAM and SAH production/utilization was further investigated in the differential
blood transcriptome map of T21 versus N samples.

Down syndrome; gene expression; homocysteine-methionine cycle; metabolism; trisomy 21

INTRODUCTION

Trisomy 21 (T21) or Down syndrome (DS) (OMIM 190685)
is a chromosomal anomaly caused by the presence of an
extra copy of human chromosome 21 (Hsa21) (1) and occurs
with a frequency of 1 in every 1,000-1,100 newborn children
around the world (2). Individuals with T21 may manifest
many comorbidities affecting numerous systems, delineat-
ing a highly complex and variable phenotype (3, 4). The two
phenotypic features always present in individuals with DS
are 1) distinctive facial features and 2) intellectual disability
(ID), which is present with high intersubjective variability.
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Although DS is the most frequent genetic cause of ID (5), the
pathogenetic mechanism underlying cognitive delay is
unclear.

It is known that T21 contributes to metabolic alterations
that can be crucial for the onset of pathological phenotypes
associated with DS (6-8). In 2018 and later in 2020, a clearly
different metabolic profile between trisomic and euploid
subjects (N) was also identified, highlighting that several sig-
nificantly altered metabolites are produced at the beginning
or during the Krebs cycle (9, 10).

The first to suggest that DS could be considered a meta-
bolic disease was Jérome Lejeune, who observed altered one-
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carbon metabolism in subjects with DS and in trisomic cell
lines (11, 12). Over the years, the alteration of the one-carbon
cycle in DS at different levels was confirmed by several
authors (13-20).

One-carbon metabolism consists of several interconnected
biochemical pathways driven by folate and homocysteine-
methionine cycles, in which one-carbon groups at different
oxidation states are used. It is involved in many processes,
including DNA synthesis through purine and thymidylate
generation, amino acid homeostasis, antioxidant generation,
and epigenetic regulation (21), supporting critical cellular
functions, such as cell proliferation and mitochondrial respi-
ration (22). It is known that one-carbon metabolism plays a
role in the proper neurodevelopment of the individual.
When it is impaired, for example, in cerebral folate deficien-
cies (CFD), neuropsychiatric pathologies may occur (23).

S-adenosylmethionine (SAM) and S-adenosylhomocysteine
(SAH) are metabolites produced in the homocysteine-methio-
nine cycle of the one-carbon pathway (Fig. 1) (24). SAM is pro-
duced by transferring the adenosyl moiety of ATP to
methionine, then, after removing a methyl group that is added
to other substrates, it is converted to SAH (25), and for this rea-
son, it is considered the universal methyl donor (24, 26). The
removal of the methyl group is mediated by methyltransfer-
ases, which may add it to nucleic acid molecules (DNA or
RNA methyltransferases), phospholipids, and proteins (pro-
tein methyltransferases) differentiating between protein lysine
methyltransferases (PKMTSs) if the amino acid methyl-acceptor
is lysine or protein arginine methyltransferases (PRMTs) if the
methyl-acceptor is arginine (25, 27). In addition, there are
methyltransferases acting on the small molecules, i.e., the cat-
echol O-methyltransferase (COMT), which catalyzes the
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Figure 1. Schematic representation of the methionine-homocysteine cycle.
The metabolites studied in our analysis (SAM, S-adenosylmethionine; SAH,
S-adenosylhomocysteine) are reported in bold. The genes encoding for
enzymes that produce or use two metabolites of interest in blood tissue are
also indicated: 1) the genes showing an expression ratio (DS/N) >0.76 and
<1.30 in the RNA-sequencing analysis (MAT2A, methionine adenosyltrans-
ferase 2 A; MAT2B, methionine adenosyltransferase 2 noncatalytic beta
subunit; AHCY, adenosylhomocysteinase) are reported in bold; 2) the
genes showing an expression ratio >1.3 (AMD1, adenosylmethionine decar-
boxylase 1; AHCYL1, adenosylhomocysteinase like 1; AHCYLZ2, adenosylho-
mocysteinase like 2) are considered overexpressed and are reported in
bold followed by the symbol 7; and 3) SAM-dependent methyltransferase
gene over- or underexpression details are provided in the Supplementary
Table S2A. Gene expression data are derived from Antonaros et al. (29).
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methyl transfer to the catecholamines for neurotransmitter
degradation (24, 28).

Finally, SAH is hydrolyzed by AHCY (adenosylhomocystei-
nase) to adenosine (Ado) and L-homocysteine (Hcy). There is a
fine enzymatic regulation of these reactions in which SAH is a
feedback inhibitor of SAM-dependent methyltransferases,
even if it has been shown that some methyltransferases are
more susceptible than others to its inhibitory function (27).
The SAM/SAH ratio is a well-known indicator of cellular meth-
ylation potential, and when it is decreased may correlate with
reduced methylation capacity (24, 27, 30). Moreover, an accu-
mulation of SAH in body fluids is associated with vascular dis-
ease, tissue damage, and neurological symptoms (25, 31-34).

The role of homocysteine-methionine cycle was already
discussed as necessary for the synthesis of cholinergic and
adrenergic mediators (35), for the construction of neurons,
and for isolation of substances. These mechanisms make a
high consumption of monocarbons, so if their supply is not
sufficient, brain functions might be impaired (36, 37).

An excess of SAM and SAH with a decreased SAM/SAH
ratio in the plasma of subjects with DS compared with N was
recently identified (38). It has also been reported that normal
fractional excretion compared with that of creatinine is 93%
for SAM and 39% for SAH, with a high ratio of SAM to SAH in
N urine (39).

In this work, SAM and SAH levels in urine samples of 58
DS and 48 N were determined and compared with plasma
analyses of the same subjects carried out by an immunoen-
zymatic approach enzyme-linked immunosorbent assays
(ELISA) (38). In addition, we examined if an association
between the higher plasma levels of SAM and SAH in DS ver-
sus N and the expression levels of genes involved in their
production/utilization exists using the transcriptome map
generated by RNA-sequencing (RNA-seq) on blood samples
of DS and N subjects (29).

MATERIALS AND METHODS

Ethics Approval and Consent to Participate

The Independent Ethics Committee of the Hospital—
University of Bologna Policlinico S. Orsola-Malpighi, Italy
has granted the ethical approval for this study (No.: 39/2013/
U/Tess). We obtained informed written consent from all par-
ticipants to collect urine and blood samples and clinical
data. Concerning minors, the consent was collected from
their parents. All procedures were carried out in accordance
with the Ethical Principles for Medical Research involving
Human Subjects of the Helsinki Declaration.

Case Selection

The study has been proposed to all subjects consecutively
admitted to the Neonatology Unit of the “Istituto di Ricovero e
Cura a Carattere Scientifico, Azienda Ospedaliero-Universitaria
di Bologna (IRCCS AOUBO)”, Italy in the context of routine fol-
low-up provided for DS.

For the assay of SAM and SAH in urine, we have selected a
group of subjects with a diagnosis of DS with homogeneous
or mosaic T21, and a control group (N) selected among sib-
lings of subjects with DS and without evidence of abnormal
karyotype or pathologies. For both groups, we have selected
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subjects who have an adequate amount of urine to deter-
mine SAM and SAH metabolites, and who were similar in
age and sex. The urine samples selected were treated within
2 h of collection and with an apparently good physical state
(clear urine after centrifugation).

A total of 106 subjects were selected. DS group consists of
58 subjects, 35 males (M) and 23 females (F) with a mean age
of 12.7-yr old [standard deviation (SD) = 5.9] and age range
from 3 yr to 28 yr; the N group consists of 48 subjects, 32 M
and 16 F with a mean age of 14.4 yr (SD = 7.1), and an age
range from 2 yr to 31 yr. Concerning the N group, 20 subjects
were siblings of 17 subjects in the DS group.

For every collected sample, parents filled out a form with
information about the current fasting state, last meal, con-
comitant diseases, and consumed medications (Supplemental
Dataset S1).

SAM and SAH quantification values in plasma were
retrieved from a previous work (38). These plasma samples
were collected on the same day as the urine samples, for
some of the subjects (see Supplemental Dataset S1). Both
plasma and urine SAH levels were available for 30 DS sub-
jects and 15 N subjects, whereas plasma and urine SAM levels
were available for 8 DS subjects and 11 N subjects. Plasma
values were converted from ng/mL to nM (Supplemental
Dataset S1), according to the formula [(ng/mL)-1,000]/MW,
where MW is the molecular weight (g/mol). The MW of SAM
is 398.44 g/mol, MW of SAH is 384.412 g/mol.

Urine Sample Preparation

Preanalytical treatment of urine samples followed standard
operating procedures (40). All procedures were conducted
carefully in a sterile environment to avoid contaminations.

Urine samples were collected in a sterile plastic cup with a
lid and kept refrigerated at +4°C if immediate processing
was not possible. They were treated within 2 h of collection.
The sample was transferred to a new tube and centrifuged at
2,500 g for 5 min at +4°C. After centrifugation, filtration by
a 0.20 um cutoff filter was performed to avoid contamination
of the metabolome with soluble molecules derived from cel-
lular components. The filtered urine was transferred to ster-
ile cryovials, making 1.0 mL aliquots. All urine samples were
rapidly stored in liquid nitrogen and were ready for subse-
quent analysis.

LC-MS/MS Analysis

We used an Agilent 1260 Infinity II LC system (Agilent
Technologies, Waldbronn, Germany) for chromatographic sepa-
ration, consisting of a Multisampler (G7167A), quaternary
1260 Infinity II Flexible Pump (G7104C), and Multicolumn
Thermostat (G7116A). The separation was carried out using a
Zorbax Eclipse Plus C18 RRHD column (50 mm x 2.1 mm, 1.8
um particle size, Agilent Technologies, Waldbronn, Germany).
For mass spectrometric detection, the ultra high performance
liquid chromatography (UHPLC) column was connected with
PEEK tubing (0.005” ID x ca. 60 cm long) to a triple quadrupole
Ultivo LC/TQ system (G6465B). Chromatographic separation
was performed isocratically with a mobile phase containing
0.1% vol./vol. heptafluorobutyric acid and 10% acetonitrile
(Sigma-Aldrich, Steinheim, Germany). The column was temper-
ature-controlled at 30°C, the mobile phase flow rate was
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set at 0.4 mL-min~, and the injection volume was 1.0 pL.

Instrumental parameters for the electrospray ionization
tandem mass spectrometric detector (ESIMS/MS) were as fol-
lows: nebulizer gas temperature: 350°C; nebulizer gas flow:
10 L-min~!; nebulizer pressure: 35 psi; sheath gas: 400°C;
sheath gas: 12 min~'; fragmentor voltage: 50 V; collision
energy: 20 eV; capillary voltage: 3,000 V. SAM and SAH were
quantified using the mass transitions 399 — 250 and 385 —
136, respectively.

Urine was thawed, mixed by vortexing, and centrifuged
for 15 min at 10,000 g. To minimize matrix effects, 100 uL of
the urine supernatant was diluted with 900 pL of water. The
combination of this dilution with the used small injection
volume (1.0 pL) was sufficient to eliminate the matrix effects,
as indicated by recovery experiments where recoveries were
found within the range of 85%-115%. The limit of detection
was 0.01 uM (calculated based on the S/N = 3 method).

Statistical Analyses

To choose the correct test to perform the statistical analysis,
we first checked whether our data followed a normal distribu-
tion using the Kolmogorov-Smirnov test of the online Social
Science Statistics software (https://www.socscistatistics.com/
tests/kolmogorov/).

To know if there was any difference between DS and N
group for age or sex, we performed an unpaired ¢ test and
Fisher’s test, respectively.

Later, we analyzed the statistical influence of age, sex, and
fasting status on metabolite levels; specifically, to test if a
link between age and metabolite levels exists, we performed
a linear correlation, to test if sex and fasting/nonfasting state
affects the urinary and plasma levels we performed the
unpaired ¢ test for parametric variables, and Kruskal-Wallis
test for nonparametric variables.

Once the previous analyses were performed, we investi-
gated whether there were different distributions of SAH and
SAM levels in the different groups (DS and N groups) using
unpaired ¢ test.

Finally, we performed a bivariate correlation or partial
bivariate correlation, checked for the effect of chronological
age between SAM and SAH levels in the urine [SAM in urine
(uSAM) and SAH in urine (uUSAH)] and plasma [SAM in
plasma (pSAM) and SAH in plasma (pSAH)] samples of the
DS and N groups.

Statistical analyses were carried out with SPSS Statistics soft-
ware (IBM, Version 28 for Mac OS X) and were performed using
the data available in Supplemental Dataset S1. For all results, a
value P < 0.05 was considered statistically significant. An R <
0.4 was considered as weakly correlated, 0.4 < R < 0.7 as mod-
erately correlated, and R > 0.7 as strongly correlated.

Blood Transcriptome Map and Selection of Genes
Related to SAH and SAM

By using a recently published differential blood transcrip-
tome map obtained by analyzing RNA-sequencing data of
4 DS and 4 N samples (29), we identified and analyzed the
expression pattern of genes involved in the homocysteine-
methionine cycle for the production/utilization of SAH and
SAM metabolites.

To select the human SAM-dependent methyltransferase
genes, whose enzymes use SAM to donate the methyl group,
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obtaining SAH, we performed the search “GENES” for
“Methyltransferase” and “hsa” for “Methyltransferase” on
Kyoto Encyclopedia of Genes and Genomes database (KEGG
Pathway); we found 189 methyltransferase genes. Then we
searched for the record “methyltransferase [MH] AND
metabolism [MH] AND “methyl donor” with the filters
“Humans,” “Review,” and “English” on National Center for
Biotechnology Information (NCBI); we found 15 articles from
three of which we retrieved 15 new methyltransferase genes
to our list (41-43). Each gene was checked as a SAM-depend-
ent methyltransferase by searching the gene name on the
NCBI PubChem database and eventually on NCBI Gene and
NCBI PubMed following the links on the Gene page. We
deleted 13 genes that were methyltransferase not SAM-
dependent, and then 27 genes that were not expressed in
blood tissue (29).

Finally, to select the other genes that create and use SAM
and SAH, we performed the search “S-adenosylmethionine”
and “hsa” on KEGG Pathway and then “S-adenosylhomocys-
teine” and “hsa,” and we found seven genes, one of which
was not expressed in blood tissue, so we selected a total of
Six genes.

RESULTS

SAM and SAH Quantifications and Statistical Analyses

The 58 subjects with DS and 48 N subjects selected for the
urine sample analysis resulted in comparable age (Cohen’s
D = —0.263, P = 0.189) and sex (Fisher’s test P = 0.548).

Considering that children’s hydration status can affect the
metabolites analyzed in urine samples, uSAM and uSAH
concentrations (uM) were adjusted for specific gravity (SG).

In the DS group, uSAM mean concentration value was 8.87
uM (SD = 2.21), and uSAH mean concentration value was
0.59 uM (SD = 0.18) (Table 1, Supplemental Dataset S1). DS
uSAM/uSAH ratio was 15.03. In the N group, uSAM concen-
tration mean value was 8.81 uM (SD = 2.39), and uSAH con-
centration mean value was 0.51 pM (SD = 0.19) (Table 1,
Supplemental Dataset S1). The N uSAM/uSAH ratio was
17.27.

Table 1. SAM and SAH concentration values and ratios

The levels of the urine metabolites analyzed follow a nor-
mal distribution and are not affected by fasting state, sex, or
age with the exception of uSAH levels, which have a moder-
ate statistically significant correlation with age in both DS
(P =0.002 and R = 0.405) and N groups (P = 0.004 and R =
0.413). Plasma metabolite levels follow a normal distribution
in DS group, whereas pSAH and pSAM in N group do not;
moreover, they are not affected by fasting state, sex, or age
in plasma (Supplemental Table S1, A-D). The descriptive
analyses performed with SPSS Statistics on plasma and urine
metabolites did not highlight the presence of strong outliers
among the analyzed values.

Unpaired ¢ test showed that mean DS/N ratio values are stat-
istically different for uSAH, pSAH, and pSAM (Supplemental
Table S1E).

Correlation analyses showed that uSAH levels are moder-
ately correlated with uSAM values both in DS (R = 0.59, P <
0.001) and N (R = 0.63, P < 0.001) groups (Supplemental
Table S1F).

Blood Transcriptome Map

Using a recently published differential blood transcrip-
tome map between DS and N samples (29), we have analyzed
the expression of genes involved in SAM and SAH produc-
tion/utilization (Supplemental Table S2) with the aim of
finding a relationship between metabolite levels observed in
plasma, urine, and gene behavior.

The Supplemental Table S2, A and B show the lists of 170
genes found and the mean expression values in the DS
(Expression A) and N (Expression B) samples together with
the DS/N ratio (Expression A/B). In total, 164 out of 170 genes
are SAM-dependent methyltransferase genes, and 35 of which
were also present in the list of SAM-dependent methyltrans-
ferases made by Clarke and Banfield (27) (Supplemental Table
S2A). Seven of 164 methyltransferases were excluded from the
analyses because their expression levels were calculated from
only one sample group (DS or N), leading to a final number of
157 SAM-dependent methyltransferases analyzed. Among the
six genes selected that are not for methyltransferases, two
genes are SAM-productors (MAT2A and MAT2B), one uses

DS N
SAH SAM SAH SAM SAH SAM SAH SAM
Concentration Concentration Concentration Concentration Concentration Concentration Concentration Concentration
(1eM) in Urine (eM) in Urine (uM) in (pM) in (M) in Urine (M) in Urine (pM) in (#M) in
Adjusted for Adjusted for Plasma Vione Plasma Vione Adjusted for Adjusted for Plasma Vione Plasma Vione
Specific Gravity Specific Gravity et al. (38) et al. (38) Specific Gravity Specific Gravity et al. (38) et al. (38)
Mean 0.59 8.87 16.96 21.64 0.51 8.81 5.40 14.95
SD 0.18 2.21 8.08 4.55 0.19 2.39 4.83 7.28
Median 0.58 8.33 16.56 21.53 0.48 8.41 419 13.01
Urine Plasma
SAH SAM SAH SAM
Mean ratio, DS/N 116 1.01 314 1.45
Median ratio, DS/N 1.21 0.99 3.95 1.66
P value 0.021 0.913 <0.001 0.019

Mean, median, and standard deviation (SD) are shown for each metabolite in plasma and urine of Down syndrome (DS) and control
(N) groups. In addition, the ratios between DS and N mean and median values of SAM and SAH are shown. The results of unpaired ¢ test
for SAH and SAM concentration values in plasma and urine samples, both in DS and N groups, are also shown. SAH,

S-adenosylhomocysteine; SAM, S-adenosylmethionine.
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SAM (AMDI), and the last three use SAH (AHCY, AHCYLI,
and AHCYL2) (Supplemental Table S2B).

Analyzing the differential gene expression levels between
the DS and N group, we found that 34 of 157 SAM-dependent
methyltransferase genes and 3 of 6 other genes have a DS/N
ratio >1.30, which we can consider overexpressed in the DS
group, whereas 10 of 157 SAM-dependent methyltransferase
genes have a ratio <0.76, which we can consider underex-
pressed in the DS group (44). None of the other six genes is
underexpressed. The remaining genes (113 of 157 and 3 of 6)
have DS/N ratios >0.76 and <1.30, so we can consider them
normally expressed (44).

DISCUSSION

The homocysteine-methionine cycle has been found to be
altered at different levels in DS (24), and given the lack of liter-
ature on their level in DS biological samples, in this work,
SAM and SAH imbalances in urine samples of 58 DS and 48 N
subjects were checked by LC/MS-MS method. SAM and SAH
levels in urine were already analyzed in subjects with renal
insufficiency versus controls (31, 45, 46), but it is the first time
that the levels of these metabolites are analyzed in urine sam-
ples of subjects with DS. The mean value of uSAM and uSAH
in our cohort of N is close to those already published by
Kruglova et al. (45) (20 healthy subjects, mean age = 58.5 yr;
SAM = 10.2 uM; SAH = 0.89 uM), although a small variation is
probably due to the different mean age of the enrolled sub-
jects. This variation is coherent with our analyses that showed
USAH levels moderately correlated with age.

We also compared these results with those obtained in our
previous work conducted on plasma samples of DS and N
subjects (38) (Supplemental Dataset S1) to observe if the
excess of these metabolites observed in plasma is also detect-
able in urine. The uSAH levels are 16% higher in DS subjects
(Table 1) compared with N subjects, whereas the uSAM levels
are equal between the two groups. In plasma, SAH and SAM
levels are much higher in DS subjects (Table 1) compared
with N subjects. Indeed, these data show that pSAH DS/N
mean ratio is 2.71 times higher than uSAH DS/N mean ratio,
so there is a greater discrepancy of the pSAH levels between
DS and N groups than the uSAH levels. A similar pattern
exists for SAM, indeed pSAM DS/N mean ratio versus uSAM
DS/N mean ratio is 1.44 times higher. The comparison
between these two detection studies allows us to compare
the amount of SAM and SAH that remains in the circulation
and that is excreted. This gives us a better knowledge of the
metabolism of SAM and SAH in DS, highlighting that SAH
levels are higher in both urine and plasma DS samples.

In addition, even if it is known that 60% of SAH is reab-
sorbed in renal tubules (45), a decrease of SAM/SAH ratio
(0.87) was detected in our DS urine samples. The decrease of
SAM/SAH ratio is probably due to the slightly but statisti-
cally significant higher level of SAH in DS compared with N
urine samples. Surely, the reason for higher SAH level in DS
urine needs to be investigated further, indeed the decrease
of SAM/SAH ratio was also previously associated with
chronic kidney disease (45, 46), and DS subjects have a
four- to fivefold higher risks than healthy controls of devel-
oping it due to congenital urologic or renal function and
structure abnormalities, such as renal hypoplasia (47, 48).
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The decrease of the SAM/SAH ratio was also associated
with depressive tendencies in the elderly population (49),
accumulation of phosphorylated tau protein in the central
nervous system (50), melatonin deficiency, and hypome-
thylation of DNA, RNA, and histones (51) emphasizing the
importance of SAM and SAH homeostasis.

It would have been interesting to correlate SAM and SAH
with methionine and Hcy levels in urine, but the metabo-
lome analysis through untargeted nuclear magnetic reso-
nance on a cohort of 67 DS versus 26 N urine samples did not
detect methionine (9), and recent works already discussed
that Hcy, like many other amino acids, is reabsorbed almost
completely (>97%) in primary urine, whereas >90% of SAM
and ~40% of SAH are normally excreted (45, 46). Another
interesting information is the lack of a relationship between
SAH or SAM and Hcy levels in plasma samples, already
searched for by Vione et al. (38). These data indicate that the
relationship between the increase of both SAH and Hcy in
plasma of N subjects reported by Clarke and Banfield (27)
does not occur in DS.

SAM is the principal methyl donor for many cellular meth-
yltransferase reactions, and SAH is the demethylation prod-
uct of SAM. The excess of SAH itself acts with negative
feedback on methyltransferases that are inhibited by high
levels of SAH (28). Indeed, SAH analogs were used as anti-
proliferative molecules through their action as inhibitors of
methyltransferase enzymes (28). The congruence between
the antiproliferative effects given by the administration of
the analogs of this molecule and the hypocellularity typical
of DS, also characterized by a very low incidence of cancer
(52) might be related to the high level of SAH circulating
molecules in DS subjects (53, 54).

To investigate the role of the genomic imbalance, due to
the third copy of Hsa2l, on the altered metabolic profile
observed in DS, we analyzed the expression of genes
involved in SAH and SAM production or utilization (Fig. 1).
The analysis of the transcriptome conducted on blood sam-
ples of DS and N subjects (29) showed 164 genes involved in
the SAM/SAH production and utilization (Supplemental
Table S2, A and B). Specifically, 157 of the 164 genes encode
for methyltransferases (Supplemental Table S2A) that carry
out the basic mechanism for the conversion of SAM to SAH
and consequently for the control of their concentration lev-
els. Observing the expression values is interesting to note
that 44 of 157 methyltransferases are differentially expressed
genes (DEGS) (28%), and 34 of 44 methyltransferases are
overexpressed. Overexpression of methyltransferases, which
convert SAM to SAH, could be consistent with higher SAH
levels.

Moreover, we found that the AMDI gene, whose enzyme
uses SAM to start the methionine salvage pathway, and
AHCYLI and AHCYL2, whose enzymes seem to be involved in
the reaction that metabolizes SAH to create adenosine and
Hcy (55), are overexpressed (Fig. 1, Supplemental Table S2B).

Focusing on Hsa21 genes, we have found only two differ-
entially expressed genes encoding for methyltransferases:
PRMT?2 (DS/N = 1.60), encoding for protein arginine methyl-
transferase 2, and SETD4 (DS/N = 1.42), encoding for SET
domain containing 4 (SETD4), a histone methyltransferase.
PRMT?2 regulates various biological processes, including tran-
scription, posttranscriptional events, cellular apoptosis, cell
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morphogenesis, and immune responses, through mecha-
nisms such as methylation, coactivation, and specific
structural interactions. PRMT2 predominantly exhibits
oncogenic tendencies in malignant tumors, but under specific
circumstances, it can also demonstrate tumor-suppressive
characteristics, displaying a bidirectional regulatory nature
(56). SETD4 functions as a key regulator in multiple tumor
types by catalyzing histone lysine methylation. It regulates
cell proliferation indeed, it was shown to be downregulated in
prostate cancer (57).

Successively, we focused on the expression levels of the
SAM-dependent methyltransferases that are more susceptible
to SAH levels, as declared by Clarke and Banfield (27) in 2001
(Supplemental Table S2). We have found the overexpression of
the genes CAMKMT, GNMT, HNMT, TPMT, ICMT, PCMT1,
and the underexpression of the genes TRMT61A and GAMT.
We might expect that the underexpressed methyltransferases
undergo a greater reduction in their activity due to high levels
of SAH, whereas the overproduced methyltransferase activ-
ities might be compensated by high SAH levels. Among the
underexpressed methyltransferase gene, TRMT61A encodes
for an enzyme that enables mRNA (adenine-N1-)-methyltrans-
ferase activity. It is involved in mRNA methylation and results
to be elevated levels in hepatocellular carcinoma (HCC) (58).
GAMT is a methyltransferase that, using SAM as the methyl
donor, converts guanidinoacetate to creatine phosphate neces-
sary for the synthesis of ATP, the main source of cellular
energy. Defects in this gene have been implicated in neurolog-
ical syndromes and muscular hypotonia, probably due to crea-
tine deficiency and accumulation of guanidinoacetate in the
brain of affected individuals (59).

Among the genes involved in the production/utilization of
SAM and SAH, AMDI1 gene encodes a key enzyme which,
using SAM as substrate, is involved in the biosynthesis of
polyamines, essential molecules for cellular proliferation
and survival (60, 61). It was reported that when overex-
pressed, a negative feedback mechanism is activated, in par-
ticular, the protein inhibits the translation of itself (62). An
alteration of this mechanism of control seems to be the cause
of high translational levels of the protein, which were associ-
ated with cell proliferation and tumorigenesis (63).

The overexpression of AHCYLI and AHCYL2 genes was
also observed in the blood transcriptome map of subjects
with DS. They are both paralogs of the AHCY gene, whose
expression in turn is not altered in DS versus N. AHCYL1 is a
SAH hydrolase-like protein that also interacts with inositol
1,4,5-trisphosphate receptor, type 1 (IP3;R), suppressing IP;R
activation through competition with IP; for the common
binding site on IP3R (64). In humans, AHCYLI functions as a
tumor suppressor (64) and also interacts with microtubule-
associated protein tau (MAPT), studied to be involved in
Alzheimer’s disease, and seems to control AHCYL1 function
(65). AHCYL2 is the SAH hydrolase-like 2 protein, also called
adenosylhomocysteinase 3, and has a different function
than AHCYLL; in particular, it regulates the electrogenic
sodium/bicarbonate cotransporter SLC4A4 activity (66).

Conclusions

In this study, we measured for the first time SAM and SAH
levels in urine samples from DS and N subjects and

compared them with their previous detection in plasma
samples (38). In addition, we further investigated the behav-
ior of genes involved in SAM and SAH production/utilization
using a blood transcriptome map of DS and N subjects (29).
This study demonstrated that SAH is significantly higher in
both urine and plasma samples of DS subjects, and this alter-
ation might be considered a metabolic imbalance typical of
DS. The excess circulating SAH might be due to the genetic
imbalance of genes involved in its production/utilization
found in the blood samples of DS subjects. Gene expression
data are difficult to interpret, due to the high amount of
genes involved in the reactions and the fine regulation
mechanisms involved, such as the retroactive inhibition of
SAH on the SAM-dependent methyltransferase enzymes (27,
67), and the allosteric activation of cystathionine-B-synthase
(CBS) enzyme and the inhibition of methylenetetrahydrofo-
late reductase (MTHFR) enzyme carried out by SAM (68, 69),
two enzymes that have a role in the homocysteine-methio-
nine cycle as well as particularly studied in DS (70).

Because of the possible involvement of some methyltrans-
ferases on the hypocellularity and also on neurological
development, testing their enzymatic activities might be a
future perspective of this study. In this way, an additive
inhibitory effect of multiple enzyme activities induced by
SAH excess in DS might be revealed.
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