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glutaric acid, cholesterol, and fatty acid concentrations.

mitochondrial citrate transporter.
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(Bacl(ground: The most common microdeletion congenital disorder, 22qDS, is the second risk factor for schizophrenia.
Results: Plasma metabolomics in 22qDS consisted of an oxidative phosphorylation-to-glycolysis shift with altered 2-hydroxy-

Conclusion: Despite the haploinsufficiency of ~30 genes, the 22qDS metabolic signature chiefly reflected deficits in the

Significance: Biochemical profiling of 22qDS unveiled the impact of SLC25A1 haploinsufficiency.
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The congenital disorder 22q11.2 deletion syndrome (22qDS),
characterized by a hemizygous deletion of 1.5-3 Mb on chromo-
some 22 at locus 11.2, is the most common microdeletion disor-
der (estimated prevalence of 1 in 4000) and the second risk fac-
tor for schizophrenia. Nine of ~30 genes involved in 22qDS have
the potential of disrupting mitochondrial metabolism (COMT,
UFDIL, DGCRS, MRPL40, PRODH, SLC25A1, TXNRD2, T10,
and ZDHHCS). Deficits in bioenergetics during early postnatal
brain development could set the basis for a disrupted neuronal
metabolism or synaptic signaling, partly explaining the higher
incidence in developmental and behavioral deficits in these
individuals. Here, we investigated whether mitochondrial out-
comes and metabolites from 22qDS children segregated with
the altered dosage of one or several of these mitochondrial genes
contributing to 22qDS etiology and/or morbidity. Plasma
metabolomics, lymphocytic mitochondrial outcomes, and epi-
genetics (histone H3 Lys-4 trimethylation and 5-methylcyto-
sine) were evaluated in samples from 11 22qDS children and 13
age- and sex-matched neurotypically developing controls.
Metabolite differences between 22qDS children and controls
reflected a shift from oxidative phosphorylation to glycolysis
(higher lactate/pyruvate ratios) accompanied by an increase in
reductive carboxylation of a-ketoglutarate (increased concen-
trations of 2-hydroxyglutaric acid, cholesterol, and fatty acids).
Altered metabolism in 22qDS reflected a critical role for the hap-
loinsufficiency of the mitochondrial citrate transporter SLC25A1,
further enhanced by HIF-1a, MYC, and metabolite controls. This
comprehensive profiling served to clarify the biochemistry of this
disease underlying its broad, complex phenotype.
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A hemizygous deletion of 1.5-3 Mb on chromosome 22q11.2
(spanning ~30-45 genes) gives rise to 22q11.2 deletion syn-
drome (named hereafter 22qDS), a rather common congenital
disorder (prevalence of 1 in 4000) (1). This syndrome is charac-
terized by a complex phenotype that includes congenital heart
defects, craniofacial and velopharyngeal defects, recurrent
infections, endocrine dysfunction, neural anomalies, learning
disabilities, developmental delay, social impairments, and
behavioral problems that often lead to diagnoses such as atten-
tion deficit hyperactivity disorders (2). The 22qDS constitutes
the third highest genetic risk factor for schizophrenia (3) at
around 20-30% (4). Although this complex phenotype results
from an altered copy number/dosage of one or a combination of
genes located within the deleted region, limited research has
shed light on the contribution to developmental pathogenesis
underlying this syndrome (5). Meechan et al. (5) proposed that
a substantial number of genes within the 22q11.2 region act
specifically and in concert to mediate early morphogenetic
interactions and subsequent cellular differentiation at pheno-
typically compromised sites (limbs, heart, face, and forebrain).
Thus, if functionally similar subsets of 22qDS genes remain
expressed, the regulation of neurogenesis and synaptic devel-
opment occurs, particularly, in developing brain; however, if
the dosage of these genes is decreased, particularly during early
morphogenesis, localization and connectivity of neurons essen-
tial for normal behavior may be disrupted. Such disruptions
probably change the course of neurocognitive development in
ways that impair intellectual and social development and
increase the risk for schizophrenia in individuals with 22qDS
(6-38).

In this context, little is still known about how and which
genes within the 22q11.2 segment contribute, singly or in com-
bination, to the range of phenotypic variation. Of the many
genes (about 30) implicated in the 1.5-3-Mb deleted region,
nine of them have the potential to disrupt mitochondria
dynamics: COMT, UFDIL, DGCRS8, MRPL40, PRODH,
SLC25A1, TXNRD?2, T10,and ZDHHCS8. Among these, the first

SASBMB

VOLUME 290-NUMBER 38+SEPTEMBER 18,2015

/T0Z ‘G |udy uo sireq eiuiojieD jo Aisieaiun e /610°0q [ mmmy/:dny woly papeojumod


http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.M115.672360&domain=pdf&date_stamp=2015-7-28
http://www.jbc.org/

three might have an indirect effect on mitochondrial function
(particularly DGCRS), whereas the remaining six encode for
mitochondrial proteins expressed maximally at a time that
coincides with peak forebrain synaptogenesis shortly after birth
(9). A mouse model of 22qDS, with the 1.5-Mb deletion encom-
passing the mitochondrial genes, suggests that altered dosage of
one or more of these genes could lead to mitochondrial dys-
function and affect neuronal development, metabolism, and/or
synaptic signaling (9). The authors proposed that this deletion
may alter metabolic properties of cortical mitochondria during
early postnatal life because expression of Complex III subunits
was increased at birth in the 22qDS mouse model and declined
to normal values in adulthood (9). However, mitochondrial bio-
genesis increases dramatically after birth in several tissues,
including the brain (10). Deficiencies in mitochondrial metab-
olism due to altered dosage of one or several 22qDS mitochon-
drial genes, particularly during early postnatal brain develop-
ment, could set the basis for a disrupted neuronal metabolism
or synaptic signaling during perinatal periods, leading to alter-
ations in neurocognitive development in ways that impair intel-
lectual and social development and increase the risk for schiz-
ophrenia (3, 4, 6, 7). Although lower gene expression in
individuals with 22qDS is expected, due to the presence of sin-
gle copy genes, different genotypes from the remaining allele
could be associated with specific gene dosage thresholds, as
observed in other models (11). Furthermore, the presence of
different genetic backgrounds has the potential to affect the
phenotype (12). Indeed, as observed in the cardiac phenotype
associated with the TBX1 gene, a specific gene dosage threshold
may exist in which very small mRNA level reductions can
worsen the phenotype very rapidly (13). In addition, 6 of ~30
genes within 22qDS encode for mitochondrial proteins. It is
likely that an underlying mitochondrial dysfunction in 22qDS is
contributing to the etiology and/or morbidity of the syndrome.

To bridge this gap in knowledge, we performed plasma
metabolomics and mitochondrial function in peripheral blood
monocytic cells (PBMCs)? from 22qDS children (z = 11) and
age- and sex-matched typically developing (TD) controls (n =
13). Although the use of plasma and/or PBMCs could be criti-
cized because they may not reflect changes in other cells, such
as neurons, several reports have shown differential gene expres-
sion in PBMCs in disorders of the central nervous system (14—
16). In this regard, the use of PBMC gene expression as a sur-
rogate for the brain has been reported for humans (17) as well as
for non-human primates (18). Moreover, to date, altered
expression of miRNAs involved in brain plasticity and matura-
tion with links to schizophrenia and other psychiatric diagnoses
has been detected in both brain tissues and blood cells (4, 19,
20), suggesting that PBMCs could reflect or partly share the
metabolism of neural cells and therefore that they could also be
used in studies of psychiatric disorders. Our study provides

3 The abbreviations used are: PBMC, peripheral blood monocytic cell; TD, typ-
ically developing; mtDNA, mitochondrial DNA; H3K4, histone H3 Lys-4;
H3K4me3, H3K4 trimethylation; BisTris, 2-[bis(2-hydroxyethyl)lamino]-2-(hy-
droxymethyl)propane-1,3-diol; PLS-DA, partial least squares-discriminant
analysis; VIP, variable importance in projection; OXPHOS, oxidative phos-
phorylation; L/P, lactate/pyruvate; 2HG, 2-hydroxyglutaric acid; TCA, tricar-
boxylic acid; aKG, a-ketoglutarate.
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novel information for the development of targeted therapeutics
to overcome the altered gene expression that, alongside a range
of developmental processes, may contribute to the etiology
and/or morbidity of the phenotypic expression of 22qDS.

Experimental Procedures
Clinical Evaluation of Participants

Medical history and physical examination (including weight,
height, and body mass index) were collected for all participants
(Table 1). Medical history provided information about biolog-
ical risk factors, such as congenital heart disease, immune
dysfunction, endocrine abnormalities (hypocalcemia and hypo-
thyroidism), seizures, and cleft palate or velopharyngeal dys-
function. The Social Communication Questionnaire (21) was
used to screen for child autism features/social impairments,
with scores greater than 15 suggestive of autism symptoms (22).
The Swanson, Nolan, and Pelham Questionnaire, 4th edition
(23) was used to identify inattentive and hyperactive/impulsive
symptoms of attention deficit hyperactivity disorders and
screen for psychiatric diagnoses. Items were rated on a 4-point
scale from 0 (not at all) to 3 (very much). Average rating-per-
item subscale scores for both parent and teacher scales were
calculated for the inattention, hyperactivity/impulsivity, and
opposition/defiance domains.

Genetic Characterization of Subjects

Blood samples from children were collected, according to
University of California, Davis, Institutional Review Board-ap-
proved human subject protocols, in PAXgene blood RNA tubes
(Qiagen, Valencia, CA) in addition to purple-top tubes (EDTA)
for DNA isolation. Genomic DNA was isolated from 3—5 ml of
PBMCs using standard procedures (Qiagen). PBMCs were iso-
lated from BD Vacutainer CPT tubes (BD Biosciences) contain-
ing heparin, and PBMCs were separated, aliquoted, and stored
in liquid nitrogen within 24 h of collection according to the
manufacturer’s directions. All 22qDS patients presented the
3-Mb deletion except for one subject who had the 1.5-Mb dele-
tion. Diagnosis of 22qDS was performed by FISH using the
TUPLE]I gene. Samples were also screened by droplet digital
PCR, using a multiplex approach with the COMT and PIK4CA
assays in order to differentiate between individuals with either
the 1.5- or 3-Mb deletions. RPP30 was used as a reference con-
trol gene. Details of the methodology were described before
(24).

Mitochondrial Outcomes

Mitochondrial DNA (mtDNA) Copy Number—Changes in
mtDNA copy number per PBMC were evaluated by dual-la-
beled probes using quantitative PCR by using the gene copy
number of NDI normalized by a single-copy nuclear gene pyru-
vate kinase (25).

Mitochondrial DNA Deletions—Patients with single and
multiple mtDNA deletions have deletions in ND4 (mitochon-
drial gene encoding for the ND4 subunit of Complex I) and/or
CYTB (mitochondrial gene encoding for cytochrome b),
whereas the NDI (mitochondrial gene encoding subunit ND1
in Complex I) is rarely deleted. Therefore, mtDNA microdele-
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tions were estimated by using the gene copy number ratio of
CYTB and ND4 normalized to ND1 with dual-labeled probes
(26) in genomic DNA extracted from PBMCs. Incidence of
deletions was counted if the Z-score was =—1.

Lactate and Pyruvate Ratios—Lactate concentration was
measured with the YSI 2300 Stat Plus Glucose and L-Lactate
Analyzer, model 2300D (YSI Life Sciences, Yellow Springs,
OH). Pyruvate concentration was measured spectrophoto-
metrically at 570 nm in 10 ul of plasma with a pyruvate colori-
metric assay kit (BioVision, Milpitas, CA) according to the
manufacturer’s instructions.

Mitochondrial Enzymatic Measurements—Activities of cyto-
chrome ¢ oxidase and citrate synthase were analyzed spectro-
photometrically in PBMCs from 22qDS and TD individuals as
described previously (11).

Epigenetics

DNA Methylation—Genomic DNA was isolated from 3—5 ml
of PBMCs from 13 TD and 11 22qDS individuals using standard
procedures (Qiagen). The quantification of 5-methylcytosine
was carried out with 100 ng of DNA using a 5-mC ELISA kit
(Zymo Research, Irvine, CA) following the manufacturer’s
instructions.

Western Blots for Histone H3K4 Trimethylation Levels—
PBMCs were washed with PBS, pelleted by centrifugation at
300 X g for 5 min, and then extracted in 50 ul of radioimmu-
noprecipitation assay buffer. Cells were further homogenized
by sonication for 2 X 30 s with a cooling interval of 1 min in ice.
Protein concentrations of the samples were measured with the
Pierce™ BCA™ protein assay kit (Thermo Scientific). Ten pg
of protein were denatured in NuPAGE sample buffer (Invitro-
gen) plus 50 mum dithiothreitol at 70 °C for 10 min and then run
in a 4-12% gradient BisTris gel with MES buffer. The iBlot
system (Invitrogen) was utilized to transfer the proteins to a
nitrocellulose membrane at P3 setting for 7 min. The mem-
brane was washed with PBS and then blocked with (TBS) block-
ing buffer (LI-COR) for 1 h. Anti-histone H3 (trimethyl Lys-4)
primary antibody (Abcam; 1:3000 dilution) was probed over-
night at 0—4°C. Anti-histone H3 antibody (Cell signaling;
1:1000) was probed for 3 h at room temperature. Membranes
were washed with TBST three times for 10 min each. Secondary
goat anti-rabbit IRDye 800RD or goat anti-mouse IRDye
680RD secondary antibody (LI-COR; 1:20,000 dilution) were
added for 1 h at 20-22 °C. After three 10-min washes in TBST,
the membrane was visualized by the Odyssey imaging system
(LI-COR) and analyzed with the Carestream software (Eastman
Kodak Co.).

Statistical Analyses

A priori analysis to compute the required sample size (given
a = 0.05, power = 0.95, allocation ratio n TD/n 22qDS = 1.2)
indicated that to detect a 0.5 S.D. difference within each group,
the number of individuals per group would have to be 7 for
controls and 9 for 22qDS. Post hoc analysis to compute the
achieved power given the actual sample size utilized in this
study (« = 0.05) indicated that it was >0.994 when performed
with a selected group of metabolites (glucose, cholesterol, and
proline), lactate/pyruvate ratio, and citrate synthase activity
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(G*Power version 3.0.10). An unpaired, two-tailed Student’s ¢
test was used to compare outcomes from 22qDS and TD indi-
viduals with a significance value of p < 0.05.

Metabolomics, Data Processing, and Multivariate Statistical
Analysis

Analyte concentrations in plasma were determined by auto-
mated liner exchange-cold injection system-gas chromatogra-
phy followed by time-of-flight mass spectrometry. The mass
spectrometry was performed at the Metabolomics Facility at
UC Davis. Data were normalized by vector normalization of
identified metabolites. After verifying normal distribution of
dependent variables by a Kolmogorov-Smirnov test, a one-way
analysis of variance was carried out by using SPSS version 19.0
software (SPSS, Inc., Chicago, IL) to assess statistical difference
in baseline characteristics and the content of each metabolite
between the two diagnostic groups. A value of p < 0.05 was
considered significant. The contents of metabolites from
GC-MS were imported into XLSTAT for multivariate pattern
recognition analysis. Partial least squares-discriminant analysis
(PLS-DA), a method with the ability to effectively filter unre-
lated variations under a supervised model, was carried out to
examine the distributions and discriminations among groups
according to the metabolite patterns. S-plot and variable
importance in projection (VIP) in the PLS-DA mode were
implemented to search for important variables and potential
biomarkers with the greatest contribution to discrimination.
Pearson’s correlation analysis between the contents of plasma
metabolites and specific clinical features of 22qDS was con-
ducted by using XLSTAT 2014.5.01 or GraphPad Prism version
5.0 (GraphPad Software, La Jolla, CA).

Results

Clinical Description of 22qDS Individuals—11 children (7
males and 4 females) diagnosed with 22qDS (age 8 —15 years),
10 carrying the 3-Mb deletion and only one with a 1.5-Mb dele-
tion, were recruited to ascertain putative metabolic distur-
bances originated directly or indirectly from a sole deleted gene
or a combination of deleted genes within the 22q11.2 region.
Their outcomes were compared with those of 13 typically neu-
rodeveloping controls (10 males and 3 females) age 6 —13 years.
The incidence of attention deficit hyperactivity disorders (67%)
was the highest in the 22qDS group, followed by (in decreasing
order) congenital heart defects, low intellectual quotient (<70),
and social impairments, with lower incidence of seizures, renal
abnormalities, hypocalcemia, and immune dysfunction (Table
1). No differences were observed for head circumference or
body mass index (not shown).

Metabolic Pattern Recognition of 22qDS Plasma Samples—
Gas chromatography followed by time-of-flight mass spec-
trometry (GC-MS) was used to analyze plasma metabolites
from control and 22qDS children. A total of 148 metabolites
were identified, of which 34 were significantly different
between children with 22qDS and controls (accounting for 23%
of the ones identified). The majority of metabolites (94%) in
22qDS plasma samples were found at higher concentrations
than controls (Table 2). Among them were higher concentra-

SASBMB

VOLUME 290-NUMBER 38+SEPTEMBER 18,2015

/T0Z ‘G |udy uo sineq eiuiojieD jo Aisieaiun e /610°0q mmmy/:dny woly papeojumod


http://www.jbc.org/

Metabolic Signature of 22qDS$

TABLE 1

Details of the study population

NA, not available; NP, not present; P, present; n.s., not significant. Data are reported as mean * S.E. ADHD, attention deficit and hyperactivity disorder; APV, absence of
portal vein; Asd, atrial septal defect; CHD, congenital heart defect; CPC, choroid plexus cyst; FHM, functional heart murmur; FS, full scale; Hypc, hypocalcemia; IMM,
immune dysfunction; IQ, intelligence quotient; PDA, patent ductus arteriosus; PFO, patent foramen ovale; RA, renal abnormalities; RAA, right atrial appendage; SI, social
impairments; SZR, seizures; TA, trunchus arteriosus; TOF, tetralogy of Fallot; VR, venous return; VSD, ventricular septal defect. Underlined values are IQ scores < 70
(intellectually disability). Significance for the comparison between means was obtained by using the Student ¢-test, and between incidences was obtained by using the test
for one proportion (**, p < 0.01; ***, p < 0.001). No significant differences were observed for body mass index or head circumference; individual number 8 was the only one
in this cohort classified as overweight.

Diagnosis Age  Sex IQ CHD CHDType ADHD SI SZR RA Hypc IMM

) ratio (FS)

(M/F)

TD
(n=13) 10 £ 3.3 115

1 +5
Incidence - - 0 0 0 0 0 0 0 0
(%)
22qDS 10 £ 1.75 75 +
(n=11) 1 (ns.) 6

(n.s.) Ak
Incidence - - 454 60 67 22 125 125 125 125
Individual Age  Sex 1Q CHD CHDType ADHD SI SZR RA Hypc IMM
# (¥) (FS)
1 9 M 62 P VR and RAA NP NP NP NP NP NP
2 8 M 103 NP NP NA NA NA NA NA NA
3 10 M 71 NP NP P NP P NP NP NP
4 8 M 59 NP NP NP P NP NP NP NP
5 12 M 102 P TOF/ CPC P NP NP NP NP NP
6 15 F 48 P PDA, P NP NP NP P NP

Asd/VSD,
PFO, FHM

7 10 F 57 P APV P NP NP NP NP NP
8 8 F 83 P TOF NA NA NA NA NA NA
9 8 F 96 NA NA P P NA NA NP P
10 11 M 86 P TA P NP NP P NA NA
11 11 M 59 NP NP NP NP NP NP NP NA

tions of Pro and five other amino acids, two fatty acids, choles-
terol, lactate, and 2-hydroxyglutaric acid (2HG).

PLS-DA, a supervised multivariate statistical method for pat-
tern recognition, was applied to discriminate the two diagnostic
groups according to their differences in plasma metabolites
profiles. In order to determine whether the plasma metabolite
profile sufficiently distinguished between diagnostic groups
(regardless of broad differences in the 22qDS phenotype), all
children with 22qDS were combined as one class. Several
parameters, including R* and Q?, are commonly used to evalu-
ate the quality and reliability of the PLS-DA model. The
R?x(cum) and R*y(cum) represent explanatory capacity on vari-
ables in x and y matrices, whereas Q*(cum) explains the predic-
tive power of the constructed model. All observations fell
within the Hotelling T2 (0.95) ellipse, where the model fit
parameters were 0.358 of R*x, 0.970 of R*>y, and 0.711 of Q* (Fig.
1A). These values indicated that the PLS-DA model con-
structed for simultaneous discrimination of controls and chil-
dren with 22gDS has the appropriate fitness and prediction (R*
and Q* = 1). Indeed, the score plot analysis indicated that sam-
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ples were clearly classified into two clusters (i.e. controls and
children with 22qDS) according to the differences in their
global plasma metabolite profiles (Fig. 14).

In order to reveal potential metabolite biomarkers contrib-
uting the most to group separations, the S-plot and VIP were
constructed following the PLS-DA (Fig. 1B). S-plot integrates
covariance and loading plot of PLS-DA, in which the x axis and
y axis represent variable contribution and variable confidence,
respectively. The further the metabolite point departs from
zero of the x axis and y axis, the more the metabolite contributes
to group separation, and the higher reflects the confidence level
of the metabolite for the difference between groups, respec-
tively (27). The S-plot of controls and children with 22qDS
showed that samples from those with 22qDS were higher than
controls in cholesterol, glucose, hydroxylamine, propane-1,3-
diol, aminomalonate, Ser, and 2HG, followed by others, and
lower in metabolites, such as N-methyl-Ala and pyruvic acid
(Fig. 1B).

Biological Pathways Affected in 22qDS—To gain insight into
the metabolic pathways in 22qDS that are different from
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TABLE 2
Metabolite profiling from plasma of 22qDS compared with controls

Shown are significantly different metabolites between 22qDS and controls (Student’s ¢ test with p = 0.05) and with a VIP of =0.8. The ratio of means (22qDS over controls)
and their respective S.E. are shown. VIP was calculated from the PLS-DA run with all metabolites by using XLSTAT. In boldface type are shown metabolites involved in

oxidative stress metabolism. NA, not available.

KEGG PUBCHEM Compound VIP Ratio of means S.E. of ratio
Higher abundance
C00148 145742 Proline 1.47 222 1.02
C00099 239 B-Alanine 1.19 2.14 0.99
C01971 6255 Cellobiose 143 1.75 0.40
C03046 262 Butane-2,3-diol 1.61 1.60 0.25
C00064 5961 Glutamine 1.31 1.6 0.38
C02989 158980 Methionine sulfoxide 1.62 1.60 0.23
C00198 7027 Gluconic acid lactone 1.61 1.59 0.26
C00135 6274 Histidine 1.42 1.56 0.30
C00262 790 Hypoxanthine 1.61 1.54 0.19
C03283 134490 2,4-Diaminobutyric acid 1.28 145 0.22
C00954 802 Indole-3-acetate 1.50 143 0.17
C02630 43 2-Hydroxyglutaric acid 1.64 142 0.15
C00327 9750 Citrulline 1.49 1.37 0.15
C00078 6305 Tryptophan 1.48 1.37 0.17
NA 150929 3,4-Dihydroxybutanoic acid 1.49 1.36 0.13
C00503 222285 Erythritol 1.46 1.33 0.12
NA 98009 2-Hydroxyvaleric acid 1.18 1.32 0.18
C00872 100714 Aminomalonate 1.74 1.28 0.08
C00221 64689 Glucose 1.86 1.28 0.08
C00160 757 Glycolic acid 1.28 1.25 0.11
C02043 92904 Indole-3-lactate 1.40 1.25 0.17
C06425 10467 Arachidic acid 1.17 1.24 0.10
C01432 612 Lactic acid 1.10 1.23 0.11
C00187 5997 Cholesterol 1.95 1.23 0.06
C02457 10442 Propane-1,3-diol 1.81 1.22 0.06
C00188 6288 Threonine 1.26 1.21 0.09
C00079 6140 Phenylalanine 1.42 121 0.07
C00978 903 N-Acetyl-5-hydroxytryptamine 1.49 1.20 0.07
C01530 5281 Stearic acid 1.27 1.20 0.08
C00192 787 Hydroxylamine 1.84 119 0.04
C00065 5951 Serine 1.69 1.18 0.05
C07064 11333 Lactulose 1.56 1.12 0.30
Lower abundance
C00022 1060 Pyruvic acid 1.20 0.58 0.16
C02721 5288725 N-Methylalanine 141 0.76 0.06
A B
1 Y
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FIGURE 1. A, PLS-DA score plot based on the metabolomics profile of plasma from controls and 22qDS children. The plot of PLS-DA scores shows a
significant separation between control subjects (n = 13) and 22gDS (n = 11) using complete digital maps. The observations were coded according to
class membership: 22qDS (black circles) and controls or TD children (open circles). B, biomarker detection in plasma from 22qDS. The loading coefficient
map shows that cholesterol, glucose, hydroxylamine, propane-1,3-diol, aminomalonate, Ser, and 2HG were predominantly responsible for the classifi-

cation of the diagnostic groups.

controls, metabolomics data were analyzed by using PathVi-
sio software (Table 3) and filtered by the false discovery rate
p value =0.05 (28). This analysis revealed that solute-medi-
ated transmembrane transport of small molecules was over-
represented in 22qDS. To avoid algorithm bias, the same
analysis was carried out by importing metabolite data into

23244 JOURNAL OF BIOLOGICAL CHEMISTRY

REACTOME (29). This analysis confirmed previous conclu-
sions obtained with PathVisio (30) in which the main path-
ways were related to transport of small molecules, tRNA ami-
noacylation, and metabolic genetic diseases (methylmalonic
aciduria, 5-oxoprolinase deficiency, and multiple carboxylase
deficiency among others; not shown). Proteins, mapped as

SASBMB

VOLUME 290-NUMBER 38+SEPTEMBER 18,2015

/T0Z ‘G |udy uo sineq eiuiojieD jo Aisieaiun e /610°0q mmmy/:dny woly papeojumod


http://www.jbc.org/

TABLE 3
Differential representation of pathways in 22qDS
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Analysis was performed by uploading the metabolites’ values and using PathVisio (28) to determine the enrichment of pathways. Pathways were filtered by the false

discovery rate (p value = 0.05). FDR, false discovery rate.

Entities Reactions
Pathway identifier Pathway name Found Total Ratio Log (p value) Log(FDR) Found Total Log (ratio)
352230 Amino acid transport across the plasma membrane 10 64 0.0070 —7.77 —5.13 26 34 —2.3
70614 Amino acid synthesis and interconversion 9 49 0.0054 —7.64 —5.13 12 22 —25
(transamination)
442660 Na*/Cl™-dependent neurotransmitter transporters 9 50 0.0055 —7.56 —5.13 9 15 —-2.7
427975 Proton/oligonucleotide cotransporters 7 25 0.0027 —7.27 —4.97 2 2 —3.5
425393 Transport of inorganic cations/anions and amino 13 144 0.01581 —7.16 —4.95 32 65 —=2.0
acids/oligopeptides
425407 SLC-mediated transmembrane transport 21 419 0.0460 —6.86 —4.73 52 179 -16
159424 Conjugation of carboxylic acids 6 23 0.0025 —6.13 —4.13 6 6 —3.1
156587 Amino acid conjugation 6 23 0.0025 —6.13 —4.13 6 6 —-3.1
425366 Transport of glucose and other sugars, bile saltsand 13 181 0.0199 —6.04 —4.10 16 74 —2.0
organic acids, metal ions and amine compounds
177135 Conjugation of benzoate with glycine 5 13 0.0014 —6.01 —4.10 2 2 —3.5
174403 Glutathione synthesis and recycling 7 42 0.0046 —5.78 —391 5 9 -29
379726 Mitochondrial tRNA aminoacylation 9 85 0.0093 —5.66 —3.83 21 21 —25
379716 Cytosolic tRNA aminoacylation 9 88 0.0097 —5.53 —3.74 21 21 —2.5
382551 Transmembrane transport of small molecules 25 731 0.0802 —5.06 —3.29 61 270 —14
71291 Metabolism of amino acids and derivatives 17 383 0.0420 —4.92 —3.22 43 172 -16
156580 Phase II conjugation 13 229 0.0251 —4.94 —3.22 20 55 —2.1
379724 tRNA aminoacylation 9 106 0.0116 —4.89 —3.22 42 42 —2.2
1236978 Cross-presentation of soluble exogenous antigens 7 69 0.0076 —4.39 —2.74 1 5 —3.1
(endosomes)
156590 Glutathione conjugation 7 72 0.0079 —4.28 —2.66 5 11 —28
71406 Pyruvate metabolism and citric acid cycle 7 76 0.0083 —4.13 —2.54 22 26 —24
428559 Proton-coupled neutral amino acid transporters 3 6 0.0007 —4.12 —2.54 2 2 —3.5
73848 Pyrimidine metabolism 7 81 0.0089 —3.96 —241 19 34 —2.3
15869 Metabolism of nucleotides 11 216 0.0237 —3.84 —2.30 53 118 -18
1236977 Endosomal/vacuolar pathway 7 97 0.0107 —3.49 -1.99 2 4 —32
177162 Conjugation of phenylacetate with glutamine 3 10 0.0011 —3.47 —1.98 2 2 —35
804914 Transport of fatty acids 3 12 0.0013 —3.24 -1.76 1 1 —3.8
70635 Urea cycle 4 30 0.0033 —3.15 —1.68 5 8 —2.9
177128 Conjugation of salicylate with glycine 3 15 0.0017 —2.96 —1.53 2 2 —35
425397 Transport of vitamins, nucleosides, and related 6 92 0.0101 —2.84 —1.42 11 32 —2.3

molecules

identities by REACTOME based on the metabolite profile, were
imported into INNATE for further pathway analysis because
this resource includes data from databases other than REAC-
TOME (Fig. 2). This analysis indicated the HIF-1« transcrip-
tion factor network as the most significant pathway, followed
by cancer pathways, IGF1 (insulin-like growth factor 1) signal-
ing pathways, and lipoprotein metabolism. The mapped pro-
teins were also analyzed by their gene ontology subdivided into
biological processes, cellular component, and molecular func-
tion. Within the biological processes (Fig. 2), lipoprotein
assembly, transport, and cholesterol metabolism scored as the
most significant. In terms of the cellular component, mitochon-
drion and lipoprotein (assembly) were also significantly repre-
sented (Fig. 2), whereas the most represented molecular func-
tions were cholesterol transport activity, apoprotein receptor
activity, metal binding, and several dehydrogenases and kinases
within the glycolytic pathway (Fig. 2).

The mapped proteins were analyzed for network connectiv-
ity, resulting in the mapping of 679 genes (Fig. 34). The main
network nodes (with a degree of 10 or above) were constituted
by the following 17 genes: RAF1, LDHA, RSP17, APOE, MET,
NFATC2, ITGB2, FTHI, NDUFA4, ABCA1, MEF2C, KLK3,
EGLNI, ELN, IGF1, UBC, and ZFPM2 (Fig. 3A). A subset of
these 17 nodes consists of genes involved directly or indirectly
with energy homeostasis and/or mitochondria metabolism
(IGF1,HKI1,LDHA, NDUFA4,RAF1,NFATC2,ITGB2,EGLNI,
and MET) (Fig. 3A).

Further analyses to discern which transcription factors are
associated with the profile of metabolites and proteins were
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accomplished by using the CisRed database. In this case, the
MYC-MAX (p = 0.034; not shown) was significantly repre-
sented. The proto-oncogene MYC regulates glucose metabo-
lism by inducing expression of key glycolytic enzymes, includ-
ing lactate dehydrogenase and hexokinase, but also controls
mitochondrial metabolism, because chronic depletion of MYC
reduces mitochondrial mass, results in smaller and cristae-de-
ficient mitochondria, and alters the dynamics of mitochondria
fission and fusion, leading to reduced OXPHOS capacity (31,
32). Like MYC, HIF-1« also promotes glycolysis by inducing
expression of glycolytic enzymes, and, when MYC expression is
deregulated in cancers (amplified or translocated), both MYC
and HIF-1a cooperate to regulate glucose metabolism.

Taking these results altogether, it appears that in 22qDS
there is an underlying biochemistry that resembles that of can-
cer-related pathways with influences from HIF-1a and MYC
and a clear contribution from a defective transport of small
molecules. Consistent with this view, children with 22qDS are
haploinsufficient for the mitochondrial citrate-H"/malate
transporter, solute carrier family 25, member-1 (SLC25A1),
which is required for the endogenous synthesis of fatty acids
and cholesterol. However, an increased concentration of
plasma cholesterol and fatty acids (and lactate) was observed in
22qDS (Table 2). To bridge this apparent discrepancy, we
hypothesized that a shift toward glycolysis may favor the utili-
zation of Gln as an anaplerotic carbon source for the tricarbox-
ylic acid (TCA) cycle, allowing the synthesis of cholesterol and
fatty acids via reductive carboxylation of a-ketoglutarate («KG)
to citrate in mitochondria (33, 34). This switch would rely on
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PATHWAY

HIF-1-alpha transcription factor network
Pathways in cancer

IGF1 signaling pathway

Regulation of retinoblastoma protein

Multiple antiapoptotic pathways from igf-1r signaling lead to bad phosphorylation

HDL-mediated lipid transport

Renal cell carcinoma

Melanoma

Igf-1 signaling pathway

Cobalamin (Cbl, vitamin B12) transport and metabolism
Regulation of IGF transport and uptake by IGFBPs
SHC-related events triggered by IGF1R

Prostate cancer

Trk receptor signaling mediated by the MAPK pathway
Lipoprotein metabolism

Role of erk5 in neuronal survival pathway

Scavenging by Class A Receptors

Angiotensin ii mediated activation of jnk pathway via pyk2 dependent signaling
HGF signaling pathway

Integrin signaling pathway

Natural killer cell mediated cytotoxicity

Glycolysis Gluconeogenesis

Downstream signaling in naive CD8+ T cells

Lipid digestion, mobilization, and transport

Nfat and hypertrophy of the heart

Binding and Uptake of Ligands by Scavenger Receptors
Disease

Mapkinase signaling pathway

Long-term depression

Fc-epsilon receptor | signaling in mast cells

Validated targets of C-MYC transcriptional repression
VEGF signaling pathway

Glioma

Glycolysis / Gluconeogenesis

p-value BIOLOGICAL PROCESS p-value
1.71E-05 high-density lipoprotein particle assembly 5.23€-03
1.21€-04 lipoprotein biosynthetic process 5.23E-03
9.20E-05 small molecule metabolic process 5.79E-03
2.32E-04 regulation of Cdc42 protein signal transduction 6.29E-03
4.57E-04 cellular response to cholesterol 1.01E-02
4.57E-04 positive regulation of cholesterol efflux 1.01E-02
6.13E-04 iron ion transport 1.06E-02
7.25E-04 reverse cholesterol transport 1.06E-02
1.10€-03

1.10€-03 CELLULAR COMPONENT p-value
1.21E-03 mitochondrion 1.31E-02
1.46E-03 late endosome 1.10E-02
1.39E-03 high-density lipoprotein particle 1.37E-02
1.72E-03 mitochondrial outer membrane 1.41E-02
1.72e-03 plasma membrane 1.91E-02
1.87E-03 cytosol 2.24E-02
9.92E-04

3.18E-03 MOLECULAR FUNCTION p-value
3.37€-03 cholesterol transporter activity 1.01E-02
3.62E-03 hormone binding 1.06E-02
3.95E-03 L-tyrosine:2-oxoglutarate aminotransferase activity 1.33€-02
4.60E-03 calcidiol 1-monooxygenase activity 1.33E-02
5.05E-03 cob(I)yrinic acid a,c-diamide adenosyltransferase activity ~ 1.33E-02
5.05E-03 hepatocyte growth factor-activated receptor activity 1.336-02
5.28E-03 metal chelating activity 1.33E-02
6.01E-03 metal ion:proton antiporter activity 1.33E-02
6.37E-03 transition metal ion transmembrane transporter activity 1.33€-02
8.45E-03 apolipoprotein A-l receptor activity 1.80E-02
9.65E-03 leukotriene B4 receptor activity 1.80E-02
9.65E-03 L- ine:2 gl ate aminotr 2.07€-02
9.65E-03 apolipoprotein A-l binding 2.07E-02
1.03E-02 peptidyl-proline dioxygenase activity 2.07€-02
1.16E-02 fructokinase activity 2.23E-02
1.19E-02 hexokinase activity 2.23E-02

FIGURE 2. Overrepresented biological pathways, biological processes, cellular components, and molecular functions in 22qDS. The mapped proteins,
generated from metabolomics by REACTOME, were further analyzed by using Innate (96, 97).
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FIGURE 3. Interacting genes and energy metabolism-related metabolic

pathways in 22qDS. A, network of interacting genes in 22gDS. The mapped

proteins, generated from metabolomics, were further analyzed in terms of network connectivity (NetworkAnalyst (98)). The plot shows the main nodes (with
adegree of 10 or above) of 679 genes mapped. B, schematic representation of the deficits in SLC25A1 (in yellow) function leading to a decreased flux of citrate
from mitochondria to the cytosol. The increased reductive metabolism of aKG from GIn (in green) in 22qDS, probably favored by a reprogramming of HIF-1«
under normoxia and MYC, leads to increases in 2HG as well as increased citrate synthesis. Citrate, as a precursor of cytosolic acetyl-CoA, favors the synthesis of

fatty acids and cholesterol. Boldface arrows, steps with increased flux.

mitochondria for biosynthetic processes to sustain growth
rather than solely on ATP synthesis. By promoting glycolysis, as
observed in tumors, a trade-off is set between a process that
provides ATP at a lower efficiency but sustains rapid growth by
providing precursors for biosynthetic pathways (e.g. Ser and
nucleotide biosynthesis) as well as inducing key enzymes of
biosynthetic processes (e.g. carbamoyl phosphate synthase II
and Asp transcarbamylase (35)).

Shift from OXPHOS toward Glycolysis and from Oxidative to
Reductive Carboxylation of Gln to Citrate in 22qDS—To gain
insight into the shift from OXPHOS to glycolysis, we evaluated
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the lactate/pyruvate (L/P) ratios in plasma (36, 37). Considering
that the plasma molar L/P ratio is <18.4 in defects of the pyru-
vate dehydrogenase complex and is >23.3 for hypoxia and pri-
mary (or secondary) respiratory chain defects (36 —38), the high
molar L/P ratio in 22qDS plasma samples (>50) sets it clearly
within the last category (Table 4). High ratios of L/P as well as
high Ala-to-pyruvate ratios (Ala is the transamination product
of pyruvate) were obtained by GC-MS, confirming lower
OXPHOS in 22¢DS. The individual [pyruvate]/[glucose], and
[lactate and Ala]/[glucose] ratios showed a trend toward lower
(0.45-fold) and higher (1.97-fold) values, respectively, than con-
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TABLE 4

Metabolic Signature of 22qDS$

Plasma metabolites and mitochondrial outcomes in TD and 22gDS children

Outcome (mean = S.E.)

Plasma PBMC
ATP from Complex IV Citrate synthase Complex mtDNA copy
Diagnosis Ala/P** L/P” L/P¢ glycolysis? activity” activity® IvV/CS number/cell
%
TD 415+ 92 345 + 81 24+ 6 17 =7 122 =23 137 = 15 0.96 = 0.23 226 * 6
22qDS 796 * 203 720 = 175 55 * 44 25 *+12 138 =42 181 *= 14 0.77 £ 0.28 292 £ 29
V4 0.054 0.036 0.025 0.068 0.379 0.030 0.281 0.003

“ Ala/pyruvate ratio.
 From metabolomics data.

¢ L/P ratio was performed by evaluating lactate and pyruvate concentrations by an enzymatic assay as described under “Experimental Procedures” to obtain quantitative data

that could be compared with published values.

4 ATP from glycolysis was calculated as the percentage of plasma lactate generated per glucose for each individual, taking as 100% the theoretical value of 2 lactate (or 2 ATP)

per glucose.

¢ Expressed as nmol of product X (min X mg of protein) ~!; Complex IV/CS ratio was determined with both activities expressed as nmol of product X (min X mg of pro-

tein) 1. Data are shown as mean =+ S.E.
/ p value for mean comparisons was determined by using Student’s ¢ test.

trols. Thus, the increased L/P ratio in 22qDS indicated a shift of
glucose metabolism from OXPHOS to glycolysis, as indicated
by the higher percentage of ATP derived from glycolysis (1.47-
fold; Table 4).

To complement the above studies, PBMCs from five controls
and four children with 22qDS (sex- and age-matched) were
used to obtain more detailed information on bioenergetics.
PBMCs from 22qDS showed an increased activity of citrate
synthase and mtDNA copy number/cell (Table 4) with no
changes in Complex IV activity when normalized by citrate
synthase. Although the increase in citrate synthase activity may
reflect an increase in citrate synthesis as a result of SLC25A1
deficits, the increases in mtDNA copy number seemed to be
ascribable to increased oxidative stress. The mitochondrial
electron transport chain is the major intracellular source of
reactive oxygen species, and, as such, the mitochondrial DNA
becomes one of the main targets for mitochondrial reactive
oxygen species-mediated damage, as evidenced by its relatively
high mutation rate (39) and accumulation of deletions with age
(40, 41). Under high oxidative stress conditions, the mtDNA
copy number per cell and mtDNA deletions are usually
increased (42, 43) in an attempt to maintain a normal level of
“undamaged” template without increases in either OXPHOS or
mitochondrial mass (11, 44—49). Deletions in the segment
encoding for CYTB were evident in 22qDS carriers (4.8% versus
<1.0% for 22gqDS and controls, respectively, p = 0.092), with a
higher incidence of individuals with deletions in the segments
encoding for CYTB and ND4 (2.1- and 5-fold, respectively; x*
test, p < 0.05).

Although we cannot rule out deficits in complexes other than
Complex IV, a lower OXPHOS capacity in 22qDS was clearly
implied by the high L/P ratio (Table 4). Furthermore, the higher
plasma concentration of 2HG in 22qDS (1.3-fold; Table 2), a
metabolite whose concentration has been found elevated under
hypoxia (33, 34), suggested not only a shift from OXPHOS to
glycolysis but also a shift from normal metabolism (in which
citrate is mainly provided by glucose via pyruvate dehydroge-
nase complex) to an increased Gln reductive carboxylation to
citrate (Gln — Glu — oKG via isocitrate dehydrogenases IDH1
or IDH2 to isocitrate — isomerization to citrate) to sustain both
citrate synthesis and cell growth under conditions of mitochon-
drial dysfunction (Fig. 3B).
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In support of a shift from oxidative carboxylation (glucose —
pyruvate — citrate) to reductive carboxylation (Gln — citrate),
leading to increases in citrate from Glu/Gln in 22qDS, we
observed an increased concentration of (@) 2HG; (b) precursors
of Glu/Gln (His and Pro); and (c) fatty acids (C18 and C20) and
cholesterol, probably originating from citrate-derived acetyl-
CoA (Table 2). As hypothesized before, these changes seem to
originate from the haploinsufficiency of SLC25A1.

Of note, 22qDS and the combined pL-2-hydroxyglutaric aci-
duria (OMIM 61582 (50)), originating from homozygous or
heterozygous inactivating mutations in SLC25A1, seem to
share some common underlying molecular mechanisms. This
autosomal recessive neurometabolic disorder results in the
accumulation of 2HG isomers (51, 52). These compounds are
metabolic intermediates in reactions catalyzed by malate dehy-
drogenase and hydroxyacid-oxoacid transhydrogenase (53, 54),
and accumulation of 2HG affects some metabolic processes,
such as the TCA cycle and branched-chain amino acid metab-
olism (55, 56). It is characterized by elevated urinary levels of
Krebs’ cycle intermediates and neonatal-onset encephalopathy
with severe muscular weakness, intractable seizures, respira-
tory distress, and lack of psychomotor development, resulting
in early death (1 month to up to 5 years in age; summarized in
Ref. 57). Interestingly, the knockdown of SLC25A1 in zebrafish
leads to mitochondria depletion and to proliferation defects
that recapitulate features of the human velo-cardio-facial syn-
drome (i.e. cardiac defects, facial and jaw anomalies, and cleft
palate) phenotype rescued by blocking autophagy (58).
Although the concentration of 2HG was significantly higher in
22qDS plasma compared with controls, it was below that
observed in patients with combined pL-2-hydroxyglutaric aci-
duria (3—50-fold of control levels; calculated from Ref. 50). This
would explain the moderately lower ratios of citrate and/or
isocitrate to the sum of malate and succinate (not shown) com-
pared with the significantly lower ones in both urine and fibro-
blasts of bL-2HG compared with controls (50).

Epigenetics and 2HG in 22qDS—High 2HG concentrations
are potentially interesting, because the p-isomer (b-2HG) may
act as a competitive inhibitor of various aKG-dependent
enzymes, including the TET (ten-eleven translocation) family
of 5-methylcytosine hydroxylases and the Jumonji-C domain-
containing histone demethylases (60, 61), resulting in global
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hypermethylation and changes in gene expression in cancer
tissues (62). However, no statistically significant difference was
seen in the average of H3K4 trimethylation (H3K4me3), a mark
associated with active transcription (OD of H3K4me3/H3:
TD = 0.66 = 0.02; 22qDS = 0.54 = 0.07; p = 0.170), or 5-meth-
ylcytosine (5-methylcytosine content: TD = 16 * 2; 22qDS =
14 = 2; p = 0.171) between 22qDS PBMCs compared with
controls. Although these results precluded a 2HG-mediated
inhibition of these enzymes, the incidence of 5-methylcytosine
and H3K4me3 hypomethylation in 22qDS was 2-fold that of TD
(X test, p = 0.0182), suggesting an increased activity of demeth-
ylases with increased gene repression. Indeed, we found a sig-
nificant homology between mitochondrial downstream targets
of RBP2 or KDM5A (histone demethylase that specifically dem-
ethylates H3K4) and the predicted mitochondrial deficiencies
inferred from the metabolomic analyses (compare with Ref. 63),
among them enzymes of fatty acid oxidation; methylmalonyl-
CoA mutase; several transporters; and subunits of Complex I,
11, and III.

Another group of ®KG-dependent enzymes is constituted by
the prolyl hydroxylases. Relevant substrates of prolyl hydroxy-
lase domain-containing proteins (also known as ELGN) and
collagen prolyl 4-hydroxylases are the HIF-1/2« and various
collagen proteins, respectively. An involvement of 2HG at sta-
bilizing or transactivating HIF-1/2a seems likely given that
2HG can compete efficiently for ELGN, resulting in HIF-1/2a
stabilization, promoting the activation of numerous genes
ensuing in the activation of a cancer-like gene display, including
glycolysis (61, 64). On the other hand, the levels of 4-hydroxy-
Pro in 22qDS were not different from controls, suggesting that
2HG have not interfered with the hydroxylation of Pro in
collagen.

Plasma Metabolites in 22qDS Resemble Propionic and Meth-
ylmalonic Acidemia—Several other metabolites were increased
in the plasma of children with 22qDS, resembling the genetic
disorder propionyl-CoA carboxylase deficiency. In this disor-
der, the catabolism of several compounds is disrupted, namely
Val, Ile, Met, Thr, pyrimidines, cholesterol, and odd-chain-
length fatty acids, with increased plasma levels of Gly and
ammonia (as well as its oxidation product hydroxylamine).
Indeed, higher mean levels of -Ala (product of Asp and pyrim-
idine catabolism) and citrulline (urea cycle), 2,3-butanediol,
1,3-propanediol, and 2-hydroxyvaleric acid (Table 2), is consis-
tent with the biochemistry underlying the defects in congenital
propionic and methylmalonic acidemia (65). Deficiency in this
pathway, due to the large number of substrates that normally
contribute to it, may act as a CoA sink resulting in CoA defi-
ciency if no cleavage of propionyl-CoA (or other acyl-CoA) to
propionic acid occurs.

As discussed above, hyper-B-alaninemia (degradation prod-
uct of Asp or dihydrouracil) has been reported elevated in pro-
pionyl-CoA carboxylase deficiency but also in other various
genetic disorders with deficits in succinic semialdehyde dehy-
drogenase, dihydropyrimidine dehydrogenase, and GABA
transaminase. However, given that no increased concentrations
of uracil or thymidine (dihydropyrimidine dehydrogenase) or
GABA (GABA transaminase) were observed in 22qDS plasma
samples, it is likely that the higher B-Ala concentration is the
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result of an increased RNA catabolism, probably via an
increased nonsense RNA-mediated decay. An activation of the
GABA shunt is supported by the increased levels of 3,4-dihy-
droxybutyrate (1.36-fold control levels; Table 2), suggesting
deficits in succinic semialdehyde dehydrogenase activity,
because it is observed in patients with succinic semialdehyde
dehydrogenase deficiency (Table 2).

Role of Haploinsufficiency of 22q11.2 Genes Other than
SLC25A1 Evidenced by Metabolomics and Mitochondrial
Outcomes—Our combined results pointed to the effect of
the haploinsufficiency of three other genes, in addition to
SLC25A1: PRODH, TXNRD?2, and DGCRS.

The product of PRODH catalyzes the rate-limiting two-elec-
tron oxidation of the catabolism of Pro, resulting in the forma-
tion of 1-pyrroline-5-carboxylate, with the product FADH,
being used at the electron transport chain (66, 67). 1-Pyrroline-
5-carboxylate is the intermediate providing a direct carbon
bridge connecting the Krebs’ cycle and the urea cycle (68). Con-
sistent with PRODH haploinsufficiency, hyperprolinemia
(1.47-fold control levels; Table 2) was observed in 22qDS sam-
ples, accompanied by increases in the urea cycle metabolites
Gln and citrulline. The phenotypic diversity in 22qDS carriers
with identical PRODH haploinsufficiency, the lack of hyperpro-
linemia across all 22qDS patients (36% versus 7.7% in 22qDS
and controls, respectively; test for one proportion, Z = 3.52,
p = 0.0004, 95% confidence interval = 10.71-68.90), and the
role of the HIF-1a pathway mentioned above suggest that
PRODH activity, modulated by either polymorphisms in the
remaining allele (69) or as a p53 downstream target (70), may
affect the Glu/aKG levels, which in turn modulate the HIF-1«
signaling pathway (68). Consistent with this view, the higher
incidence of malignancies in DiGeorge syndrome carriers (71)
may also be ascribed to the role of PRODH acting as a tumor
suppressor via HIF-1« signaling (68).

The TXNRD?2 gene encodes for a mitochondrial thioredoxin
reductase that catalyzes the reduction of the active disulfide of
thioredoxin 2 and other substrates (72), playing a critical role in
the antioxidant defenses. Because the mtDNA copy number
and mtDNA deletions were both increased in 22qDS PBMCs
(see above), several plasma metabolites were also indicative of
increased oxidative stress. In this regard, we observed an
increased flux through the pentose phosphate shunt (glucono-
lactone, erythritol; Table 2) and products of oxidatively modi-
fied proteins (Met sulfoxide from Met, indole-3-lactate from
Trp,and aminomalonate (73); Table 2) and hexoses (5-hydroxy-
methyl-2-furanoic acid, hexuronic acid (74, 75); Table 2).

In terms of DGCRS and given that its gene expression has
been found decreased in individuals with 22qDS (76), we
sought to evaluate whether any of the mapped identities
(from REACTOME) overlapped with those involved with or
connected to DGCR8-dependent pathways. From the net-
work of genes cast solely by DGCRS (filtered by a degree of 1
or above; n = 147), 5.76% were in common with the pathway
generated by the metabolomics data presented in this study
(Fig. 4), suggesting that a minor portion of the metabolite
imbalances observed in 22qDS fraction (based on the num-
ber of overlapping genes but not on biological impact) has
the potential to arise from the DGCRS8 haploinsufficiency.
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FIGURE 4. Proteins identified under REACTOME analysis as a result of the uploaded metabolomics data were analyzed by using a network analysis and
visualization application (98), as described in the legend to Fig. 3. All nodes that resulted from this analysis were compared with those resulting from
the analysis performed when using DGCR8 as a query. Both lists of proteins were then compared and visualized using an area-proportional Venn diagram
(59). The numbers in the diagram indicate the absolute number of mapped identities for each condition (22qDS or DGCR8). The 45 overlap identities are shown
in the right panel. The bottom panel highlights the overrepresented pathways of the proteins in the intersection.

Discussion

This study has revealed four novel and interesting findings in
the 22q11.2 deletion syndrome.

First, clear metabolic differences between children with
22qDS and age- and sex-matched controls were observed,
reflecting a procatabolic phenotype with a dysregulation in
energy homeostasis. Some of the observed changes reflect a
combination of those shared by other disorders, such as cancer
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(glyomas and acute myeloid leukemias with IDH1/2 mutations
(64)), combined pL-2-hydroxyglutaric aciduria (50, 77), and
methylmalonic and propionic aciduria (65). This emphasizes
the concept that metabolite profiling in plasma could be used as
a biomarker to monitor the progress and the potential response
to therapeutic approaches of this disease.

Second, and possibly the most remarkable finding, clear dif-
ferences in biomarker profiles were observed within children
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with 22qDS, consistent with the broad presentation of symp-
toms. In this regard, this genetic disorder was found to underlie
different features (e.g. DiGeorge syndrome, velocardiofacial
syndrome, and cardiofacial syndrome) that are now known to
be etiologically identical and are referred to as 22q11.2 DS. In
our study, although most children with 22qDS (irrespective of
the symptom status) had elevated levels of cholesterol (73%
above 95% confidence interval) or 2HG (64%), less than half
were associated with hyperprolinemia (36%). Thus, when mean
comparisons are made between diagnostic groups, subtle dif-
ferences among patients may be overlooked. Accordingly, the
complex analyses of the dysregulation of intermediary metab-
olism among 22qDS cases may be a useful independent state
marker to make rational decisions in terms of personalized
therapy. For instance, to minimize the challenge through the
path that leads to propionyl-CoA, it is suggested that some of
these patients may benefit from a low protein diet, devoid of
odd-chain-length fatty acids, preventing fasting periods, and
increase the intake of carnitine (which should help with the
disposal of propionic acid) and B12 (to maintain a saturation of
the mutase).

Third, the occurrence of a shift from OXPHOS to glycolysis
in 22qDS was accompanied by an increase in reductive metab-
olism of GIn/aKG. This shift seemed to be initiated by the def-
icits in SLC25A1 and sustained by the actions of HIF-1« and
MYC-MAX (33, 34). Increased glycolysis could also be further
promoted by the increased cytosolic citrate, originating from
the sole SLC25A1 haploinsufficiency, which is an allosteric
inhibitor of 6-phosphofructokinase-1, the main regulator of
glycolysis (78). The shift to glycolysis, while providing less effi-
ciently ATP for cellular processes than OXPHOS, provides for
metabolites required for rapid cell growth and proliferation. In
addition, it provides biochemical evidence for metabolite-
driven changes resulting in the broad phenotypic differences in
22qDS. The elevation of 2HG is remarkable in two instances.
(@) a 30% increase in total 2HG in plasma may reflect a signifi-
cantly higher intracellular (more specifically intramitochon-
drial) concentration suggesting that accumulation of this
metabolite has the potential to inhibit Complex IV (IC,, for
D-2HG = 0.3 mm (79-81)), Complex V (IC,, for p-2HG and
L-2HG ~8 and 10 mwm, respectively (82)), and creatine kinase
(IC,, for p-2HG = 1-10 mm (83, 84)) and also increased oxida-
tive stress (85, 86), leading to a secondary block of the TCA
cycle. This would result in higher [NADH]/[NAD™] and
[FADH,]/[FAD™] ratios, resulting in the production of
NADPH (at the expense of NADH) via the mitochondrial nic-
otinamide nucleotide transhydrogenase to sustain IDH2 activ-
ity and the reductive carboxylation of Gln to citrate. (b) 2HG, by
acting as a competitive inhibitor of several aKG-dependent
enzymes, connects intermediary metabolism with epigenetics.
The increased 2HG segregated with an increased “glycolytic
response,” similar to that shared by stabilization of HIF-1/2«
and the trend toward hypomethylation of KDM5A target genes.
Further work will be required to test where 2HG is elevated
(organ and subcellular location), to what extent it is altered, and
at what stages of the disease; however, the metabolite changes
(especially 2HG, lactate, and pyruvate) are all consistent with a
dysregulation of intermediary metabolism and energy homeo-
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stasis in 22qDS. The fact that the higher L/P ratio segregated
with 22qDS, in which affected children are usually less active
than TD because they are limited in the amount and type of
physical exercise they can tolerate, further indicates that the
differences could not be attributed to disparities in diet and
exercise habits (both groups were matched for sex, age, and
geographical area, with no differences in body mass index).

Furthermore, because during brain development, energy
requirements are high and in their most vulnerable phase (87,
88), other brain-specific effects of 2HG could also be envi-
sioned. D-2HG is taken up by astrocytes at high rates, poten-
tially interfering with the uptake of aKG via the Na*-depen-
dent dicarboxylate transporter 3 (89, 90). This impaired uptake
could interfere with the astrocytes’ anaplerotic ability to sup-
port neurons with compounds needed for synthesis of neu-
rotransmitters inducing neuronal dysfunction manifesting as
seizures or other neurobehavioral disturbances.

Finally, although cholesterol is available through both diet
and endogenous synthesis in most organs, and the overcom-
pensation of endogenous fatty acid and sterol synthesis, includ-
ing cholesterol via higher flow through reductive carboxylation,
could be perceived as an adaptation and, therefore, not patho-
genic, it is important to point out that the developing and
mature central nervous system is dependent on endogenous
cholesterol synthesis (91-93). Indeed, a number of human mal-
formation syndromes have been associated with defects in ste-
rol synthesis, including the autosomal recessive disorders, such
as Smith-Lemli-Opitz syndrome. Relevant to this study, Smith-
Lemli-Opitz syndrome shares some features with 22qDS (cleft
palate, congenital heart defects, gastrointestinal problems, and
learning and/or psychiatric disorders (94)). As with 22qDS,
genotype-phenotype correlations in Smith-Lemli-Opitz syn-
drome are poor (95) because many missense mutations result in
residual enzymatic activity of the remaining allele. As indicated
above, factors other than genotype and residual activity appear
to significantly influence subject phenotype (95), including
endogenous factors affecting the function of other genes
involved in brain cholesterol homeostasis, embryonic develop-
ment, or maternal factors.
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