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Abstract: Down syndrome (trisomy of human chromosome 21) is a common genetic disorder.
Overproduction of the gaseous mediator hydrogen sulfide (H2S) has been implicated in the
pathogenesis of neurological and metabolic deficits associated with Down syndrome. Several lines
of data indicate that an important enzyme responsible for H2S overproduction in Down syndrome
is cystathionine-3-synthase (CBS), an enzyme localized on chromosome 21. The current study
explored the possibility that a second H:S-producing enzyme, 3-mercaptopyruvate
sulfurtransferase (3-MST), may also contribute to the development of functional deficits of Down
syndrome cells. Western blotting analysis demonstrated a significantly higher level of 3-MST
protein expression in human Down syndrome fibroblasts compared to cells from healthy control
individuals; the excess 3-MST was mainly localized to the mitochondrial compartment.
Pharmacological inhibition of 3-MST activity improved mitochondrial electron transport and
oxidative phosphorylation parameters (but did not affect the suppressed glycolytic parameters) and
enhanced cell proliferation in Down syndrome cells (but not in healthy control cells). The findings
presented in the current report suggest that in addition to the indisputable role of CBS, H2S
produced from 3-MST may also contribute to the development of mitochondrial metabolic and
functional impairments in Down syndrome cells.
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1. Introduction

Down syndrome, a genetic disorder caused by an aneuploidy of human chromosome 21, afflicts
1 in every 750-800 newborns annually. It occurs as a random segregation error during meiosis in the
developing ovum or sperm that leads to an extra copy of the entire chromosome 21 (or part of the
chromosome, resulting in partial trisomy 21) in all somatic cells. Down syndrome produces various
developmental abnormalities during the fetal and neonatal life and leads to a host of
pathophysiological events in adults, including various neurocognitive and metabolic impairments as
well as neurodegeneration [1]. One of the biochemical hallmarks of Down syndrome is mitochondrial
dysfunction which is believed to play a significant role in the pathogenesis of many of the functional
defects associated with Down syndrome [2-5].

The gaseous mediator hydrogen sulfide (H:S) is recognized as an important endogenous
regulator of various mammalian cell functions. The principal mammalian enzymes responsible for
H:S biosynthesis are cystathionine-3-synthase (CBS), cystathionine-y-lyase (CSE), and 3-
mercaptopyruvate sulfurtransferase (3-MST) [6-8]. CBS—localized on chromosome 21—is
overexpressed in Down syndrome cells and tissues [reviewed in 5]. Recent studies on Down
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syndrome fibroblasts, using pharmacological inhibition of CBS, as well as genetic silencing of CBS,
indicated that the metabolic inhibition seen in Down syndrome cells, is at least, in part, caused by the
overproduction of H25 by CBS [9]. The excess intracellular H>S was shown to inhibit mitochondrial
Complex IV activity to produce a reversible inhibition of mitochondrial electron transport and an
impairment of aerobic ATP generation [9].

The current study explored the potential modulatory role of a second H:S-producing enzyme,
3-MST, in the regulation of the proliferation and cellular bioenergetics of Down syndrome fibroblasts.
The results presented in the current paper indicate that 3-MST accumulates in the mitochondria of
Down syndrome cells and contributes to the increase in cellular H:S levels. Moreover, the data
indicate that 3-MST-derived HzS contributes to the suppression of mitochondrial function in Down
syndrome cells.

2. Materials and Methods

2.1. Materials

The cell proliferation ELISA 5-bromo-2’-deoxyuridine (BrdU) kit was purchased from Roche
Diagnostics Ltd. (Sigma—Aldrich Chemie Gmbh: Munich, Germany). The [3 -actin (§H10D10) mouse
monoclonal antibody (#3700), the Tom20 (D8T4N) rabbit monoclonal antibody (#42406), the ELISA
Lysis Buffer (1X), the protease/phosphatase inhibitor cocktail (100X), and horseradish peroxidase
(HRP)-linked secondary antibodies against the corresponding species IgG of the primary antibodies
were obtained from Cell Signaling Technology (Bioconcept AG: Allschwill, Switzerland). The 3-MST
rabbit polyclonal antibody (ab85377) and the Amersham ECL Prime Western blotting detection
reagent kit were obtained from Abcam PLC (Cambridge, UK) and GE Healthcare Life Sciences
(Sigma—-Aldrich Chemie Gmbh: Munich, Germany), respectively. The mitochondrial isolation kit
MITOISO2, the fluorescent HoS probe 7-azido-4-methylcoumarin (AzMC) [10], the fluorescent
polysulfide probe (E)-2-(3-(6-(2-hydroxyethylamino)naphthalen-2-yl)-3-oxoprop-1-enyl)-3,5-
dimethoxybenzaldehyde (P3) [11], bovine serum albumin (BSA), and lactalbumin hydrolysate were
purchased from SigmaAldrich Chemie Gmbh (Munich, Germany). All other materials and reagents
for cell culture and Western blotting were obtained from Thermo Fisher Scientific (Basel,
Switzerland), unless otherwise stated.

2.2. Cell Culture

Human dermal fibroblasts from healthy control subjects and individuals with Down syndrome
were obtained from LGC Standards (Wesel, Germany), the Coriell Institute (Camden, NJ, USA), and
the Jérome Lejeune Institute (Paris, France), as summarized in Table 1. Fibroblasts were cultured in
Advanced Dulbecco’s Modified Eagle Medium/nutrient mixture F-12 (DMEM / F-12, 1:1; 1X)
supplemented with 10% heat-inactivated fetal bovine serum (FBS), 10 UI/mL of penicillin, 100 pg/mL
streptomycin, 2 mM Glutamax™, and 0.1% lactalbumin hydrolysate (hereafter referred to as
complete growth medium). Cells were maintained at 37 °C in a humidified incubator with 5% CO:
and 95% air. Cells were sub-cultured when 80-90% confluent and seeded at a ratio of 1:4. When
passaged, viable cells were counted and seeded at the desired cell density for the assays using an
Automated Cell Counter R1 (Olympus: Volketswil, Switzerland). The culture medium was replaced
every one to two days.

Table 1. Description and origin of the human dermal fibroblasts (control cells: CC and Down
syndrome cells: DSC) used in the present study.

Reference ID G;(l))up Origin Description ~ Gender S:If:)l?;g
DETROIT 551 CC LGC STANDARDS DIPLOID FEMALE FETUS
GM08447 CC CORIELL INSTITUTE DIPLOID FEMALE NEWBORN
CCD1064SK CC LGC STANDARDS DIPLOID MALE NEWBORN

GMO05756 CC CORIELL INSTITUTE DIPLOID MALE 2 MONTHS
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GMO00041 CcC CORIELL INSTITUTE DIPLOID FEMALE 5 MONTHS
GMO05659 CC CQRIIELL INSTITUTE DIPLOID MALE 12 MONTHS
FCYPR?EJOOOZ% cc JER%%EIEEEENE DIPLOID MALE 5 YEARS
F CYPR;) 000368 CcC JER%%EIEEITE}? NE DIPLOID FEMALE 12 YEARS
GMO04616 DSC CORIELL INSTITUTE TRISz?MY FEMALE NEWBORN
DETROIT 532 DSC LGC STANDARDS TRISz?MY MALE 2 MONTHS
GM02571 DSC CORIELL INSTITUTE TRISz(l)MY FEMALE 3 MONTHS
AG07096 DSC CORIELL INSTITUTE TRISz(l)MY MALE 5 MONTHS
AGO05397 DSC CORIELL INSTITUTE TRIS;fMY MALE 1 YEAR
DETROIT 539 DSC LGC STANDARDS TRISZ?MY FEMALE 2 YEARS
oo P nermore e MAE svears
FCYPR?EJOOOB@ DSC ]ER%%EIEEEENE TRISZ?MY FEMALE 9 YEARS

2.3. Cell Treatments

The 3-MST inhibitor 2-[(4-hydroxy-6-methylpyrimidin-2-yl)sulfanyl]-1-(naphthalen-1-yl)ethan-
1-one (HMPSNE) [12] was purchased from MolPort (Riga, Latvia). The inhibitor was reconstituted in
pure anhydrous DMSO to a stock concentration of 0.5 M. The stock solution was aliquoted and stored
at -80 °C until further use. All aliquots were thawed once and serially diluted in the complete growth
medium to final working concentrations of 1-10 uM.

2.4. Cell Proliferation Assay

The cell proliferation ELISA BrdU (colorimetric) assay was performed in Corning® Costar® TC-
treated flat-bottomed 96-well plates. Diploid and 21-trisomic fibroblasts were seeded at a density of
1 x 104 cells per well in a total of 100 uL for 2 h. Cells were subsequently treated with 0, 1, 3, and 10
uM HMPSNE in complete growth medium for 24 h. Following the treatments, fibroblasts were
incubated with 10 uM BrdU labelling solution for 4 h at 37 °C in a humidified incubator with 5% CO:
and 95% air. The assay is based on the principle that the pyridine analogue BrdU is incorporated, in
place of thymidine, into the newly synthesized DNA strands of proliferating cells. Following mild
fixation and DNA denaturation, BrdU incorporation was detected by immune-peroxidase staining
and a subsequent colorimetric substrate reaction as per the manufacturer’s protocol. Plates were read
at 450 and 690 nm (reference wavelength) using an Infinite® 200 PRO micro-plate reader (Tecan
Group Ltd.: Méannedorf, Switzerland). Developed color and absorbance values reflect the amount of
DNA synthesis and thereby the number of proliferating cells in the respective micro-cultures.

2.5. Quantification of H2S Levels in Live Cells

The assay was performed in Thermo Fisher Nunc® 96-well black, optical-bottom plates.
Following treatment with the 3-MST inhibitor or its vehicle (as described in the previous subsection),
fibroblasts were incubated with 10 uM of AzMC for 1 h at 37 °C in a humidified incubator with 5%
CO:z and 95% air. The fluorescence signal of the AzMC probe was read with an Infinite® 200 PRO
microplate reader at Aexdtation = 365 nm and Aemission= 450 nm. A rise in the signal corresponds to an
increased reduction of the aromatic azide moiety in the presence of HzS and the production of the
fluorescent 7-amino-4-methylcoumarin. It is therefore proportional to the endogenous H:S levels in
the respective micro-cultures. A second, structurally different H2S fluoroprobe (P3) was also
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employed to confirm the findings obtained with AzMC. Cells were incubated with 10 pM of P3 for 1
h at 37 °C in a humidified incubator with 5% CO: and 95% air, washed twice with pre-warmed 1X
PBS, and then their fluorescent signal was detected with the Infinite® 200 PRO microplate reader at
Aexcitation = 375 nm and Aemission = 505 nm. The AzMC and P3 fluorescent signals were both corrected to
the total protein content of each condition and background (cell auto-fluorescence).

2.6. Measurement of Mitochondrial Respiration

Extracellular flux (XF) analysis was employed for real-time quantification of oxygen
consumption owing to ATP turnover, proton leak, and maximal respiratory capacity in live cells as
described [13,14]. The assay was formatted in Seahorse XF24 cell-culture microplates, where diploid
and 21-trisomic fibroblasts were seeded at a density of 2 x 10* cells per well in a total of 200 pL for 2
h. Cells were subsequently treated as described above for 24 h, and mitochondrial respiration was
assessed as previously described [13,14].

2.7. Sample Preparation for Whole-Cell Protein Extraction

Cells (0.5 x 106) were grown in Corning® 25 cm? rectangular cell culture flasks until ~80-
90% confluency. Thereafter, cells were washed once with ice-cold 1X PBS and harvested in pre-cooled
1X ELISA lysis buffer previously supplemented with protease/phosphatase inhibitor cocktail (1X).
Following a freeze/thaw cycle, whole-cell lysate was collected and sonicated for 5 min (30 s ON/30 s
OFF) in an ultrasonic water-bath. Total protein was extracted by centrifugation at 16,000x g at 4 °C
for 15 min. Pierce™ Coomassie Plus Bradford protein assay was conducted to quantify the protein
concentration of the samples.

2.8. Sample Preparation for Mitochondrial and Cytosolic Protein Extractions

Enriched mitochondrial fractions were prepared with the MITOISO2 kit per the manufacturer’s
protocol. Briefly, 3 x 10¢ cells were grown in Corning® 150 cm? rectangular cell culture flasks until
~80-90% confluency. Cells were then trypsinized and collected by centrifugation at 600x g at 4 °C for
5 min. The cell pellet was subsequently washed twice in ice-cold 1X PBS and re-suspended to a
uniform suspension in 100 pL of the provided lysis buffer per 2 x 106 cells. Cell lysis was conducted
by vigorously vortexing the suspension every minute for a total of 5 min. Mitochondria were then
stabilized by the addition of 1X extraction buffer. The suspension was centrifuged at 600x g at 4 °C
for 10 min to initially pellet nuclei and cell debris. The supernatant was collected and re-centrifuged
at 10,000 g at 4 °C for 10 min to pellet mitochondria. The new supernatant was enriched in cytosolic
fractions and collected in a new micro-tube while the mitochondrial-enriched pellet was
reconstituted in 1X storage buffer. Following collection, Pierce™ Coomassie Plus Bradford protein
assay was conducted to estimate the protein concentration of both fractions, which were
subsequently processed for western blotting.

2.9. Western Blotting

Protein samples from whole-cell lysate, mitochondrial- or cytosolic-enriched extractions (5 ug)
were separated on Bolt™ 4-12% gradient Bis—Tris gel and blotted onto nitrocellulose membranes,
as per our previously published protocol [15]. Blots were blocked in 5% w/v skimmed milk for 1 h at
room temperature and probed with the primary antibodies against 3-MST, Tom?20, and 3 -actin
overnight at 4 °C with gentle agitation. The primary antibodies were diluted in 5% BSA in 1X TBS
with 0.05% Tween® 20 (TBS-T; pH 8) at 1:100, 1:1000, and 1:2000. Following the primary antibody
incubation, blots were assayed for chemiluminescent detection of the proteins of interest, as
previously described [15]. The Azure 300 Chemiluminescent Imaging System (Azure Biosystems:
Dublin, CA, USA) and Image ] (National Institutes of Health: Bethesda, MA, USA) were used to
capture the image chemiluminescent bands and to perform densitometric analysis. We used [-actin
as a loading control to which the relative peak intensities of the examined markers were normalized.
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2.10. Statistics

The results were expressed as the mean + standard error of the mean (SEM) of at least three
independent experiments or eight independent pairs of diploid and 21-trisomic human fibroblasts.
Differences among means were considered significant when p < 0.05. Two-way ANOVA, followed
by post-hoc Bonferroni’s multiple-comparison t-test, was used to identify differences among groups
of treated and untreated conditions. Alternatively, an unpaired two-sample t-test was used to identify
differences between diploid and aneuploid cells. Statistical calculations were performed using
GraphPad Prism 8 (GraphPad Software Inc.: San Diego, CA, USA).

3. Results

3.1. Down Syndrome Fibroblasts Overexpress 3-MST, which Accumulates in the Mitochondria

We initially quantified the expression levels of 3-MST in eight human fibroblast cell lines from
different healthy subjects and in eight human fibroblast cell lines obtained from different individuals
with Down syndrome. Western blotting analysis demonstrated that 3-MST expression was
approximately 50% higher in 21-trisomic fibroblasts than in the control fibroblasts (Figure 1).

BAMST ™ il - et e 33kDa
B Actin u-md-— = --—-“—- 45 kDa

'y
o

3-MST Protein Expression
(Fold Change to CC)
s N
2
<

CC DSC

Figure 1. Down syndrome cells (DSC) exhibit significantly higher 3-MST protein expression
compared to control cells (CC) as shown by Western blotting. We used {-actin as a loading control.
Each bar represents the mean + SEM of 8 human healthy control fibroblasts and 8 human Down
syndrome fibroblasts (summarized in Table 1.) ** p <0.01. Similar to our previous study [9], the normal
fibroblast cell line Detroit 551 and the Down syndrome fibroblast Detroit 539 were compared in the
subsequent functional studies. 3-MST and {-actin expression in these two selected cell lines are
indicated with red dotted squares.

Similar to our previous study [9], the normal fibroblast cell line Detroit 551 and the Down
syndrome fibroblast Detroit 539 were compared in the subsequent functional studies. First, we
wished to delineate the subcellular localization of 3-MST. 3-MST protein levels were quantified in the
extracted cytosolic- and mitochondrial-enriched fractions (Figure 2). Down syndrome fibroblasts
exhibited a markedly higher mitochondrial 3-MST content compared to mitochondrial 3-MST in the
healthy control cells. Thus, the aberrant mitochondrial 3-MST in Down syndrome cells may not only
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reflect a rise in the absolute expression levels, but also a translocation from the cytoplasm into the
mitochondria. In fact, we noted a trend (p = 0.06) of lower cytosolic expression of 3-MST in Down
syndrome fibroblasts compared to healthy control cells (Figure 2).

cc DSC Cyto Mito
Passage 4 Passage 7
Cyto Mito Cyto Mito CC  DsC cC DSC
E —_— - - - ’
3-MST s - - — - - 33 kDa IMST N - - e 3BkDa
Tom20 L (35D
- : Tom20 —————  16LDa
p Actin (e S A Nl Nl 15 1D
! B Actin GEPEN) e em - 45 kDa
ele: DSC Cyto Mito
Passage 6 Passage 8
Cyto Mito Cyto Mito CcC DSC cc DSC
3-MST D W e o e @ O 33KDa 3-MST - o @B 33kDa
Tom?20 —— -0 Tom20 - S Do

BActn (i 15 D pActn (TR  —— ;D

2.5 |:| cc

B Dsc
2.0
1.54

1.04

(Fold change to CC)

0.54

3-MST Protein Expression

0.0+
Cyto Mito

Figure 2. 3-MST accumulates in the mitochondria of Down syndrome cells (DSC) compared to healthy
control cells (CC) as shown by Western blotting. Top panels: chemiluminescence images of 3-MST
protein expression in cytosolic (Cyto)- and mitochondrial (Mito)-enriched fractions of the selected
healthy control fibroblast (Detroit 551; CC) and the Down syndrome fibroblast (Detroit 539; DSC).
Experiments using four different cell passages are shown. The Western-blot analysis utilized (3-actin
as a loading control. The outer mitochondrial membrane transport protein Tom20 served as a control
for the purity of the mitochondrial-enriched fractions. Bottom graph: statistical analysis of the healthy
control fibroblast (Detroit 551; CC) and the Down syndrome fibroblast (Detroit 539; DSC). * p < 0.05.

3.2. HMPSNE Inhibits H2S Production and Restores the Cellular Proliferation Rate in Down Syndrome
Cells

Consistent with the increased 3-MST expression, 21-trisomic fibroblasts exhibited increased
levels of H:S, as evidenced by the increase in the fluorescent AzMC and P3 signals (Figure 3). The
HMPSNE-associated normalization of the endogenous H:S levels in Down syndrome cells was
already complete at the lowest (1 uM) inhibitor concentration used.
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Figure 3. The 3-MST inhibitor HMPSNE suppresses HzS levels in Down syndrome cells. Fluorescence
values of the HaS probe AzMC (A) and P3 (B) are shown in healthy control Detroit 551 fibroblasts
(CC) and in Down syndrome Detroit 539 (DSC) fibroblasts under baseline conditions and when
treated with 1, 3 or 10 uM HMPSNE for 24 h. Each bar represents the mean + SEM of 4 independent
experiments. *** p <0.001 indicates a significant increase in fluorescence in DSCs vs. CCs; ## p < 0.001
indicates a significant inhibitory effect of HMPSNE on cellular HzS levels in DSCs.

The basal proliferation rate of Down syndrome cells was slower than the corresponding rate of
the healthy control cells (Figure 4). Inhibition of 3-MST with HMPSNE reduced the proliferation rate
of the control cells; however, the same concentrations of the 3-MST inhibitor concentration-
dependently increased the proliferation rate of Down syndrome cells and at the highest HMPSNE
concentration used (10 uM), restored it to levels of the healthy control cells (Figure 4).
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Figure 4. The 3-MST inhibitor HMPSNE concentration-dependently restores the cell proliferation rate
in Down syndrome cells. BrdU incorporation assay was used to quantify cell proliferation of normal
Detroit 551 (CC) and Down syndrome Detroit 539 (DSC) fibroblasts under baseline conditions and
when treated with 1, 3 or 10 uM HMPSNE for 24 h. Each bar represents the mean + SEM from at least
3 independent experiments. ** p <0.01 indicates that baseline cell proliferation was significantly lower
in DSCs than in CCs; ®p <0.05 % p <0.01 and % p < 0.001 indicate the significant inhibitory effects of
HMPSNE on the proliferation of CCs; # p <0.05 and # p < 0.01 indicate the significant stimulatory effect
of HMPSNE on the proliferation of DSCs.

3.3. HMPSNE Normalizes Cellular Bioenergetics in Down Syndrome Cells

The low basal oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) of
Down syndrome cells (compared to healthy control cells) (Figure 5) indicates that Down syndrome
cells exhibit both an impaired mitochondrial respiration (aerobic bioenergetic function) and
suppressed glycolysis (anaerobic bioenergetic function). Pharmacological inhibition of 3-MST with
HMPSNE did not exert any significant effect on the bioenergetic parameters of healthy control cells
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(although in some cases a trend of a decrease was noted) (Figure 5B,D). In contrast, in Down
syndrome cells, HMPSNE concentration-dependently increased the basal cellular OCR, the maximal
OCR, and the ATP-linked OCR (Figure 5A,B,D). In the presence of 10 uM HMPSNE, the
mitochondrial energetic parameters of Down syndrome cells were comparable to those of the healthy
control cells. In contrast to its effect on oxidative phosphorylation-related bioenergetic parameters
(Figure 5E), the 3-MST inhibitor did not significantly affect the glycolytic parameters in control or
Down syndrome cells, although at the highest concentration used, a trend of an inhibitory effect was

noted (Figure 5F).
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Figure 5. The 3-MST inhibitor HMPSNE normalizes the suppressed oxidative phosphorylation in DS
cells. (A) Basal OCR; (B) Maximal OCR; (C) Proton-Leak OCR; (D) ATP-Linked OCR; (E) Total OCR;
(F) Total ECAR. Cellular bioenergetics was quantified with the Seahorse extracellular flux analyzer.
Each bar and line represent the mean + SEM from at least 3 independent experiments of the selected
normal Detroit 551 (CC) and Down syndrome Detroit 539 (DSC) fibroblasts under baseline conditions
and when treated with 1, 3 or 10 uM HMPSNE for 24 h. * p <0.05, ** p <0.01, and *** p <0.001 indicate
that basal metabolic parameters were significantly lower in DSCs than in CCs; # p <0.05 and * p <0.01
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indicate a significant stimulatory effect of HMPSNE in DSCs compared to the values in the absence
of the 3-MST inhibitor.

4. Discussion

According to the “Kamoun Hypothesis”, originally proposed by French biochemist and
physician Pierre Kamoun, in Down syndrome, a toxic overproduction of HzS occurs, which, in turn,
creates a metabolic cell poisoning, at least in part through inhibition of mitochondrial Complex IV
[16,17]. The hypothesis was originally developed based on clinical studies showing that in
individuals with Down syndrome, there is a marked elevation observed in circulating and urinary
H->S metabolites [18,19]. Because CBS is located on chromosome 21, it was naturally assumed that the
cause of the elevation of H2S levels was a “gene dosage” effect: the extra chromosome encodes extra
CBS enzyme in the cells and tissues of Down syndrome individuals. Indeed, the upregulation of CBS
has been well documented in various cells and tissues of animals or human subjects with Down
syndrome [9,20-24]. Our group recently generated direct experimental evidence in support of the
Kamoun hypothesis: in Down syndrome fibroblasts (Detroit 531 cells), we demonstrated that
pharmacological inhibition of CBS (using the small molecule aminooxyacetate) or silencing of CBS
restores the suppressed Complex IV activity to near-normal control levels and improves
mitochondrial electron transport and cell proliferation [9].

The results of the current study, however, indicate that in addition to CBS, a second H»S-
producing enzyme, 3-MST, may also contribute to the cellular bioenergetic disturbances in Down
syndrome fibroblasts. Although 3-MST is not localized to chromosome 21 (but is localized to
chromosome 22), our data, generated using Down syndrome fibroblasts from eight different
individuals of different ages and genders (Table 1), demonstrate that 3-MST protein levels are
elevated in the Down syndrome cells (Figure 1). Subcellular localization studies show that most of
this elevation is due to an increase in the mitochondrial accumulation of this enzyme (Figure 2).

Emerging data demonstrate that the dysregulation of gene expression in Down syndrome goes
well beyond the “gene dosage effect” (i.e., upregulation of multiple genes encoded on chromosome
21). In fact, approximately 80% of the mRNA that is differentially expressed in Down syndrome cells
is not localized on chromosome 21, but on the other chromosomes [25-29]. These mRNAs, for most
part, are upregulated, but in some instances, downregulation was also noted. There are significant
cell and tissue differences in these gene expression dysregulation patterns [26]. The exact molecular
mechanisms underlying the changes in non-chromosome-21-encoded mRNA expression are
incompletely understood; it has been hypothesized that a global cell stress response and/or a
subsequent activation of various compensatory mechanisms may be contributing factors [27]. In the
current project, we focused on the expression of the 3-MST protein (and not mRNA); a prior RNAseq
analysis conducted by Sullivan and colleagues did not indicate significantly higher mRNA levels for
3-MST in Down syndrome cells compared to healthy control cells (mRNA expression in Down
syndrome cells was approximately 108% of that in the control) [25]. However, in another study (in
Down syndrome thymus tissue) the micro-RNA miR-193b-3p was found to be downregulated, which
would predict an upregulation of the 3-MST protein [30]. The above two findings are not necessarily
in conflict: changes in micro-RNA expression often, but not always or necessarily, produce detectable
changes in the levels of the corresponding mRNA [31]. We hypothesize that Down syndrome cells
upregulate the 3-MST protein through the regulation of mRNA stability, and/or through various
transcriptional mechanisms that may become activated in response to the presence of the additional
21st chromosome in the cells, and/or through post-translational mechanisms (i.e., inhibition of 3-MST
protein degradation), and/or through an increased transport of 3-MST into the mitochondria. Indeed,
prior studies have shown that Down syndrome cells have significant disturbances in transcriptional
and protein degradation and processing mechanisms, as well as in mitochondrial protein
accumulation [32-35]. The above hypotheses describe conceivable potential mechanisms.
Nevertheless, future experimental work will be necessary to delineate the molecular mode(s) of 3-
MST protein accumulation in Down syndrome.
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Although the exact molecular mechanisms remain to be further elucidated, the fact remains that
Down syndrome fibroblasts contain approximately two times more 3-MST than control cells (Figure
1), and most 3-MST is localized in the mitochondrial compartment, while the cytosolic 3-MST content
tends to decrease (Figure 2). What, then, is the functional role of this enzyme in the regulation of
bioenergetics and proliferation of Down syndrome cells? To address this question, we employed the
recently discovered 3-MST inhibitor HMPSNE, which, to date, is the most potent and most selective
pharmacological inhibitor of this enzyme [10,36]. HMPSNE has been successfully employed in cell-
based studies in various cell types, at concentrations similar (or higher) [14,37-39] than those used in
the current project. Pharmacological inhibition of 3-MST in healthy control fibroblasts only had a
slight effect on cellular bioenergetic parameters, but it reduced their proliferation rate. We
hypothesize that the growth-inhibitory effect of HMPSNE is related to the inhibition of the
physiological stimulatory effect of H2S on various proliferative signaling pathways; these effects are,
presumably, linked to the cytosolic (rather than the mitochondrial) component of 3-MST. (In fact, it
is well known that physiological concentrations of HzS play a role in the maintenance of various cell
proliferation pathways, for instance, through the sulfhydration of Akt [40—43]). In contrast, in Down
syndrome fibroblasts (which contain markedly elevated mitochondrial 3-MST), the 3-MST inhibitor
enhanced mitochondrial respiration and various parameters of basal and stimulated mitochondrial
oxygen consumption, consistent with the classic hypothesis [5,16] that the mitochondria of Down
syndrome cells are under a tonic H2S-mediated suppression of mitochondrial function. In Down
syndrome cells (in stark control to the healthy control cells), 3-MST inhibition caused a stimulation
of the cell proliferation rate. We hypothesize that the improved bioenergetics of Down syndrome
cells after HMPSNE treatment may, in turn, contribute to the stimulation of the cellular proliferation
rate (Figure 6). H2S clearly has the capacity to suppress mitochondrial function [5,8] (as previously
shown for CBS-derived H2S in Down syndrome [9]). Nevertheless, 3-MST is a multifunctional
enzyme with multiple regulatory roles (e.g., by influencing cellular redox processes) [7,8,36]. Thus,
the mechanism proposed in Figure 6 is a feasible one, but perhaps not the only one that is possible.
Further experiments, for example, attempting to reverse the functional effect of HMPSNE with a
chemical H2S donor, might be useful to further test the exact mode involved in the functional effect
of 3-MST in Down syndrome cells. We recently conducted similar studies with the H2S donor
GYY4137 in Down syndrome cells, and these data demonstrated that indeed, excess H2S in normal
control cells can lead to a suppression of mitochondrial bioenergetics and a suppression of cell
proliferation [9]. Moreover, at least in the case of CBS-derived H-S, the effect of CBS inhibition or CBS
silencing can be reversed by GYY4137 in Down syndrome cells [9], pointing to a direct involvement
of H2S in the bioenergetic dysfunction associated with Down syndrome.

Down syndrome

K@ \

1&1 Cytoplasm \‘\:\\ b) Mitochondria
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\ Inhibition of cell proliferation /

Figure 6. The 3-MST protein is upregulated in Down syndrome and contributes to cell dysfunction.

The excess 3-MST is transported into the mitochondria. The subsequent overproduction of H2S
suppresses mitochondrial electron transport and causes a cellular bioenergetic deficit, which is
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evidenced, amongst other responses, by a suppression of the cellular proliferation rate.
Pharmacological inhibition of 3-MST with HMPSNE (not shown in this scheme) corrects H2S
overproduction and improves bioenergetic parameters, resulting in the stimulation of Down
syndrome cell proliferation.

Which enzyme, then, is more important in the suppression of mitochondrial function in Down
syndrome, CBS or 3-MST? When comparing the extent of the beneficial effect observed with the CBS
inhibitor aminooxyacetate (or CBS silencing) in a prior study [9] with the effect of HMPSNE in the
current study, we can conclude that CBS inhibition exerted more robust effects. However,
surprisingly, both approaches produced a comparable (complete or near-complete) inhibition of
cellular H:S levels (at least, as detected by the fluorescent HoS dyes, e.g.,, AzMC, used in our
laboratory). We expected that since both enzyme systems contribute to the total cellular H2S
production, inhibition of either CBS or 3-MST would produce a partial inhibition of the cellular H2S
levels (as opposed to the complete or near-complete inhibitions observed). We do not have a clear
explanation of this unexpected finding, but it is possible that the sensitivity or the cell permeation of
the fluorescent dye used may play a role.

Another surprising finding was the lack of HMPSNE'’s effect on glycolytic parameters (in normal
cells or in Down syndrome cells). Prior studies in various cell types have indicated that H2S regulates
key glycolytic enzymes [44,45]. Moreover, 3-MST silencing in adipocytes was recently reported to
increase the extracellular acidification rate [46], while in endothelial cells, 3-MST silencing or
HMPSNE decreased various glycolytic parameters [39]. In murine colon cancer cells, HMPSNE
exerted a bell-shaped effect on glycolytic parameters (increases at the lowest inhibitor concentration
used and decreases at higher concentrations) [14]. Different cell types in culture may rely to a
different extent on oxidative phosphorylation vs. glycolysis, and the biochemical mechanisms
regulating these processes may also be cell-type different, which may explain the lack of HMPSNE’s
significant effect on glycolysis in the current study.

Although both CBS and 3-MST are superficially viewed as “mammalian H2S-producing
enzymes”, there are important differences between them, not only with regards to their cellular and
subcellular localization, substrates, and enzymatic regulation (different substrates, different co-
factors), but also the product(s) of the reactions they catalyze [5-7]. Importantly, while the product
of CBS is primarily “free” HaS (which, in turn, dissociates into hydrosulfide anion), 3-MST is
primarily considered a source of polysulfides. Polysulfides are biologically active sulfide species,
which exert their effects primarily through posttranslational modification of various enzymes
(sulfhydration) [45,47]. The combination of increased CBS and increased 3-MST in Down syndrome
cells would predict increased HzS, as well as increased polysulfide levels, which, in turn, would be
expected to produce post-translational modifications in multiple proteins in all cellular compartment
(mitochondria, cytosol, cell membranes, etc.). Characterization of the sulfhydrated proteins in cells
and tissues of individuals with Down syndrome (to establish the “Down syndrome sulfhydrome”)
and delineation of the alterations in the function of the sulfhydrated proteins remain to be conducted
in future studies. It is also important to mention that both CBS and 3-MST have important roles in
the regulation of cellular redox homeostasis: CBS activity affects upstream steps in the
transsulfuration process, which, in turn, affects cellular glutathione levels (an important antioxidant)
[8]. Moreover, in addition to its role as a H2S/polysulfide-producing enzyme, 3-MST is also an
antioxidant enzyme and one whose activity is regulated by the cellular redox status [48]. The
alterations in oxidant/antioxidant balance in Down syndrome are complex. Importantly, not only are
various pro-oxidant processes upregulated in Down syndrome, but so is antioxidant superoxide
dismutase (SOD), which is also encoded on chromosome 21 [49]. Nevertheless, the net effect of these
various alterations is increased intracellular pro-oxidant levels in Down syndrome cells and tissues
[49,50]. How CBS and/or 3-MST levels modulate the intracellular redox homeostasis is currently
unclear and remains to be investigated in future studies.

Irrespective of the source of the excess H2S in Down syndrome (CBS, 3-MST or both), so far, most
of the studies focusing on the “Kamoun Hypothesis” rely on in vitro data or clinical (observational)
studies. Thus, the in vivo experimental testing of the “Kamoun Hypothesis” (e.g., in animal models
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of Down syndrome) remains to be conducted. There are recent in vivo data from the Herault group
demonstrating that Down syndrome mice (i.e., mice with trisomy of the mouse chromosome
fragment that carries murine CBS as well as several other genes) develop neurological deficits, and
inactivation of CBS in these mice reverses the functional deficits [29]. Moreover, forced
overexpression of CBS in mice has been shown to produce disturbances in serotonin and dopamine
pathways in the brain of mice [51] and to cause neurobehavioral deficits in some (but not all)
experiments conducted to date [29,52]. With respect to 3-MST, there are also in vivo studies showing
that both its deletion and its overexpression can impair various neurobehavioral parameters in mice
[53,54]. In addition, ethylmalonic encephalopathy, an autosomal recessive disease which is associated
with neurological impairment is, at least in part, due to the excessive accumulation of H:S; in this
instance this is caused by ETHE1 mutations, which decrease the clearance of H25 due to the
downregulation of mitochondrial sulfur dioxygenase [55]. These data, taken together, support the
view that excessively high levels of H:S in the central nervous system exert detrimental effects on
neurological functions and should encourage additional in vivo studies to further test the “Kamoun
Hypothesis” in terms of short-term neurological defects, as well as long-term metabolic alterations
and perhaps in terms of later-stage neurodegenerative processes as well.

5. Conclusions

In conclusion, the results presented in the current study demonstrate that Down syndrome
fibroblasts express increased mitochondrial amounts of 3-MST and suggest that the HaS produced
from this enzyme, in addition to the indisputable role of CBS, may contribute to the suppression of
mitochondrial bioenergetics and the inhibition of cell proliferation in Down syndrome.

Author Contributions: Conceptualization, C.S. and T.P.; methodology, T.P. and E.B.R.; formal analysis, T.P. and
E.B.R; investigation, T.P. and E.B.R.; resources, C.S..; data curation, T.P. and C.S..; writing—original draft
preparation, T.P. E.B.R. and C.S.; writing—review and editing, T.P., EB.R. and C.S,; visualization, T.P. and
E.B.R;; supervision, C.S.; project administration, C.S.; funding acquisition, C.S. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by the Jérome Lejeune Foundation.

Acknowledgments: The following cell lines were obtained from the NIGMS Human Genetic Cell Repository at
the Coriell Institute for Medical Research: GM08447, GM05756, GM00041, GM05659, GM04616, GM02571,
AG07096, and AG05397.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Vacca, R.A;; Bawari, S.; Valenti, D.; Tewari, D.; Nabavi, S.F.; Shirooie, S.; Sah, A.N.; Volpicella, M.; Braidy,
N.; Nabavi, S.M. Down syndrome: Neurobiological alterations and therapeutic targets. Neurosci. Biobehav.
Rev. 2019, 98, 234-255.

2. Valenti, D.; de Bari, L.; De Filippis, B.; Henrion-Caude, A.; Vacca, R.A. Mitochondrial dysfunction as a
central actor in intellectual disability-related diseases: an overview of Down syndrome, autism, Fragile X
and Rett syndrome. Neurosci. Biobehav. Rev. 2014, 46, 202-217.

3. Izzo, A,; Mollo, N.; Nitti, M.; Paladino, S.; Cali, G.; Genesio, R.; Bonfiglio, F.; Cicatiello, R.; Barbato, M;
Sarnataro, V.; et al. Mitochondrial dysfunction in Down syndrome: molecular mechanisms and therapeutic
targets. Mol. Med. 2018, 24, 2.

4. Valenti, D.; Braidy, N.; De Rasmo, D.; Signorile, A.; Rossi, L.; Atanasov, A.G.; Volpicella, M.; Henrion-
Caude, A.; Nabavi, SM.; Vacca, R.A. Mitochondria as pharmacological targets in Down syndrome. Free
Radic. Biol. Med. 2018, 114, 69-83.

5. Szabo, C. The re-emerging pathophysiological role of the cystathionine-3-synthase - hydrogen sulfide
system in Down syndrome. FEBS ]. 2020, in press.

6. Huang, CW,; Moore, P.K. H2S synthesizing enzymes: biochemistry and molecular aspects. Handb. Exp.
Pharmacol. 2015, 230, 3-25.

7. Kimura, H. Physiological roles of hydrogen sulfide and polysulfides. Handb. Exp. Pharmacol. 2015, 230, 61-81.



Biomolecules 2020, 10, 653 13 of 15

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

Szabo, C.; Papapetropoulos, A. International union of basic and clinical pharmacology. CII:
Pharmacological modulation of HS levels: H2S donors and H>S biosynthesis inhibitors. Pharmacol. Rev.
2017, 69, 497-564.

Panagaki, T.; Randi, E.B.; Augsburger, F.; Szabo, C. Overproduction of HzS, generated by CBS, inhibits
mitochondrial Complex IV and suppresses oxidative phosphorylation in Down syndrome. Proc. Natl. Acad.
Sci. USA 2019, 116, 18769-18771.

Szczesny, B.; Mddis, K.; Yanagi, K.; Coletta, C.; Le Trionnaire, S.; Perry, A.; Wood, ME.; Whiteman, M.;
Szabo, C. AP39, a novel mitochondria-targeted hydrogen sulfide donor, stimulates cellular bioenergetics,
exerts cytoprotective effects and protects against the loss of mitochondrial DNA integrity in oxidatively
stressed endothelial cells in vitro. Nitric Oxide. 2014, 41, 120-130.

Singha, S.; Kim, D.; Moon, H.; Wang, T.; Kim, K.H.; Shin, Y.H,; Jung, J.; Seo, E.; Lee, SJ.; Ahn, K.H. Toward
a selective, sensitive, fast-responsive, and biocompatible two-photon probe for hydrogen sulfide in live
cells. Anal. Chem. 2015, 87, 1188-95.

Hanaoka, K.; Sasakura, K.; Suwanai, Y.; Toma-Fukai, S.; Shimamoto, K.; Takano, Y.; Shibuya, N.; Terai, T.;
Komatsu, T.; Ueno, T.; et al. Discovery and mechanistic characterization of selective inhibitors of HzS-
producing enzyme: 3-mercaptopyruvate sulfurtransferase (3MST) targeting active-site cysteine persulfide.
Sci. Rep. 2017, 7, 40227.

Modis, K.; Coletta, C.; Erdélyi, K.; Papapetropoulos, A.; Szabo, C. Intramitochondrial hydrogen sulfide
production by 3-mercaptopyruvate sulfurtransferase maintains mitochondrial electron flow and supports
cellular bioenergetics. FASEB J. 2013, 27, 601-611.

Augsburger, F.; Randi, E.B.; Jendly, M.; Ascencao, K.; Dilek, N.; Szabo, C. Role of 3-mercaptopyruvate
sulfurtransferase in the regulation of proliferation, migration, and bioenergetics in murine colon cancer
cells. Biomolecules. 2020, 10, E447.

Panagaki, T.; Michael, M.; Holscher, C. Liraglutide restores chronic ER stress, autophagy impairments and
apoptotic signalling in SH-SY5Y cells. Sci. Rep. 2017, 7, 16158.

Kamoun, P. Mental retardation in Down syndrome: a hydrogen sulfide hypothesis. Med. Hypotheses. 2001,
57,389-392.

Kamoun, P.P. Mental retardation in Down syndrome: Two ways to treat. Med. Hypotheses. 2019, 131, 109289.
Belardinelli, M.C.; Chabli, A.; Chadefaux-Vekemans, B.; Kamoun, P. Urinary sulfur compounds in Down
syndrome. Clin. Chem. 2001, 47, 1500-1501.

Kamoun, P.; Belardinelli, M.C.; Chabli, A.; Lallouchi, K.; Chadefaux-Vekemans, B. Endogenous hydrogen
sulfide overproduction in Down syndrome. Am. ]. Med. Genet. A 2003, 116A, 310-311.

Chadefaux, B.; Rethoré, M.O.; Raoul, O.; Ceballos, I, Poissonnier, M.; Gilgenkranz, S.; Allard, D.
Cystathionine beta synthase: gene dosage effect in trisomy 21. Biochem. Biophys. Res. Commun. 1985, 128,
40-44.

Taub, ].W.; Huang, X.; Matherly, L.H.; Stout, M.L.; Buck, S.A.; Massey, G.V.; Becton, D.L.; Chang, M.N.;
Weinstein, H.].; Ravindranath, Y. Expression of chromosome 21-localized genes in acute myeloid leukemia:
differences between Down syndrome and non-Down syndrome blast cells and relationship to in vitro
sensitivity to cytosine arabinoside and daunorubicin. Blood. 1999, 94, 1393-1400.

Ge, Y.; Jensen, T.L.; Matherly, L.H.; Taub, J.W. Transcriptional regulation of the cystathionine-beta -
synthase gene in Down syndrome and non-Down syndrome megakaryocytic leukemia cell lines. Blood.
2003, 101, 1551-1557.

Ichinohe, A.; Kanaumi, T.; Takashima, S.; Enokido, Y.; Nagai, Y.; Kimura, H. Cystathionine beta-synthase
is enriched in the brains of Down's patients. Biochem. Biophys. Res. Commun. 2005, 338, 1547-1550.
Marechal, D.; Brault, V.; Leon, A.; Martin, D.; Lopes Pereira, P.; Loaéc, N.; Birling, M.C.; Friocourt, G,;
Blondel, M.; Herault, Y. CBS overdosage is necessary and sufficient to induce cognitive phenotypes in
mouse models of Down syndrome and interacts genetically with Dyrkla. Hum. Mol. Genet. 2019, 28, 1561—
1577.

Sullivan, K.D.; Lewis, H.C.; Hill, A.A.; Pandey, A.; Jackson, L.P.; Cabral, ].M.; Smith, K.P.; Liggett, L.A.;
Gomez, E.B.; Galbraith, M.D.; et al. Trisomy 21 consistently activates the interferon response. Elife 2016, 5,
€16220.

Guedj, F.; Pennings, ]J.L.; Massingham, L.J.; Wick, H.C.; Siegel, A.E.; Tantravahi, U.; Bianchi, D.W. An
integrated human/murine transcriptome and pathway approach to identify prenatal treatments for Down
syndrome. Sci. Rep. 2016, 6, 32353.



Biomolecules 2020, 10, 653 14 of 15

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Pelleri, M.C.; Cattani, C.; Vitale, L.; Antonaros, F.; Strippoli, P.; Locatelli, C.; Cocchi, G.; Piovesan, A.;
Caracausi, M. Integrated quantitative transcriptome maps of human trisomy 21 tissues and cells. Front.
Genet. 2018, 9, 125.

Sriroopreddy, R.; Sajeed, R. Differentially expressed gene (DEG) based protein-protein interaction (PPI)
network identifies a spectrum of gene interactome, transcriptome and correlated miRNA in nondisjunction
Down syndrome. Int. ]. Biol. Macromol. 2019, 122, 1080-1089.

Sobol, M;; Klar, J.; Laan, L.; Shahsavani, M.; Schuster, J.; Annerén, G.; Konzer, A.; Mi, J.; Bergquist, J.;
Nordlund, J.; et al. Transcriptome and proteome profiling of neural induced pluripotent stem cells from
individuals with Down syndrome disclose dynamic dysregulations of key pathways and cellular functions.
Mol. Neurobiol. 2019, 56, 7113-7127.

Moreira-Filho, C.A.; Bando, S.Y.; Bertonha, F.B.; Silva, F.N.; Costa Lda, F.; Ferreira, L.R.; Furlanetto, G.;
Chacur, P.; Zerbini, M.C.; Carneiro-Sampaio, M. Modular transcriptional repertoire and MicroRNA target
analyses characterize genomic dysregulation in the thymus of Down syndrome infants. Oncotarget. 2016, 7,
7497-7533.

Ruike, Y.; Ichimura, A.; Tsuchiya, S.; Shimizu, K.; Kunimoto, R.; Okuno, Y.; Tsujimoto, G. Global correlation
analysis for micro-RNA and mRNA expression profiles in human cell lines. ]. Hum. Genet. 2008, 53, 515.
Kong, X.D.; Liu, N.; Xu, X.J. Bioinformatics analysis of biomarkers and transcriptional factor motifs in
Down syndrome. Braz. |. Med. Biol. Res. 2014, 47, 834-841.

Helguera, P.; Seiglie, J.; Rodriguez, J.; Hanna, M.; Helguera, G.; Busciglio, J. Adaptive downregulation of
mitochondrial function in Down syndrome. Cell Metab. 2013, 17, 132-140.

Liu, Y.; Borel, C,; Li, L.; Miiller, T.; Williams, E.G.; Germain, P.L.; Buljan, M.; Sajic, T.; Boersema, P.].; Shao,
W.; et al. Systematic proteome and proteostasis profiling in human Trisomy 21 fibroblast cells. Nat.
Commun. 2017, 8, 1212.

Yim, A.; Koti, P.; Bonnard, A.; Marchiano, F.; Dirrbaum, M.; Garcia-Perez, C.; Villaveces, J.; Gamal, S;
Cardone, G.; Perocchi, F.; et al. mitoXplorer, a visual data mining platform to systematically analyze and
visualize mitochondrial expression dynamics and mutations. Nucleic Acids Res. 2020, 48, 605-632.
Augsburger, F.; Szabo, C. Potential role of the 3-mercaptopyruvate sulfurtransferase (3-MST)-hydrogen
sulfide (H2S) pathway in cancer cells. Pharmacol. Res. 2020, 154, 104083.

Oldah, G.; Madis, K.; Tord, G.; Hellmich, M.R.; Szczesny, B.; Szabo, C. Role of endogenous and exogenous
nitric oxide, carbon monoxide and hydrogen sulfide in HCT116 colon cancer cell proliferation. Biochemn.
Pharmacol. 2018, 149, 186-204.

Toliver-Kinsky, T.; Cui, W.; Tord, G.; Lee, S.J.; Shatalin, K.; Nudler, E.; Szabo, C. HzS, a bacterial defense
mechanism against the host immune response. Infect. Immun. 2018, 87, e00272-18.

Abdollahi Govar, A.; Tord, G.; Szaniszlo, P.; Pavlidou, A.; Bibli, S.I.; Thanki, K.; Resto, V.A.; Chao, C.;
Hellmich, M.R.; Szabo, C. et al. 3-Mercaptopyruvate sulfurtransferase supports endothelial cell
angiogenesis and bioenergetics. Br. ]. Pharmacol. 2020, 177, 866—-883.

Cai, W.J.; Wang, M.].; Moore, P.K,; Jin, HM.; Yao, T.; Zhu, Y.C. The novel proangiogenic effect of hydrogen
sulfide is dependent on Akt phosphorylation. Cardiovasc. Res. 2007, 76, 29-40.

Huang, Y.; Li, F.; Tong, W.; Zhang, A.; He, Y.; Fu, T, Liu, B. Hydrogen sulfide, a gaseous transmitter,
stimulates proliferation of interstitial cells of Cajal via phosphorylation of AKT protein kinase. Tohoku ].
Exp. Med. 2010, 221, 125-132.

Papapetropoulos, A.; Pyriochou, A.; Altaany, Z.; Yang, G.; Marazioti, A.; Zhou, Z.; Jeschke, M.G.; Branski,
L.K.; Herndon, D.N.; Wang, R.; et al. Hydrogen sulfide is an endogenous stimulator of angiogenesis. Proc.
Natl. Acad. Sci. USA. 2009, 106, 21972-21977.

Szabo, C. Hydrogen sulfide, an enhancer of vascular nitric oxide signaling: mechanisms and implications.
Am. . Physiol. Cell Physiol. 2017, 312, C3—C15.

Lee, ZW_; Teo, X.Y.; Tay, E.Y.; Tan, C.H.; Hagen, T.; Moore, P.K.; Deng, L.W. Utilizing hydrogen sulfide as
a novel anti-cancer agent by targeting cancer glycolysis and pH imbalance. Br. J. Pharmacol. 2014, 171, 4322—
4336.

Paul, B.D.; Snyder, S.H. H2S: A Novel gasotransmitter that signals by sulfhydration. Trends Biochem. Sci.
2015, 40, 687-700.

Ostrakhovitch, E.A.; Akakura, S.; Sanokawa-Akakura, R. Tabibzadeh, S. 3-Mercaptopyruvate
sulfurtransferase disruption in dermal fibroblasts facilitates adipogenic trans-differentiation. Exp. Cell Res.
2019, 385, 111683.



Biomolecules 2020, 10, 653 15 of 15

47.

48.

49.

50.

51.

52.

53.

54.

55.

Zhang, D.; Du, J.; Tang, C.; Huang, Y.; Jin, H. H2S-induced sulfhydration: biological function and detection
methodology. Front. Pharmacol. 2017, 8, 608.

Nagahara, N. Multiple role of 3-mercaptopyruvate sulfurtransferase: antioxidative function, HaS and
polysulfide production and possible SOx production. Br. J. Pharmacol. 2018, 175, 577-589.

Annerén, G.; Edman, B. Down syndrome--a gene dosage disease caused by trisomy of genes within a small
segment of the long arm of chromosome 21, exemplified by the study of effects from the superoxide-
dismutase type 1 (SOD-1) gene. APMIS Suppl. 1993, 40, 71-79.

Muchovy, J.; Zithanovd, L; Durackova, Z. Oxidative stress and Down syndrome. Do antioxidants play a
role in therapy? Physiol. Res. 2014, 63, 535-542.

London, J.; Ndiaye, F.K.; Bui, L.C.; Souchet, B.; Daubigney, F.; Magnan, C.; Luquet, S.; Dairou, J.; Janel, N.;
Rouch, C. Alterations in the serotonin and dopamine pathways by cystathionine beta synthase
overexpression in murine brain. Mol. Neurobiol. 2019, 56, 3958-3971.

Régnier, V.; Billard, ].M.; Gupta, S.; Potier, B.; Woerner, S.; Paly, E.; Ledru, A.; David, S.; Luilier, S.; Bizot,
J.C.; et al. Brain phenotype of transgenic mice overexpressing cystathionine -synthase. PLoS ONE 2012, 7,
€29056.

Nagahara, N.; Nagano, M.; Ito, T.; Shimamura, K.; Akimoto, T.; Suzuki, H. Antioxidant enzyme, 3-
mercaptopyruvate sulfurtransferase-knockout mice exhibit increased anxiety-like behaviors: a model for
human mercaptolactate-cysteine disulfiduria. Sci. Rep. 2013, 3, 1986.

Ide, M.; Ohnishi, T.; Toyoshima, M.; Balan, S.; Maekawa, M.; Shimamoto-Mitsuyama, C.; Iwayama, Y.;
Ohba, H.; Watanabe, A.; Ishii, T.; et al. Excess hydrogen sulfide and polysulfides production underlies a
schizophrenia pathophysiology. EMBO Mol. Med. 2019, 11, e10695.

Tiranti, V.; Viscomi, C.; Hildebrandt, T.; Di Meo, I; Mineri, R.; Tiveron, C.; Levitt, M.D.; Prelle, A.; Fagiolari,
G.; Rimoldi, M.; et al. Loss of ETHE1, a mitochondrial dioxygenase, causes fatal sulfide toxicity in
ethylmalonic encephalopathy. Nat. Med. 2009, 15, 200-205.

© 2020by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ @ \ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



