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Abstract

Down syndrome (DS), the most frequent human genetic disorder marked by an extra copy of chromosome 21
(Hsa21) or a portion thereof, leads to physical and cognitive impairments. Following the Lejeune work,
researchers focused on a potential anomaly within the folate-mediated one-carbon metabolism (FOCM). Here
we present a FOCM model modified from a previous work with the incorporation of the enzyme CBS, whose
encoding gene is located on Hsa21, coupled with the methionine input rate. Systematic perturbation of enzyme
activity rates has been performed to explore possible in silico configurations to simulate the DS condition. The
perturbed vs. unperturbed model-derived ratio concentrations of tetrahydrofolate, 5-formyl-tetrahydrofolate, 5-
methyl-tetrahydrofolate, S-adenosyl-homocysteine, and S-adenosyl-methionine were compared with the known
literature through various statistical approaches. After investigating public transcriptomic databases, the FTS
(formate-tetrahydrofolate ligase) perturbation achieved the best overall score. Although the FTS encoding gene
(MTHFD1) is not located on Hsa2l, it was found to be over-expressed in the DS condition. In addition, an
interesting correlation emerged with the PTG (phosphoribosylglycinamide formyltransferase) perturbation and
the corresponding encoding gene, located on Hsa21 (GART) and notably over-expressed in the DS condition.

The model thus identifies key enzyme activities that warrant further investigation.



Introduction

Down syndrome (DS) or trisomy 21! is the most frequent human genetic disorder in which an individual
possesses an extra full or partial copy of human chromosome 21 (Hsa21)?, with an incidence of 1 in 700-1,000
live births globally®. It is also the most frequent leading genetic cause of intellectual disability, which is of
variable degree and always present together with other variable characteristic signs and symptoms®1°, While
various interventions and therapies are available to address the physical manifestations linked to DS, there is
currently a lack of specific treatments aimed directly at cognitive difficulties.

Lejeune hypothesized that a disturbance of the one-carbon cycle might occur in DS and several other
Authors reported the one-carbon cycle to be imbalanced in subjects with DS!>28, Folate-mediated one-carbon
metabolism (FOCM) includes the folate cycle, which plays a vital role in delivering one-carbon units at different
oxidation states to the homocysteine-methionine cycle for methylation reactions and biosynthesis of several
metabolites. These include the biosynthesis of purines and thymidine, the maintenance of amino acid balance,
the regulation of epigenetic functions, and the defence against oxidative stress. At the heart of this intricate
process is methionine synthase (MS), the enzyme responsible for converting homocysteine (HCY) to methionine
(MET) by using 5-methyl-tetrahydrofolate (5SmTHF) as a methyl donor and vitamin B12 as an essential cofactor.
HCY is converted to cysteine through the transsulfuration pathway mediated by cystathionine 3-synthase
(CBS)¥20, MET is a precursor of S-adenosyl-methionine (SAM) which serves as a methyl donor for DNA
methylation, protein methylation, and lipid and neurotransmitter synthesis?*.

Many of the biochemical reactions in the FOCM pathway depend on the concentrations of their
substrates in a nonlinear way. Therefore, the behavior of the full cycle is relatively complex and cannot be easily
deduced from the reaction diagram itself, making it a perfect candidate to be investigated through a mathematical
model. Over the years, significant progress has been made in understanding FOCM, with numerous models
developed to explain its pathways. The earliest models emerged in the 1970s and 1980s, focusing primarily on
the impact of anticancer drugs on the system??. Notably, Michael C. Reed and Colleagues played a pivotal role
in advancing these models. Firstly, they developed the homocysteine-methionine and folate cycle models
separately?®24 and later integrated them?®, thus contributing extensively to the understanding of FOCM across

diverse scenarios and diseases. The integrated model simulates the interconnected biochemical reactions



occurring in the cytoplasm and served as the foundation for the subsequent models developed and validated by
Misselbeck et al.?6:27,

The aim of this work is to extend and leverage the mathematical model of the FOCM previously
introduced in Misselbeck et al.?627 to explore possible in silico configurations of the FOCM that can be linked
to the DS condition. The original model was extended through the incorporation of the reaction catalyzed by the
enzyme CBS (of which the encoding gene is located on Hsa21), coupled with the MET input rate. The model
behavior was newly evaluated under specific experimental conditions to validate the reliability of the extended
model. Then, perturbations of enzyme activity rate were systematically performed to simulate DS imbalances,
and the new steady state of the perturbed models was computed. The ratios of the model-predicted metabolite
amounts in the perturbed vs. unperturbed model were compared to plasmatic DS vs. hon-DS concentration ratios
available in the literature for tetrahydrofolate (THF), 5mTHF, SAM, S-adenosyl-homocysteine (SAH) and 5-
formyl-THF (5fTHF). This allowed us to identify a set of enzyme perturbations that, according to model
simulation, can redistribute the folate forms within the FOCM pathway as reported in the data currently available
for DS.

The analysis presented here will provide an in silico approach to investigate FOCM dysregulation in DS
at a systemic level. By identifying potential regulatory components within the biological network, this work aims
to enhance our understanding of the disease and the underlying mechanisms contributing to intellectual disability

during development.

Results
Extended FOCM model and perturbations

The starting published FOCM model has been extended in the present work through the incorporation
of the reaction catalyzed by the enzyme CBS coupled with the MET input rate (Figure 1). The MATLAB code

to simulate the extended mathematical model employed in this study is available at https://github.com/cosbi-

research/FocmDownSyndrome. A validation procedure to ensure the reliability of the newly extended model

was performed by a sequence of simulations regarding the effect of glycine on FOCM, the effect of different

levels of MTHFR activity and the effect of different MTHFS and SHMT activity?527. In all three considered
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validation cases, our extended model showed a good agreement with the experimental data (Supplementary Note
2 and Supplementary Data 1), comparable to the one computed by the previous version of the model, indicating
that the behavior of the extended model remains consistent with the observations presented in the original papers
26,27.

Subsequently, the validated extended model was used and each of the 17 FOCM reactions was then
perturbed by a reduction in enzyme activity rate by 2/3 or an enhancement by 3/2 to simulate possible cascade
effects induced by the presence of the third copy of Hsa21 characteristic of the DS condition. As detailed in the
Methods section, for each perturbation, a ratio was computed between the value reached at the steady state after
enzyme activity rate perturbation representing DS condition and the initial steady state value (related to the
unperturbed model as a non-DS control) for all 14 model variables. Computed value ratios for single enzyme
activity perturbation by 2/3 or 3/2 for all variables are detailed in Supplementary Data 2. Notably, perturbation
of MS and MTHFR activity rates by 2/3 and 3/2 induces changes in all 14 model variables, in some cases of
substantial magnitude. On the other hand, other enzyme perturbations mostly changed their substrates or
products, while BHMT, SAHH, GNMT, DNMT and CBS perturbations caused the greatest changes in all the
homocysteine-methionine cycle variables, where they are involved. Table 1 shows the selection of computed
value ratios for the five metabolites THF, 5SmTHF, SAM, SAH and 5fTHF, which were successively compared
with experimental data available from the literature through procedures based on relative error calculation and

bootstrap technique.

Effects of enzyme activity perturbation on FOCM model with fixed uncertainties

For the five metabolites THF, 5SmTHF, SAM, SAH and 5fTHF, the ratio computed between the value
reached at the steady state after perturbation representing DS condition and the initial steady state value (related
to unperturbed model as a control) was compared to experimental DS/non-DS ratio values through a procedure
based on relative error calculation. The first point of view to assess the extent of consistency between the ratios
obtained through enzyme activity perturbations and the experimental data is to consider the total cumulative

score ranging from O (complete lack of concordance) to 5 (concordance for all the five variables) for various



predefined uncertainties for each enzyme (Supplementary Data 3). Table 2 shows a compact summary version
with fixed uncertainties for which remarkable changes were evident.

When examining enzyme activity perturbation by 2/3, the score for each enzyme activity rate
perturbation increases when uncertainty increases. The most unfavorable perturbation outcomes are associated
with MTHFR, which reaches the highest score of 1 with a fixed uncertainty of 0.6, followed by MTHFS, which
is the last to reach the score of 2 with a fixed uncertainty of 0.234. The first score of 2 is observed with a fixed
uncertainty of 0.071 in the case of the GNMT enzyme perturbation, which also first reaches the score of 3 at a
fixed uncertainty of 0.091. The score of 4 is first attained with a fixed uncertainty of 0.234 by the enzymes PGT
and AICARFT. At a fixed uncertainty of 0.397, more than half of the perturbations (9) give a score of 4. The
best score of 5 is reached by CBS perturbation, but only at 0.6 of uncertainty (Table 2).

Enzyme activity perturbation by 3/2 also shows an increase in score with increasing uncertainty. The
enzyme MS produces the least favorable perturbation outcomes, with 1 as the maximum score at 0.58
uncertainty, followed by MTHFS, which is the last to reach the score of 2 with a fixed uncertainty of 0.213. The
first score of 3 is observed with a fixed uncertainty of 0.213 in the case of the FTS enzyme perturbation. Overall,
the best score is 4, reached with the first fixed uncertainty of 0.234 by the enzyme FTS. At a fixed uncertainty
of 0.417, more than half of the perturbations (9) give a score of 4 (Table 2).

The second point of view to assess the extent of ratio concordance with experimental data is focusing on each
of the five metabolites and their corresponding total scores. These range from 0 to 17, indicating that from no
enzyme to all 17 enzymes’ activity rates subject to perturbation gives a variable ratio value consistent with
experimental reference data (Supplementary Data 4). These results highlight a general system perturbation at
low levels of uncertainty and that enzyme activity perturbations almost never reach concordance with all five
experimental ratio values because achieving consistency for the metabolite SAH seems to pose a greater
challenge. Specifically, when perturbing enzymes by a factor of 2/3, concordance is achieved by none or one
enzyme perturbation at a time from the fixed uncertainty of 0.417. Even more notable, when perturbing by a
factor of 3/2, the score for SAH is always 0. Regarding the other metabolites, when uncertainty increases, the
score increases as well, but not linearly. When perturbing by a factor of 2/3, the concordance for THF jumps

from 6 (fixed uncertainty of 0.274) to 15 (fixed uncertainty of 0.295); the concordance for 5mTHF jumps from



2 (fixed uncertainty of 0.091) to 10 (fixed uncertainty of 0.112); the concordance for SAM jumps from 2 (fixed
uncertainty of 0.274) to 12 (fixed uncertainty of 0.295); the concordance for 5fTHF jumps from 2 (fixed
uncertainty of 0.03) to 10 (fixed uncertainty of 0.051). When perturbing by a factor of 2/3, we observed a similar
trend, with similar jumps at the same fixed uncertainty levels (Supplementary Data 4). While this method is
useful to visually highlight how perturbations vary at different uncertainties, it is difficult to choose a fixed value
for biological discussion. For this purpose, the comparison with the bootstrap approach described in the

following section was performed.

Effects of enzyme activity perturbation on FOCM model with the bootstrap procedure

A bootstrap procedure was used to create in silico DS and non-DS datasets starting from the original
experimental dataset for each of the five metabolites of interest. Due to practical limitations, the availability of
metabolite concentration data varies for each patient, leading to non-uniform widths within the dataset
(Supplementary Table 6 published in Vione et al.'8). The real distribution of the experimental data populations
was used to generate in silico datasets for the five distinct metabolites and the original and generated distributions
are shown in Supplementary Figure 1. Therefore, we conducted an analysis for each of the five metabolites to
determine whether the model computed variable ratio, taking into account the concentration under conditions
with DS (where enzyme activity is perturbed) compared to the concentration in a control state (unperturbed
model), falls within predefined intervals under the assumption of a general distribution (intervals 3 and 4 in
Methods) derived from the bootstrap procedure with 1000 iterations (Table 3). A score of 1 was assigned if the
criteria were met; otherwise, it was assigned as 0.

Considering the [First Quantile, Third Quantile] interval, the highest score obtained for enzymes
perturbed by 2/3 was 1, and it was achieved by MTD. Meanwhile, enzymes perturbed by 3/2 resulted in a
maximum score of 1 for three enzymes (MTHFR, GNMT, DNMT) (Supplementary Data 5).

Considering the [First Quantile - 1.5 - IQR, Third Quantile + 1.5 - IQR] interval, a score of 4 was
achieved for two different enzymes (PGT and AICARFT) under a perturbation of 2/3 (Table 4). For enzymes
perturbed by 3/2, only FTS obtained a score of 4 (Table 4). This analysis again highlights the difficulty in

obtaining a computed variable ratio for SAH in agreement with experimental data. As in the previous interval,



only the SAHH perturbation by 2/3 is in agreement for this metabolite (with a total score of 2 for this enzyme).
Overall, these scores better resemble the score results obtained by 0.254 fixed uncertainty for enzyme activity
rate perturbation by 2/3 and by 0.274 fixed uncertainty for perturbation by 3/2, with 13 out of 17 equal scores in
both cases (Supplementary Data 6). Gradually expanding the intervals covering the entire population, the scores
increase for each enzyme and for both types of activity rate perturbation. A closer agreement of the computed
variable ratio for SAH with experimental data is shown with the interval [Minimum Value -0.5 - Minimum
Value, Maximum Value + 0.5 - Maximum Value] which considers a variability of 50% for the minimum and
maximum bounds of the interval, where the total score of 5 is obtained by 2/3 activity rate perturbation of SAHH
and CBS (Supplementary Data 5). Results for other tested intervals did not highlight any other particular
perturbations and are available upon request.

The overall score associated with the metabolite SAH remains consistently low across most of the
analyzed intervals, thus the total score of 4 for each enzyme, accounting for consistent results with THF, 5SmTHF,

SAM, and 5fTHF, is truly noteworthy.

Gene expression analysis

Available quantitative transcriptome maps?® were used to investigate ratio expression values between DS and
non-DS conditions for genes encoding for FOCM enzymes (Table 5), considering enzyme scores at the
predefined uncertainties of 0.254 (2/3 activity perturbation) and 0.274 (3/2 activity perturbation), which better
resemble the bootstrap result procedures (Supplementary Data 7). Focusing on the brain transcriptome map, the
highest scores for 2/3 enzyme activity perturbation concordant with gene expression ratio <0.76 are found only
for GNMT (with an expression ratio value of 0.73, encoding for GNMT with a score of 3) and MAT1A (with an
expression ratio value of 0.70, encoding for MAT-1 and MAT-I11 with both a score of 3). The transcriptome map
of all tissues did not show under-expressed genes. TissueNexus brain dataset highlighted, among the others, a
connection of 0.8177 between GNMT and CBS (which emerged for high scores when its enzyme activity is
perturbed by 2/3, in contrast with its over-expression), a connection of 0.8879 between MAT1A and BHMT (of

which encoded enzymes never emerged in our perturbation analyses), and a connection of 0.844 between MAT1A



and MTHFD1 (Supplementary Data 8). Interestingly, CBS, GNMT and MAT1A show the lowest number of
connections with other FOCM genes with edge weight >0.5 (Table 6).

The highest scores for 3/2 enzyme activity perturbation concordant with gene expression ratio >1.30 are
found in the brain transcriptome map for DHFR (with an expression ratio value of 1.64, encoding for DHFR),
MTHFD1 (with a borderline expression ratio value of 1.28, encoding for FTS), GART (gene located on Hsa21l
with an expression ratio of 1.43 and encoding for PTG), and TYMS (with an expression ratio value of 1.43,
encoding for TYMS). The transcriptome map of all tissues confirmed the concordance between the highest scores
for 3/2 enzyme activity perturbation and over-expression of MTHFD1 (with an expression ratio value of 1.31)
and GART (with an expression ratio of 1.31). Notably, the other Hsa21 gene (CBS, with an expression ratio value
of 1.52 in the brain and 1.31 in all tissues’ maps, encoding for CBS and located on Hsa21) resulted in being over-
expressed in both transcriptome maps, but the encoded CBS enzyme is associated with low scores when 3/2
activity perturbation was performed (2 with fixed uncertainty or 1 with bootstrap procedure). TissueNexus brain
dataset highlighted TYMS as the gene with the highest number of overall connections with edge weight >0.5,
while DHFR and MTHFD1 are the genes with the highest number of connections with other FOCM genes with
edge >0.5 (Table 6). Among the others, DHFR shows high connections with TYMS (0.9454), DNMT1 (0.9427),
MTHFD1 (0.9294), SHMT1 (0.9081) and GART (0.873). MTHFDL is highly connected with GART (0.9396),
TYMS (0.9343), SHMT1 (0.9218), AHCY (0.9157) and ATIC (0.9036). GART is highly connected with AHCY

(0.9314) and TYMS (0.9233) (Supplementary Data 8).

Discussion

In the present work we have explored possible in silico configurations of the FOCM pathway to simulate
imbalances in the DS condition. An original FOCM model has been extended here through the incorporation of
the reaction catalyzed by the enzyme CBS (encoded by a gene located on Hsa21 that is found in an additional
copy in DS), coupled with the MET input rate, leading to an open model more in agreement with the actual
biological functioning of the pathway. The validation procedure performed on the newly extended model
highlighted the consistency with previously reported findings described in the original papers?%?’, proving its

reliability. The extended validated model has then been exploited to systematically perturb each enzyme activity



rate, individually reducing or increasing each of the 17 model reaction activity rates, one at a time by a factor of
2/3 or 3/2, respectively, and computing each new steady state to simulate inhibitory or enhancing pathway
imbalances potentially driven by the additional third copy of Hsa21 in DS condition. After each perturbation and
simulation, the model variable values obtained at the new perturbed steady state (resembling possible hypotheses
of DS condition) were compared with initial variable values at the steady state of the unperturbed model
generating a computed model-derived DS/non-DS ratio. These ratios highlighted that the perturbed model
configuration at steady state is affected in different ways by different enzyme activity rate perturbations with
some of them more effectively altering than others, probably reflecting the relative enzymes that are more
connected or more peripheral in the pathway.

The computed model-derived variable ratios were then in turn compared with experimental plasma
concentration ratios measured in DS/non-DS children and young individuals and reported in the literature for
five metabolites of interest: THF, 5SmTHF, SAM, SAH and 5fTHF (see Figure 4 for a summary of the main
results presented in this study). The aim was to identify the set of enzyme perturbations capable of redistributing
the folate forms within the FOCM pathway, consistent with currently available data for DS at a young age. This
assessment of the concordance between model-derived and experimental ratios was aided by utilizing a relative
error calculation in combination with predetermined levels of uncertainty. As one might expect, overall, the
concordance of each enzyme activity rate perturbation gives variable ratios that are more concordant with
experimental ratios as the uncertainty increases. However, this approach also revealed that the concordance with
all five experimental ratio values is almost never reached because achieving consistency for the metabolite SAH
seems to pose a greater challenge. This may be attributed to the substantial difference in the number of data
points between the DS and non-DS groups. Since the estimation of the best fixed uncertainty threshold 6 to
analyse the results could be difficult to identify, we also implemented a bootstrap procedure based on a
randomized number generation approach to establish a data-driven approach for evaluating the concordance
between model-derived variable ratios and experimental data. This procedure showed that the concordance
increases for each enzyme and for both types of activity rate perturbation as the intervals are gradually expanded,
covering the entire population. This approach highlights again that the overall score associated with the

metabolite SAH remains consistently low across most of the analyzed intervals, thus the achievement of a total



score of 4 for each enzyme, accounting for consistent results with THF, 5SmTHF, SAM, and 5fTHF, is truly
noteworthy. The scores obtained with the [First Quantile - 1.5 « IQR, Third Quantile + 1.5 « IQR] interval, which
covers 98% of the data in a general distribution, better resemble the score results obtained by 0.254 fixed
uncertainty for 2/3 enzyme activity perturbation and 0.274 fixed uncertainty for 3/2 enzyme activity perturbation.
Thus, these results were taken into consideration when investigating the ratio expression values between DS and
non-DS conditions for genes encoding FOCM enzymes. Analysing brain and all tissues' transcriptome maps
available in the literature, concordance between gene under-expression ratio values and encoded enzyme 2/3
activity perturbation was found for GNMT, MAT-I, and MAT-I1I1, which obtained a score of 3 in the comparison
of model-derived with experimental metabolite ratios. Gene over-expression values concordance with encoded
enzyme 3/2 activity perturbation was notably not favourable for CBS (encoded by CBS on Hsa21) as obtained
model-derived vs. experimental metabolite ratio concordance scores of 2 with fixed uncertainty and 1 with
bootstrap procedure. Gene over-expression value concordance was found instead for DHFR, PGT, SAHH and
TYMS which obtained a score of 3 in the comparison of model-derived metabolite with experimental ratios and
for FTS which notably obtained a score of 4 in both fixed uncertainties and bootstrap procedures, thereby
strengthening our findings. Its encoding gene (MTHFD1), although located on chromosome 14, has one of the
highest numbers of connections with other FOCM genes in TissueNexus database. This comes from the fact that
FTS is an enzyme directly connected with THF, which has already been pointed out as the folate form most
interconnected in the folate pathway and product of ten enzymatic reactions8. FTS holds a critical position as it
facilitates the entry of formate and THF into FOCM through its three distinct enzymatic activities (5,10-
methylenetetrahydrofolate  dehydrogenase, 5,10-methenyltetrahydrofolate  cyclohydrolase and  10-
formyltetrahydrofolate synthetase), which catalyse the sequential interconversion of one-carbon derivatives of
THF for methionine and thymidylate syntheses, and generate 10fTHF for de novo purine syntheses driven by
PGT?. PGT also achieved good scores in 3/2 perturbation enzyme activity rate in line with the over-expression
ratio of its encoding gene GART, which is located on Hsa21, also confirmed by proteome analysis in trisomy 21
versus euploid fibroblast cells®. Unfortunately, this and other proteome data available in the literature for the

DS condition3! did not allow us to confirm other results.



The primary limitation of our study is the lack of transcriptomic, proteomic, and metabolomic data
available for genes, metabolites, and enzymes of our interest and central to the FOCM pathway together for the
same DS and non-DS sample groups. These data could help to better investigate our first assumption that the
additional third copy of Hsa21 (in a ratio of 3:2 compared to the normal pair of Hsa21) may result in direct
alteration of 3:2 or 2:3 of the FOCM enzyme activities. Another limitation concerns the quality and quantity of
the literature data used to compare the computed model-derived variable ratios in our analysis for the five
metabolites of our interest (THF, 5SmTHF, SAM, SAH, and 5fTHF). In particular, the relatively low number of
experimental data points for the SAM metabolite and the general difference in length between the DS and non-
DS datasets in Vione et al.'® should be highlighted as potential areas of improvement when more data points
become available. While other datasets of plasma metabolomic analysis in trisomy 21 subjects compared with
control samples are available®>33, the measured abundance values refer to metabolites not central in the FOCM
pathway and the average ages (mainly adults) is not comparable with the ones of our analysis. However, our tool

is also made available for similar simulations (MATLAB code available at https://github.com/cosbi-

research/FocmDownSyndromehttps://github.com/cosbi-research/FocmDownSyndrome), such as those

involving other types of enzyme activity rate perturbations, when these data are made available in the literature.
Finally, a promising model extension could be the inclusion of nuclear de novo thymidylate synthesis in the
model, which is known to be affected in many pathologies resulting from impairments in one-carbon
metabolism?*. An ongoing research effort in this direction is currently underway within our research group.

In conclusion, we presented a FOCM model modified ad hoc to explore possible in silico configurations
that can be linked to the DS condition and evaluate the concordance with experimental evidence. Our results,
also supported by transcriptome evidence, strengthen the crucial role of the entrance of THF in the one-carbon
cycle and that FTS activity needs to be investigated more in detail, as it had also been found to be over-expressed

in fetuses with DS compared with control group (Cl-tetrahydrofolate synthase)®.

Methods

Extension of FOCM model to simulate the Down syndrome imbalances
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The starting FOCM model used as the foundation of subsequent extensions and perturbations performed
here to simulate DS imbalances derived from previous works?:27. Briefly, in 2017 Misselbeck et al.?® developed
a mathematical model to represent the FOCM pathways in cytoplasm, treating it as a closed system of reactions,
expanding upon the fundamental work by Reed et al.?°>. The model included 12 variables that represented distinct
forms of folate (THF, 10fTHF, 5,10-methenyl-THF, 5,10-methylen-THF, dihydrofolate, 5mTHF), the enzyme
serine hydroxymethyltransferase (SHMT), the complex 5SmTHF:SHMT, formed through the binding of 5SmTHF
and SHMT, and various metabolites (HCY, MET, SAM, and SAH). Certain substrates (nicotinamide adenine
dinucleotide phosphate reduced form or NADPH, oxidated form or NADP*, deoxyuridine monophosphate or
dUMP, serine, glycine, glycinamide ribonucleotide or GAR, 5-aminoimidazole-4-carboxamide ribonucleotide
or AICAR, betaine, and formate) were considered constants over time, based on observations from earlier
work?®. The model was further extended in the subsequent study?’ by incorporating the futile cycle, integrating
5fTHF and methenyltetrahydrofolate synthetase (MTHFS) along with the relevant reactions involving these
variables. The extended model thus consisted of 14 variables and 17 reversible and irreversible enzyme reactions
implemented as a set of Ordinary Differential Equations (ODEs), where reaction rates were specified by
Michaelis-Menten formulas. Parameter estimates were obtained from literature or calculated through nonlinear
least square optimization as detailed in Misselbeck et al.?62". Kinetic constants were derived from polyglutamate
cofactors and their interaction with enzymes, mainly purified from L1210 (murine lymphocytic leukemia cell
line) cells or other mammalian tissue when possible?.

In order to obtain a more suitable FOCM model for simulating the DS imbalances, the model publicly
available in Misselbeck et al.?62" has been further extended in the present work (leading to an extended model
as named from here on) through the incorporation of the reaction catalyzed by the enzyme CBS coupled with
the MET input rate, as graphically represented in the model diagram provided in Figure 1.

CBS, encoded by the CBS gene located on Hsa21, is a key player in the transsulfuration pathway. The
intricacies of the CBS-catalyzed reaction’s kinetics, activated by SAM, are clarified through the utilization of

the following Michaelis-Menten formula (R: reaction, V: velocity), introduced in Reed et al.?®.

CBS
Rcps : HCY — cystathionine (1)



Viens :< Vinax [HCY]> ( (1.2)([SAM] + [SAHDZ) o

K, + [HCY]) \ 302 + ([SAM] + [SAH])?
where the Michaelis-Menten constant is Km = 1000 uM and the maximum rate of the reaction is Vmax = 90,000
uM/h.

The incorporation of the MET input rate was guided by the insights provided by Reed et al.? based on
the work by Storch et al.?®, which considered both fasting and non-fasting states. As the context under
consideration may involve scenarios both during fasting and non-fasting states, an average value of 100 uM for
the MET input rate was adopted here, capturing a broader range of situations. The thus extended model, in
agreement with Reed et al.?>, is no longer a closed model and should, therefore, be more in agreement with the

actual biological functioning of the pathway.

Validation of the extended FOCM model

The modifications introduced in the newly extended model, as detailed above, might have changed the
behaviour of the model itself. In order to ensure the reliability of the newly extended model and the consistency
with previously reported findings, we performed a validation procedure by reproducing the experimental
scenarios originally described in the original papers?®?’. The validation step was carried out by performing a
series of simulations using the MATLAB integrator ode15s and comparing the results with those obtained from
the original model under the following three conditions. (1) The effect on FOCM of varying the amount of
glycine, essential to compare the model’s results with empirical data generated in MCF-7 cells, as observed by
Herbig et al. (2002)%"; simulations were carried out by altering glycine levels from 0 mM to 10 mM, while
observing the variable concentration trends at the steady state of the model. (2) The effect on FOCM of different
levels of methylenetetrahydrofolate reductase (MTHFR) activity, a critical enzyme involved in the folate cycle,
to observe how the model responded to alterations due to C667T polymorphism3®. Simulations were conducted
at a steady state with diverse values of the parameter associated with the MTHFR-catalyzed reaction, spanning
from 2 times to 0.3 times that of the wild type. (3) The effect on FOCM of different MTHFS and SHMT
activity®627. Simulations were executed under various scenarios for the activity of SHMT and MTHFS enzymes

while considering model variables at a steady state. The specific conditions tested are the following: standard



MTHFS and SHMT activity (parameters for MTHFS and SHMT were maintained at standard values); halved
MTHEFS activity and standard SHMT activity (SHMT activity remained unaffected while the MTHFS-catalyzed
reaction parameter was reduced to 0.5 times its value); negligible MTHFS activity and standard SHMT activity
(MTHFS-catalyzed reaction parameter was set to 0, while SHMT activity retained its standard value); negligible
MTHFS and SHMT: CHF —> 5fTHF activity (the MTHFS parameter and initial value of 5fTHF were set to 0
and the SHMT activity was turned off by setting its parameter to 0 for the corresponding reaction); standard
MTHFS and SHMT activity without MTHFS inhibition by 10fTHF (standard model parameterization where the
part of the equation related to MTHFS inhibition by 10fTHF was omitted). The initial values considered for the
simulations were those illustrated in the study conducted by Misselbeck et al. (2019)%’. The trends of the
concentration values and enzyme rates obtained by the simulations of the newly extended model (see
Supplementary Note 2 and Supplementary Data 1) were compared with those available in the original papers
(please refer to Figure 2 and Tables 1-6 published in Misselbeck et al. (2017)% and to Tables 1-5 published in
Misselbeck et al. (2019)?") to evaluate the reliability and accuracy of the model modified here and its consistency

with the previous findings.

Perturbation of enzyme activity rate

In order to simulate possible imbalances of FOCM pathways in DS condition, we proceeded to
systematically perturb enzyme activity rates in the newly extended model. In concordance with the dosage
hypothesis in DS condition®*4°, we assumed that the presence of the additional third copy of Hsa21 (in a ratio of
3:2 compared to the normal pair of Hsa21), may lead to an altered expression of genes located on Hsa21 itself
and/or on other chromosomes by the expected 3:2 ratio or by a 2:3 ratio (the latter due to the inhibitory effect).
This over- or under- expression may consequently result in alteration of 3:2 or 2:3 of the FOCM enzyme
activities, finally leading to pathway imbalances. Therefore, perturbation was algorithmically imposed on the
model by individually reducing or augmenting each of the 17 model reaction activity rates by a factor of 2/3 or
3/2, respectively. For bidirectional reactions catalyzed by the same enzyme (e.g., methylene-tetrahydrofolate
dehydrogenase or MTD, methenyl-tetrahydrofolate cyclohydrolase MTCH, and S-adenosyl-homocysteine

hydrolase or SAHH), both directions were perturbed simultaneously. The resulting 34 perturbed models were



then simulated to compute their new steady states, representing possible hypotheses of FOCM configurations in
DS. A MATLAB function was developed to calculate, for each enzyme reaction rate perturbation, the ratio of
perturbed to unperturbed concentrations for all 14 model variables, thereby representing a DS vs. non-DS ratio.
Specifically, this computed ratio is calculated between the model variable concentration value (z) obtained at the
steady state after perturbation for the DS condition and the model variable concentration value (y) in non-DS

(represented by the unperturbed model at the steady state), following the approach depicted in Figure 2.

Experimental dataset

Computed model-derived variable ratios were then compared with experimental data available in the
literature. In particular, a public dataset provided by a previous work?8 reported DS/non-DS concentration ratio
for the five metabolites THF, 5mTHF, SAM, SAH and 5fTHF measured in plasma samples through the enzyme-
linked immunosorbent assay (ELISA) and was used for this purpose. The global cohort was represented by 164
subjects with DS, with a mean age of 11.55 years and 54 subjects from the control group, with a mean age of
14.53 years'8. We chose DS/non-DS mean concentration ratio values, excluding outliers: 0.72 for THF, 1.11 for
5mTHF, 1.28 for SAM, 3.45 for SAH, and 1.04 for 5fTHF (please refer to Supplementary Table 6 published in
Vione et al.8).

In order to identify which enzyme reaction rate perturbation reaches the best concordance between the
computed variable ratios and experimental data available in the literature, a procedure based on relative error

calculation and a bootstrap technique was used as outlined in Figure 3 and detailed in the next paragraphs.

Comparison with experimental data through fixed uncertainties

For the five metabolites THF, 5SmTHF, SAM, SAH and 5fTHF, the ratios computed by model simulation
(variable steady state value after perturbation vs. unperturbed variable steady state value, Figure 2) were then
compared with those experimentally provided by a previous work?*e, as explained above, using the relative error

calculation formula:

|Ur _vp|
Ur

(3)



where vr denotes the real (experimental) value extracted from the literature, and vy is the model-predicted value

generated by the MATLAB function. In each case, for the five metabolites of interest, the MATLAB function
allocated a score of 1 (positive match) when

|vr—vp|
s @)

according to a fixed uncertainty threshold 6, 0 (negative match) otherwise.

The fixed uncertainty thresholds & were arbitrarily chosen and ranged from 0.01 to 0.6 (corresponding
to 60% of the uncertainty). The MATLAB function was then extended to calculate, for each enzyme activity rate
perturbation, two scores used to present the results. A total score for each perturbed enzyme, which ranges from
0 to 5, indicates the number of the five considered metabolites that have a computed ratio in agreement with the
experimental data. In addition, for each metabolite of interest, an overall score which ranges from 0 to 17
indicates the extent of concordance between the computed ratios and those from the experimental data for each

of the 17 enzyme reaction activity perturbations.

Comparison with experimental data through a bootstrap procedure

A limitation of the analysis introduced above is that it requires an estimate of the fixed uncertainty
threshold & that could be difficult to identify. For this reason, to establish a data-driven approach for evaluating
the concordance between model-derived variable ratios and experimental data, we also implemented a bootstrap
procedure based on a randomized number generation approach. Specifically, a MATLAB function was
developed to generate in silico datasets for both the DS and control conditions for each of the five metabolites
of interest, ensuring that each dataset matched the length of the original experimental data. Within each in silico
dataset, metabolite values were randomly generated to replicate the distribution observed in the corresponding
experimental dataset.

Subsequently, metabolite mean values were computed for each condition and the DS/control ratio was
calculated. This process was iteratively repeated for a predefined number of iterations (100, 300, 500, 800, and
1000), yielding a vector of ratio values. Since increasing the number of iterations from 800 to 1000 did not yield

an appreciable difference in the computed values, we interpreted 1000 iterations as sufficient to achieve a good



level of stability in our results. Therefore, we considered only the values computed with this number of iterations
in the Results section.

From the computed vector of ratio values, key statistical measures were derived, including the mean,
median, standard deviation, first quartile, and third quartile that were then used to assess the agreement between
the model simulations and the experimental dataset'®. For this reason, we employed a MATLAB function that
assigns a score of 1 if the model variable ratio falls within a designated interval and 0 otherwise for each
metabolite of interest. We examined the following intervals, unique to each metabolite, which have been derived
from the outcomes of the bootstrap procedure:

1. the interval [Mean - Standard Deviation, Mean + Standard Deviation] which is based on the assumption of a
normal distribution within the data population and encompasses 68.2% of the dataset.

2. The interval [Mean - 1.96 « Standard Deviation, Mean + 1.96 ¢ Standard Deviation], assuming a normal
distribution, which includes 95% of the data.

3. The interval [First Quantile, Third Quantile], accommodating the general distribution of data, which contains
50% of the data.

4. The interval [First Quantile - 1.5 ¢ interquartile range or IQR, Third Quantile + 1.5 « IQR], under the
assumption of a general distribution, which covers 98% of the data.

In addition to the comparisons reported above, we conducted an additional analysis by defining an
interval that encompassed the entire population and further expanded its minimum and maximum boundaries
using the following formula [Minimum Value — y « Minimum Value, Maximum Value + y « Maximum Value],
where y=0.05+k+0.05withk=0, 1, ..., 10, 11. This test was designed to evaluate the level of uncertainty

required to satisfy specific constraints that proved particularly challenging to fulfill in our simulations.

Gene expression meta-analysis

In order to explore if enzyme activity rate perturbations may be concordant with enzyme encoding gene
expression values in DS (trisomy 21) compared with non-DS control (euploid) conditions, quantitative
transcriptome maps of human trisomy 21 provided in the published study by Pelleri et al. (2018)%® obtained

through the use of the Transcriptome Mapper (TRAM) software*! were used. Each FOCM enzyme name was



searched in the KEGG (Kyoto Encyclopedia of Genes and Genomes) Enzyme database

(https://www.genome.jp/kegg/annotation/enzyme.html)*? and the corresponding enzyme commission number

and encoding gene symbol for Homo sapiens were annotated. The list of gene symbols was used to export
corresponding expression ratio values between DS (trisomy 21) and non-DS control (euploid) conditions in
various available tissues focusing on brain transcriptome map from TRAM. Precisely, FOCM enzyme encoding
genes with expression ratio <0.76 were considered in concordance with 2/3 enzyme activity rate perturbation,
while genes with expression ratio >1.30 were considered in concordance with 3/2 enzyme activity perturbation.
Genes for which under- or over-expression was considered in concordance with 2/3 or 3/2 enzyme activity rate
perturbation statistically selected through fixed uncertainties and bootstrap procedure were searched in

TissueNexus (https://diseaselinks.com/TissueNexus/)*3, a comprehensive database housing 49 functional gene

networks constructed by integrating 1,341 RNA-seq datasets and 52,087 individual samples through artificial
intelligence. This database was used to explore possible gene pairs, each associated with a Pearson correlation
coefficient. Brain gene pair dataset with edge weight >0.5 was downloaded and searched for interesting genes,

with particular attention to Hsa21.

Data availability

This work is based on public datasets. All the computed data are provided in the Supplementary Data.

Code availability
The MATLAB code to simulate the mathematical model employed in this study is available at
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Cytoplasm

Figure 1. Model diagram of the folate-mediated one-carbon metabolism (FOCM), derived from the model
described in Misselbeck et al.?” extended with the addition of the methionine input rate (METin, displayed in
the top right area of the diagram) and the reaction catalyzed by cystathionine 3-synthase (CBS, displayed in the
bottom right area of the diagram). Green rectangles identify model variables, orange circles represent enzymes
(except for serine hydroxymethyltransferase or SHMT, which is considered a model variable in the original
model), non-boxed substrates indicate model constants, solid black arcs identify matter transformations, dashed
black arcs represent regulatory events (“T” shaped arrows identify inhibitions and standard arrows identify

activations). The list of abbreviations is available in Supplementary Note 1.
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Figure 2. Diagram describing the workflow for the computation of the model variable ratios in the example case

of tetrahydrofolate (THF). The final output is the ratio of the THF value at steady state simulated by our model



under a perturbation relative to the Down syndrome (DS) condition (z) to the THF value at steady state relative
to the non-DS control condition (y) from the unperturbed model. This procedure was repeated for each enzyme

reaction rate perturbation and for each of the 14 model variables.

Score = 1 when ERR < §

Procedure 1: relative Computation of the relative
error and fixed error (ERR) and fixed

uncertainty uncertainty (5)

Score = 0 when ERR > §
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[
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Figure 3. Diagram describing two different approaches to assess the agreement between computed model-
derived variable ratios (“Ratio z/y”’) and experimental data for the example case shown in Figure 2, and applied
for the five metabolites of interest (tetrahydrofolate (THF), 5-methyl-tetrahydrofolate (5mTHF), S-adenosyl-
methionine (SAM), S-adenosyl-homocysteine (SAH) and 5-formyl-tetrahydrofolate (5fTHF)). The first
procedure is based on the computation of a relative error and a fixed uncertainty, while the second is based on a

bootstrap technique. Details are provided in the Methods section.
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Figure 4. Summary diagram of the main results obtained following folate-mediated one-carbon metabolism
(FOCM) enzyme activity perturbations by 2/3 (A) or by 3/2 (B) and comparison of the computed ratio between
the steady-state value after perturbation (representing the Down syndrome, DS, condition) and the initial steady-
state value of the unperturbed model (non-DS) with literature data for the five metabolites of interest
(tetrahydrofolate (THF), 5-methyl-tetrahydrofolate (5mTHF), S-adenosyl-methionine (SAM), S-adenosyl-
homocysteine (SAH) and 5-formyl-tetrahydrofolate (5fTHF)). The first column reports the perturbed enzymes.
For enzymes catalyzing bidirectional reactions (e.g., MTD, MTCH, and SAHH), both reaction directions were
perturbed simultaneously. For each enzyme are shown: the concordance score obtained using a relative error-
based procedure for a selection of fixed uncertainties showing notable changes; the score determined with the
bootstrap procedure for the interval [First Quantile - 1.5 « IQR, Third Quantile + 1.5 « IQR]; the relative encoding
gene and its chromosome (Chr) location; the DS versus non-DS gene expression ratio derived from transcriptome
maps available in Pelleri et al. 201828, Enzymes with the highest concordance scores whose perturbation was
consistent with relative encoding gene under- or over-expression are highlighted with a rectangle. Complete
results are provided in the Supplementary Data, and additional methodological details are described in the

Methods section.

Tables

Table 1. Computed ratio values for perturbation of enzyme activity rates by 2/3 or by 3/2.

THF 5mTHF SAM SAH 5fTHF THF 5mTHF | SAM SAH 5fTHF
Exp. Ref. 0.72 111 1.28 3.45 1.04 | Exp. Ref. 0.72 111 1.28 3.45 1.04
213 312
DHFR 1.0001 0.9995 | 0.9997 | 1.0001 | 1.0003 | DHFR 1 1.0003 | 1.0002 | 0.9999 | 0.9998
TYMS 0.9904 1.0020 | 1.0011 | 0.9996 | 0.9964 | TYMS 1.0146 0.9970 | 0.9984 | 1.0006 | 1.0053
PGT 0.8307 1.0002 | 1.0001 1| 1.0014 | PGT 1.2944 0.9996 | 0.9998 1| 0.9979
AICARF 0.8035 1.0002 | 1.0001 1| 1.0016 | AICARF | 1.3509 0.9994 | 0.9997 1| 0.9975
MTHFR 1.1646 0.1920 | 0.3988 | 1.4442 | 4.0865 | MTHFR | 0.8118 1.7181 | 1.3328 | 0.8998 | 0.1451
MS 0.8122 1.7151 | 1.1531 | 0.8623 | 0.1468 | MS 1.1651 0.1939 | 0.4363 | 1.5158 | 4.0759
MTHFS 0.9687 0.9815 | 0.9899 | 1.0040 | 1.4588 | MTHFS 1.0236 1.0130 | 1.0070 | 0.9972 | 0.6799
FTS 1.9216 0.9981 | 0.9990 | 1.0004 | 0.9944 | FTS 0.5804 1.0003 | 1.0002 | 0.9999 | 1.0038




MTD 1.002 0.9781 | 0.9881 | 1.0048 | 1.0481 | MTD 0.9987 1.0143 | 1.0077 0.997 | 0.9695
MTCH 1.0004 0.9977 | 0.9987 | 1.0005 | 1.0036 | MTCH 0.9998 1.0015 | 1.0008 | 0.9997 | 0.9976
BHMT 1.0063 0.9689 | 0.6848 | 0.8822 | 1.0666 | BHMT 0.9943 1.0280 | 1.7442 | 1.2048 | 0.9428
SAHH 0.9916 1.041 | 2.6112 | 3.0359 | 0.9171 | SAHH 1.0078 0.9616 | 0.7351 | 0.5393 | 1.0827
MAT-II 1 1 1 1 1 [ MAT-HI 1 1 1 1 1
MAT-I 1 1 1 1 1 | MAT-I 1 1 1 1 1
GNMT 0.9977 1.0114 | 1.2474 | 0.9139 | 0.9764 | GNMT 1.0026 0.9874 | 0.7932 | 1.1117 | 1.0266
DNMT 0.9942 1.0282 | 1.8832 | 0.7973 | 0.9423 | DNMT 1.0053 0.9739 | 0.6099 | 1.2610 | 1.0556
CBS 1.0113 0.9442 | 1.7941 | 1.4363 | 1.1218 | CBS 0.9883 1.0572 | 0.6806 | 0.7717 | 0.8859

List of ratio values computed between the value reached

at the steady state after each enzyme activity

perturbation by 2/3 (on the left) or by 3/2 (on the right) representing Down syndrome condition and the initial

steady state value (related to unperturbed model as a control) for tetrahydrofolate (THF), 5-methyl-

tetrahydrofolate (5mTHF), S-adenosyl-methionine (SAM), S-adenosyl-homocysteine (SAH) and 5-formyl-

tetrahydrofolate (5fTHF). The first column reports the perturbed enzymes. For enzymes catalyzing bidirectional

reactions (e.g., MTD, MTCH, and SAHH), both reaction directions were perturbed simultaneously. All the 14

variable ratio values are available in Supplementary Data 2. The complete list of abbreviations is available in

Supplementary Note 1. In the first row (Exp.Ref.) the mean Down syndrome/non-DS metabolite concentration

ratio values measured in plasma samples by Vione et al.'8 are reported.

Table 2. Total scores considering fixed uncertainties 8 for each enzyme when its activity was decreased

using the factor 2/3 (left) or increased 3/2 (right).

Enzyme

Fixed uncertainties perturbation 2/3

Fixed uncertainties perturbation 3/2
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BHMT 1 1 2 2 3 4 0 2 2 3 4 4
SAHH 0 1 2 3 4 4 1 1 2 3 3 4
MAT-HI 1 2 3 3 4 4 1 2 3 3 4 4
MAT-I 1 2 3 3 4 4 1 2 3 3 4 4
GNMT 1 3 3 3 4 4 1 2 2 2 4 4
DNMT 0 2 2 3 3 4 1 1 2 2 3 4
CBS 0 1 2 2 4 5 1 1 2 3 3 4

For each perturbation of enzyme activity (reduced to 2/3, left, or increased to 3/2, right), a score was assigned
by comparing the computed ratio—defined as the steady-state value after perturbation (representing the Down
syndrome, DS, condition) relative to the initial steady-state value of the unperturbed model (non-DS)—with the
corresponding experimental ratio. This comparison was performed for five key metabolites: tetrahydrofolate
(THF), 5-methyl-tetrahydrofolate (5SmTHF), S-adenosyl-methionine (SAM), S-adenosyl-homocysteine (SAH),
and 5-formyl-tetrahydrofolate (5fTHF). The concordance score was determined using a relative error-based
procedure, ranging from 0 (indicating a complete lack of agreement) to 5 (indicating concordance across all five
metabolites). The first column reports the perturbed enzymes. For enzymes catalyzing bidirectional reactions
(e.g., MTD, MTCH, and SAHH), both reaction directions were perturbed simultaneously. A selection of fixed
uncertainties for which remarkable changes were evident was made, while complete results for all considered
fixed uncertainties (8) are available in the Supplementary Data 3. The list of abbreviations is available in

Supplementary Note 1.

Table 3. Intervals for the five metabolites dedicated to the analysis of enzyme activity perturbation with

the bootstrap procedure.

Metabolite First Quantile Third quantile
THF 0.684 0.792
5mTHF 1.085 1.157
SAM 1.323 1.720
SAH 3.291 3.899
5fTHF 1.023 1.061
Metabolite | First Quantile - 1.5 - IQR | First Quantile + 1.5 - IQR
THF 0.521 0.955
5mTHF 0.978 1.265
SAM 0.727 2.316
SAH 2.380 4.810




5fTHF

0

.966

1.118

The two intervals assume a general distribution derived from the bootstrap procedure with 1000 iterations, with

which to compare the model computed variable ratios for tetrahydrofolate (THF), 5-methyl-tetrahydrofolate

(5mTHF), S-adenosyl-methionine (SAM), S-adenosyl-homocysteine (SAH) and 5-formyl-tetrahydrofolate

(5fTHF). IQR: interquartile range.

Table 4. Results of enzyme activity perturbations (2/3, top; 3/2, bottom) evaluated within the

[First Quantile - 1.5 - IQR, Third Quantile + 1.5 - IQR].
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MTCH 0 1 1 0 1 3
BHMT 0 1 1 0 0 2
SAHH 0 0 1 0 1 2
MAT-II 0 1 1 0 1 3
MAT-I 0 1 1 0 1 3
GNMT 0 1 1 0 1 3
DNMT 0 0 0 0 1 1
CBS 0 1 0 0 0 1
Total score 2 13 14 0 12

For each enzyme activity perturbation (2/3, top; 3/2, bottom), the five metabolites—tetrahydrofolate (THF), 5-
methyl-tetrahydrofolate (5SmTHF), S-adenosyl-methionine (SAM), S-adenosyl-homocysteine (SAH), and 5-
formyl-tetrahydrofolate (5fTHF)—were evaluated. For each metabolite, the computed ratio (steady-state value
after perturbation, representing the DS condition, relative to the initial steady-state value of the unperturbed
model used as control) was compared with the interval [First Quantile - 1.5 « IQR, Third Quantile + 1.5 « IQR]
obtained from a bootstrap procedure with 1000 iterations (Table 3). A score of 1 was assigned if the ratio fell
within this interval; otherwise, a score of 0 was assigned. The first column reports the perturbed enzymes. For
enzymes catalyzing bidirectional reactions (e.g., MTD, MTCH, and SAHH), both reaction directions were

perturbed simultaneously. The list of abbreviations is available in Supplementary Note 1.

Table 5. Folate-mediated one-carbon metabolism enzymes and corresponding encoding genes.

Enzyme Enzyme commission | Gene Chromosome
number

AICARFT | 2.1.23 ATIC 2
BHMT 2.1.15 BHMT 5
CBS 42122 CBS 21
DHFR 1513 DHFR 5
DNMT 2.1.1.37 DNMT1 19
FTS 6.3.4.3 MTHFD1 14
GNMT 2.1.1.20 GNMT 6
MAT-I 25.1.6 MATI1A 10




MAT-II 25.1.6 MATIA 10
MS 2.1.1.13 MTR 1
MTCH 3.5.4.9 MTHFD2 2
MTD 1.5.1.15 MTHFD2 2
MTHFR 1.5.1.53 MTHFR 1
MTHFS 6.3.3.2 MTHFS 15
PGT 2122 GART 21
SAHH 3.132.1 AHCY 20
SHMT 2121 SHMT1 17
TYMS 2.1.1.45 TYMS 18

For each enzyme considered in the folate-mediated one-carbon metabolism (FOCM) model, relative commission

number, encoding gene and its chromosomal location as retrieved in the KEGG (Kyoto Encyclopedia of Genes

and Genomes) Enzyme database are reported.

Table 6. TissueNexus correlations

Gene Total FOCM
correlations | correlations

AHCY 1198 10
CBS 1162 8
DHFR 1780 14
GART 1385 10
GNMT 831 8
MAT1A 477 8
MTHFD1 1239 13
TYMS 1928 10

For each enzyme achieving the highest scores in the perturbation analyses, the corresponding encoding gene was
queried in the TissueNexus database. Correlations with an edge weight > 0.5 in brain tissue—both with other
genes in general and specifically with other folate-mediated one-carbon metabolism (FOCM) genes—were then
identified and reported. The correlations of these genes with other FOCM genes are reported in Supplementary

Data 8.



