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Astrocytes are essential players in development and functions, being partic-

ularly relevant as regulators of brain energy metabolism, ionic homeostasis

and synaptic transmission. They are also the major source of L-serine in

the brain, which is synthesized from the glycolytic intermediate 3-

phosphoglycerate through the phosphorylated pathway. L-Serine is the pre-

cursor of the two main co-agonists of the N-methyl-D-aspartate receptor,

glycine and D-serine. Strikingly, dysfunctions in both L- and D-serine

metabolism are associated with neurological and psychiatric disorders.

Here, we exploited a differentiation protocol, based on the generation of

human mature astrocytes from neural stem cells, and investigated the mod-

ification of the proteomic and metabolomic profile during the differentia-

tion process. We show that differentiated astrocytes are more similar to

mature rather than to reactive ones, and that axogenesis and pyrimidine

metabolism increase up to 30 days along with the folate cycle and sphingo-

lipid metabolism. Consistent with the proliferation and cellular maturation

processes that are taking place, also the intracellular levels of L-serine, gly-

cine, threonine, L- and D-aspartate (which level is unexpectedly higher than

that of D-serine) show the same biosynthetic time course. A significant utili-

zation of L-serine from the medium is apparent while glycine is first con-

sumed and then released with a peak at 30 days, parallel to its intracellular

level. These results underline how metabolism changes during astrocyte dif-

ferentiation, highlight that D-serine synthesis is restricted in differentiated

astrocytes and provide a valuable model for developing potential novel

therapeutic approaches to address brain diseases, especially the ones related

to serine metabolism alterations.
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Introduction

Astrocytes are the most abundant cell types in the cen-

tral nervous system (CNS) [1] with extraordinary mor-

phological and functional heterogeneity [2]. Neural

stem cells (NSCs) in the neuroepithelium of the devel-

oping CNS and in discrete areas of adult brains (neu-

rogenic niches) continue to differentiate into

committed neuronal subtypes, such as neurons, astro-

cytes and oligodendrocytes [3]. Besides providing struc-

tural support, they are crucially engaged in neuronal

pathfinding, as well as in the control of trafficking

across the blood–brain barrier [4].

Astrocytes also play a key role in numerous func-

tions including glutamate, ion and water homeostasis,

defence against oxidative stress, energy storage and

supply, mitochondria biogenesis and tissue healing.

They secrete a large number of molecules thus being

considered the major secretory cells in the CNS.

Indeed, they release neurotransmitters, modulators,

peptides, hormones, trophic growth factors and metab-

olites. Secreted molecules dynamically participate in

synapse formation, function, elimination, plasticity,

differentiation, neuronal growth, survival, as well as in

the regulation of blood flow in the brain [5–8]. Astro-

cytes are also main regulators of brain metabolism.

Their anatomical position between blood vessels and

neurons makes them a crossing point for efficient glu-

cose uptake from the blood. Astrocytic glucose-6-

phosphate can be processed into three metabolic path-

ways: aerobic glycolysis, pentose phosphate pathway

(PPP) and storage as glycogen. One major function of

aerobic glycolysis is to maintain high levels of glyco-

lytic intermediates to support anabolic reactions in

cells [9].

On this side, the nonessential amino acid L-serine is

produced through the re-routing of the glycolytic

intermediate 3-phosphoglycerate into the phosphory-

lated pathway (PP). The PP is a short metabolic

sequence consisting of three consecutive and ordered

enzymatic reactions catalysed by the following

enzymes: phosphoglycerate dehydrogenase (PHGDH),

mainly expressed in astrocytes [10], phosphoserine

aminotransferase 1 (PSAT1) and phosphoserine phos-

phatase (PSP) [11]. L-Serine, primarily found in astro-

cytes, is a major carbon source in the one-carbon

metabolic pathway; it is also required for the biosyn-

thesis of proteins, phosphoglycerides, glycerides,

nucleotides, sphingolipids, phosphatidylserine and

methylenetetrahydrofolate [11]. Notably, L-serine is

the precursor of the two main co-agonists of N-

methyl-D-aspartate (NMDA) receptors: glycine and D-

serine (D-Ser). The latter is synthesized from L-serine

by the enzyme serine racemase (SR), upon the shut-

tling of the precursor in neurons, where SR is mainly

expressed [12]. Dysfunctions in D-Ser metabolism and

the consequent alteration in its brain level have been

associated with neurological diseases and psychiatric

disorders. Of note, mutations in genes coding for

enzymes of the PP pathway are associated with sev-

eral neurological disorders [11], indicating the rele-

vance of serine synthesis for brain functionality.

Furthermore, PHGDH is essential for nucleotide

metabolism and associated events, like proliferation

and cellular energy source, as elegantly demonstrated

both in vitro in HTC16 cells [13] and in vivo in

PHGDH knockout mice. The latter manifests a severe

impairment of neurogenesis associated with a signifi-

cant dysregulation of genes involved in the cell-cycle

progression [14]. Thus, altered expression levels of the

PP enzymes, and in particular of PHGDH, are

expected to contribute not only to a reduced prolifera-

tion [13] but also to distorted glial-neuron communica-

tion and eventually to NMDA receptor function

impairment, as well as to impairment of multi-faced

functions linked to one-carbon metabolic pathway.

This latter comprises three vital biochemical cycles: the

folate cycle (glycine and serine power mitochondrial

enzymes via purine production), the methionine cycle

(S-adenosylmethionine is the major methyl donor reg-

ulating methylation status of nucleic acids and histone

proteins, among others) [15] and the trans-sulfuration

pathway (essential for the synthesis of glutathione and

crucial for deactivating radicals and reactive oxygen

species molecules) [16]. The expression levels of the PP
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enzymes have been recently investigated to shed light

on brain metabolism during healthy ageing vs Alzhei-

mer’s disease onset [17,18].

Since astrocytes play such an important role in brain

homeostasis and functioning, their impairment is impli-

cated in the pathogenesis of several neurological diseases

[19]. In response to pathological insults, they undergo

molecular, morphological and functional changes [20],

and during these processes, they can play either neuro-

protective or neurotoxic roles. For these reasons, model-

ling astrocytes and their interactions with neurons is

considered of paramount importance from both funda-

mental and translational perspectives. Although most

studies on astrocytes have been performed using mouse

models, important differences between human and

mouse astrocytes have been reported [21]. Therefore, the

generation of astrocytes from NSCs has attracted much

attention recently. Although NSCs and astrocytes share

common phenotypic and functional characteristics

[22,23], their transcriptomic and proteomic profiles

show several differences. Fluxomic studies also indicate

the downregulation of central carbon metabolism in

murine NSC-derived astrocytes [24]; transcriptional and

functional differences between human and murine astro-

cytes have been reported [25].

In this regard, we exploited the potential of human

fibroblasts reprogrammed to induced pluripotent stem

cells (hiPSC) and further differentiated in NSC and

then into astrocytes, with the ambitious goal to pro-

vide an insight into the cellular processes timely

involved in the differentiation programme. The molec-

ular understanding of astrocyte differentiation from

NSCs is an important aspect to consider for modulat-

ing astrocyte physiology in human pathologies and for

developing potential therapeutic strategies. Thus, to

get a complete picture of the changes that occur dur-

ing astrocytes differentiation, we resorted to an inte-

grated multi-omic approach to evaluate how the

proteomic and metabolic profile progress at different

times of differentiation of NSC-derived human astro-

cytes, with a particular focus on the PP pathway.

Results

Generation and functional characterization of

hiPSC-derived astrocytes

We generated a human induced pluripotent stem cell

line from human fibroblast [BJ (ATCC CRL-2522)]

utilizing SENDAI virus carrying the embryonic genes

for OCT4 (octamer-binding transcription factor 4),

SOX2 (SRY-Box transcription factor 2), KLF4 (Krup-

pel like factor 4) and cMYC (MYC proto-oncogene).

Stem cells pluripotency was verified using sets of estab-

lished markers and different techniques: (a) OCT4 and

SSEA4 (stage-specific embryonic antigen-4) by immu-

nofluorescence analysis; (b) OCT4, SOX2 and

NANOG (Nanog homeobox) genes by quantitative

real-time PCR (qRT-PCR) (Fig. 1A,B).

The hiPSC cell line was differentiated using the

Neural Induction Medium and expanded. The result-

ing NSC colonies expressed typical markers, including

nestin, SOX2 and PAX6 as assessed by immunofluo-

rescence staining (Fig. 1C) and nestin, PAX6 and

SOX1, as evaluated by qRT-PCR (Fig. 1D). A mono-

layer protocol was then used to differentiate NSCs

into astrocytes combining low initial seeding density

and reduced serum exposure (1%). We first tracked

astrocytes at different times of differentiation (Days 2,

15, 30, 40 and 56) by western blot analysis for two

classical astrocytes markers, GFAP (glial fibrillary

acidic protein) and EAAT1 (excitatory amino acid

transporter 1) [19], as well as for SOX2, as a marker

of NSC. In line with previously reported studies

[26,27] EAAT1 and GFAP protein levels increased

gradually, with the highest level detected between 30

and 56 days, while SOX2 was progressively downregu-

lated over time (Fig. 1E). Cell growth was fast at the

beginning of the differentiation process but slowed

down after 20 days and finally stopped after 30 days,

which corresponds to the reported stage of mature

astrocytes by this protocol (Fig. 1F). Coherently,

quantification analyses performed at 30 days showed

that almost all cells were S100b+ (S100 calcium-

binding protein B) and EAAT1+, and that the propor-

tion of GFAP+ cells increased from 43% to 75% from

Days 30 to 56 (Fig. 1G–I). The neuronal marker b3
tubulin was undetectable at Day 30, indicating that

there was no contamination of neurons (Fig. 1H).

To further investigate whether additional astrocyte-

enriched proteins [19] were expressed in a time-

dependent manner, the proteome of hiPSC-derived

astrocytes at the different differentiation time points

was characterized by a quantitative shotgun label-free

proteomic approach (as depicted in Fig. 2A) to identify

and quantify expressed proteins (Fig. 2B,C; Table S1A–
F). Furthermore, to verify that the prolonged in vitro

differentiation protocol did not induce an activated phe-

notype, potential markers of reactive astrocytes

[20,28,29] were also evaluated (Table S2). Many of them

were identified at all differentiation time points and the

differences in their expression level were not statistically

significant with the only exception of CD44, as well as

GFAP, vimentin (VIM) and tenascin (TNC), widely

used as markers of reactive astrocytes [29], which

strongly increased at Day 56 compared with Day 30
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Fig. 1. Characterization of human fibroblast-derived hiPSCs (Bj-iPSC), Bj-iPSC-derived-NSCs (NSCs) and hiPSC-derived astrocytes. (A) Mor-

phology of Bj-iPSC cultured in feeder-free conditions (left panel). Scale bar: 100 lm. Immunofluorescence labelling for the expression of the

pluripotency markers in Bj-iPSC (SSEA4 and OCT4); nuclei were stained with DAPI (blue, right panel). Scale bar: 50 lm. (B) Gene expression

analysis by qPCR in BJ-FB and BJ-IPSC of OCT4, SOX2 and NANOG. (C) Representative immunofluorescence labelling for the expression of

neuronal stem cell markers Nestin, Sox2 and Pax6 (green or red) on Bj-iPSC-derived-NSCs. Nuclei were stained with DAPI (blue). Scale bar:

50 lm. (D) Gene expression analysis by qPCR in BJ-IPSC and NSC of NESTIN, PAX6 and SOX1. (E) Representative western blot analysis

showing the time course of GFAP, EAAT1 and SOX2 protein expression during astrocyte differentiation. GAPDH was used as a loading con-

trol. (F) Growth curve of astrocytes during the differentiation process. Mean cell numbers � standard deviations are shown. (G) Immunofluo-

rescence labelling for the expression of GFAP in astrocytes at 30 and 56 days of differentiation. The percentage of cells displaying GFAP-

positive staining is shown at the bottom of the picture. Cells in five different fields and in three independent experiments were counted

blindly. The percent of GFAP-positive cells was calculated as the ratio of cells showing GFAP-positive staining compared with the total num-

ber of cells with DAPI-stained nuclei (***P < 0.0005, t-test). (H) Representative immunofluorescence double-staining images of hiPSC-

derived astrocytes (at 30 days) for b3-tubulin (green)/GFAP (red), S100b (green)/GFAP (red) and EAAT1 (green)/GFAP (red). Scale bar,

100 lm. (I) Expression of the markers GFAP, S100b and EAAT1 in hiPSC-derived astrocytes as in panel G, assessed by cell count using IMA-

GEJ. Results from three independent experiments are reported as % of positive cells �SEM. One-way ANOVA was performed to assess sta-

tistical significance (***P < 0.0005).
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(Fig. 3). Although their upregulation has been reported

as indicative of reactive astrocyte remodelling, elevated

GFAP levels were previously attributed to in vitro cul-

ture conditions [19] and changes in both intermediate fil-

ament proteins and extracellular matrix proteins

expression may also reflect physiological adaptive plas-

ticity rather than being simply a reactive response to

pathological stimuli [30,31]. Recently, VCAM1, BST2,

ICOSL, HLA-E, PD-L1 and PDPN have been proposed

as cell surface markers of reactive astrocytes [32]. Here,

the proteomic analysis did not identify any of these

markers of reactive astrocytes induced by proinflamma-

tory factors (TNF, IL-1a and C1q) during hiPSC-

derived astrocyte differentiation (Table S2) and did not

highlight pathways strictly linked to immune response

and neuroinflammation at all differentiation times.

Therefore, in accordance with the literature suggesting

that one or two protein markers are not sufficient to

define astrocyte reactivity, but a signature of molecular

markers is required [20], the proteomic data show a pro-

file more similar to maturing astrocytes rather than to

reactive ones, even at 56 days of differentiation.

Integration of proteomic and metabolomic

analyses of hiPSC-derived astrocytes during

differentiation

In order to obtain a detailed understanding of alter-

ations in metabolic pathways during astrocyte differen-

tiation, we performed metabolomic analyses and their

integration with proteomic data. The shotgun label-

free LC–MS/MS analyses carried out to identify major

differences among samples at all the differentiation

time points keeping the time 2 days as a reference,

allowed to categorize the identified proteins in: (a) pro-

teins exclusively expressed (EE) at single time points;

(b) differentially expressed (DE) proteins at the

selected differentiation times; and (c) proteins con-

stantly expressed during the time course of the induced

astrogliogenesis (Fig. 2C). EE and DE proteins were

analysed by CLUEGO, Panther and David to find

enrichments in biological processes (GOBP), molecular

functions (GOMF) and pathways (Table S1G–I).
Functional analysis and interpretation of proteomic

profiling suggest that astrocyte differentiation induced

differential expression of several proteins involved in

important cellular events—e.g. glucose metabolism,

aerobic metabolism and RNA metabolic processes,

cytoskeleton organization, biosynthesis of various

metabolites. In particular, at 15 days of differentiation

proteins involved in DNA replication, synaptic vesicle

trafficking, neurogenesis and immune response were

more expressed (in comparison to 2 days). At 30 days

proteins related to glucose metabolism, glucagon sig-

nalling and cytoskeleton organization increased, while

focal adhesion and ribosome biogenesis decreased. A

different picture was apparent starting from 40 days:

integrin and cadherin signalling, intracellular traffick-

ing, aerobic metabolism and RNA metabolic processes

increased, whereas proteins related to the biosynthesis

of various metabolites (serine, glycine, cysteine, methi-

onine, cholesterol, pyrimidine and purine) decreased

(Table S1G–I).
The metabolomic profile was determined by per-

forming an untargeted metabolomics analysis on the

same samples used for proteomic analysis. Comparing

the metabolic profiles during astrogliogenesis, well-

separated profiles were apparent according to partial

least-squares discriminant analysis (PLS-DA), being

astrocytes at 2 and 15 days of differentiation clustered

closer than astrocytes at later stages (30, 40 and

56 days), and astrocytes at Day 30 being the most sep-

arated from the other groups (Fig. 4A). A number of

metabolic pathways such as glycolysis, TCA cycle,

PPP, amino acids and nucleotides biosynthesis, along

with methionine and urea cycles, showed an overall

increase of their metabolites between 15 and 30 days

of differentiation, followed by a consistent decrease,

which was more evident at 56 days (Table S3;

Fig. 4B–E). Glutathione synthesis increased during dif-

ferentiation, strongly supported by the amino acid ser-

ine (L-Ser), glutamine and glycine, which showed a

maximum level at 30 days of differentiation (Fig. 5).

Among the most altered amino acids was L-Ser: it

reached the highest relative level at 30 days, corre-

sponding to a 5.75-fold increase relative to Day 2, and

significantly dropped afterwards at late differentiation

time points. A similar trend was also observed for gly-

cine, the alternative NMDA receptor co-agonist

(Fig. 5; Table S3).

Then, proteomics and metabolomics data were inte-

grated by METABOANALYST (Table S1L; Fig. 6). Consis-

tent with the proliferation rate (Fig. 1F), cell-cycle

functions and folate cycle increased at 15 days and

then decreased after 30 days. In addition, up to

30 days the data show that axogenesis, Ala/Asp/Glu

and pyrimidine metabolism were prevalent. Purine

metabolism was an important point of regulation dur-

ing astrogliogenesis, showing both up- and down-

regulated metabolites during the time course (Fig. 6).

Sphingolipid metabolism had the highest impact at 15

and 30 days, in agreement with the proliferation and

maturation processes of the cells. Therefore, omics

integration results pinpoint days 30 as the time of full

astrocytes differentiation. Furthermore, when the omic

profiles at 40 and 56 days of differentiation were
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compared with 30 days, the integrin signalling, focal

adhesion and ECM interactions were among the most

enriched pathways in cells (Table S1E; Fig. 7) in line

with the astrocytes maturation event that has taken

place [33]. In addition, glycolysis/gluconeogenesis and

ketone body metabolism were downregulated, as well

as nucleotide metabolism, consistently with the arrest

of proliferation from 30 to 56 days (Fig. 1F).

Concerning the energy production, ATP was mainly

sustained by glucose metabolism: the rate of ATP

Fig. 2. Proteomic characterization of hiPSC-derived astrocytes during differentiation. (A) Overview of the protocol applied for the analysis of

proteins in hiPSC-derived astrocytes. (B) Venn diagram of all the proteins identified in hiPSC-derived astrocytes at different times of differen-

tiation. (C) Venn diagrams and Volcano plots of the comparison Day 15 vs Day 2, Day 30 vs Day 2, Day 40 vs Day 2 and Day 56 vs Day 2.

Volcano plots of the DE proteins were determined using the Student’s t-test (P-value 0.05). The proteins increased or decreased in each

comparison are indicated in red and blue, respectively.
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Fig. 3. Quantitative mass spectrometric analysis of the indicated markers in hiPCS-derived astrocytes. Markers are arranged by family

according to the indicated colour code (astrocyte differentiation, glutamate transport and binding, extracellular matrix binding and amyloid-

beta binding). Data shown are the median of LFQ intensity values obtained from 3 replicates in each group, analysed by a one-way ANOVA

and Tukey’s HSD post-hoc test (*FDR ≤ 0.05, **FDR ≤ 0.01, ***FDR ≤ 0.001).
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Fig. 4. Metabolomic analysis of hiPSC-derived astrocytes at different times of differentiation. (A) PLS-DA of astrocytes at 2, 15, 30, 40 and

56 days of differentiation. Analysis was performed through METABOANALYST 5.0 software. (B–E) Hierarchical clustering heatmaps from One-

way ANOVA analysis of differential metabolites belonging to (B) amino acid metabolism, (C) redox metabolism, (D) central carbon metabo-

lism, (E) nucleotides and cofactors. The heatmaps were obtained using the METABOANALYST 5.0 tool. The colour code scale indicates the nor-

malized metabolite abundance.
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production from glycolysis was 2.72 � 1.06,

3.41 � 1.05 and 3.94 � 1.41 pmol�min�1�lg�1 proteins

at 2, 30 and 56 days, respectively (for all comparisons

P < 0.05). Notably, the contribution of the mitochon-

drial activity increased during differentiation, reaching

at 30 and 56 days values twice the one at 2 days (the

mitochondrial ATP production rate was 0.98 � 0.71,

1.67 � 0.62 and 2.63 � 0.98 pmol�min�1�lg�1 proteins

at 2, 30 and 56 days, respectively; for all comparisons

P < 0.05).

Fig. 5. Schematic representation of methionine and glutathione metabolic pathways during astrocytes differentiation. Histograms show

variations of the levels of metabolites during astrocytes differentiation, detected by metabolomics analysis at 2, 15, 30, 40 and 56 days of

differentiation. *P < 0.05 (two-tailed t-test).
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Fig. 6. Integration of proteomic and metabolomic analysis in hiPSC-derived astrocytes. Proteomic and metabolomic analyses were inte-

grated by METABOANALYST for the proteins DE or EE in the comparison Day 15 vs Day 2, Day 30 vs Day 2, Day 40 vs Day 2 and Day 56 vs

Day 2, based on a Fisher’s exact test, P-value ≤ 0.05. Colour intensity (white-to-red) reflects increasing statistical significance, based on the

P-value [�log P] from the pathway enrichment analysis, and circle dimension is based on pathway impact values from the pathway topology

analysis (0–1). For clarity, only selected pathways are marked; the full list is shown in Table S1L.
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Serine metabolism of hiPSC-derived astrocytes

Astrocytes have been increasingly recognized to play a

main role in the pathophysiology of a number of

degenerative diseases of the CNS [19]. An excessive

stimulation of NMDA receptors is known to induce

excitotoxicity in AD pathogenesis, which is due to glu-

tamate (the agonist) and D-serine (the preferential co-

agonist at the synapses) binding. Given the crucial role

of astrocytes in serine biosynthesis, we focussed on

enzymes and metabolites of the serine biosynthesis

pathway during the time course of differentiation.

Proteomic analysis of PP enzymes and SR

highlighted some differences (Fig. 8A). The expression

level of PHGDH, PSAT and PSP significantly

decreased at 56 days compared with 2 days of

differentiation (Fig. 8A) while the expression of the

enzyme SR, responsible for D-Ser production from the

precursor L-Ser [34], did not show statistically signifi-

cant differences during differentiation, albeit a progres-

sive trend of increase was apparent between Days 2

and 30 (Fig. 8A, right panel). Comparison of the rela-

tive abundances of PP enzymes and SR at 30 days of

differentiation showed that the latter was the less

abundant, representing 0.0027 � 0.0001% of total cel-

lular protein content and occurring at a concentration

of 0.731 � 0.026 nmol�g�1 of total protein (Table S4).

On the other hand, the proteins of the PP showed con-

centration levels from ~ 3-fold (PSP) to ~ 40-fold

(PHGDH and PSAT) higher than the one for SR

(Table S4).

Fig. 7. Integration of proteomic and metabolomic analysis in hiPSC-derived astrocytes. Proteomic and metabolomic analyses were inte-

grated by METABOANALYST for the proteins DE or EE in the comparison Day 40 vs Day 30 and Day 56 vs Day 30 based on a Fisher’s exact test,

P-value ≤ 0.05. Colour intensity (white-to-red) reflects increasing statistical significance, based on the P-value [�log P] from the pathway

enrichment analysis and circles dimension is based on pathway impact values from the pathway topology analysis (0–1). For clarity, only

few pathways are marked; the full list is shown in Table S1L.
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To further confirm these data, the presence of

PHGDH, PSAT, PSP, as well as D-amino acid oxidase

(DAAO, the D-Ser degrading enzyme [35], which was

undetectable by LC–MS/MS) and SR ones, were also

analysed by western blot. No endogenous signals were

detected for DAAO and SR, suggesting that their

expression level was below the detection limit (0.02

and 0.04 lg�mg�1 total proteins, respectively). This is

an interesting result for DAAO since it is mainly

expressed in astrocytes in the CNS [35]. A previous

study reported alterations in DNA methylation of the

DAAO encoding gene in different brain regions [36]:

the different methylation signatures may reflect specific

functional states responsible for the flavoenzyme

expression levels, a possibility that should be investi-

gated further. On the other hand, a single relevant

band was detected for PHGDH (57 kDa), PSAT

(40 kDa) and PSP (30 kDa) and their concentration

determined by densitometric analysis (Fig. 8B). PSP

showed the lowest expression during the time course

of astrocytes differentiation, ~ 10–20-fold lower than

PHGDH and PSAT ones. Moreover, in keeping with

proteomic data, a decreasing trend over time in the

cellular levels of the enzymes of the PP was apparent,

with the highest expression at 2 days and the lowest at

56 days of differentiation (Fig. 8B).

LC/MS and GC/MS analysis performed to investi-

gate the level of metabolites related to the serine

Fig. 8. PHGDH, PSAT, PSP, and SR protein levels in hiPSC-derived astrocytes during differentiation. (A) Comparison of the expression of

PP’s enzymes (PHGDH, PSAT, PSP) and SR in hiPCS-derived astrocytes by LC–MS/MS. The median of LFQ intensity values obtained from

3 replicates in each group was analysed by the one-way ANOVA and Tukey’s HSD post-hoc test (*FDR ≤ 0.05, **FDR ≤ 0.01). (B) Compari-

son of PHGDH, PSAT and PSP levels in hiPSC-derived astrocytes determined by western blot analysis. Graphs report single data points

(dots correspond to single samples). Bars represent the mean � SEM of values obtained from 5 sets of samples; *P < 0.05;

***P < 0.0005.
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biosynthetic pathway revealed that most of them

showed a similar trend, with a maximum at 30 days of

differentiation and a strong decrease at 40 and 56 days

(Fig. 9), when the PP enzymes levels showed the most

significant decrease (Fig. 8). This was the case of serine

itself, glycine, threonine and aspartate but also of glu-

tamine and glutamate, which is the amino donor in

the second step of the PP: the ensuing a-keto-glutarate
product could then be used in the TCA cycle. Strik-

ingly, most metabolites of the TCA cycle showed a

decrease at 40 and 56 days of differentiation, similarly

to those of the serine pathway (Fig. 9).

To discriminate between the L- and the D-

enantiomers, chiral high-performance liquid chromatog-

raphy (HPLC) analysis was performed. The analyses

revealed a statistically significant increase in L-Ser,

D-Asp and L-Asp levels during cell differentiation, with

a peak at 30 days and a slow decrease afterwards

(Fig. 10A). This tendency, which is in accordance with

metabolomic data (Fig. 9), was also observed for D-Ser

and Gly, although in these cases no statistical signifi-

cance at 30 days compared with 2 days of differentia-

tion was evident. Intriguingly, the trend of D-Ser level

paralleled the SR protein level (Fig. 8A). The relative

levels of D-Ser and D-Asp detected in differentiated

astrocytes were significantly different from those previ-

ously reported in various cell lines: at 30 days of differ-

entiation D-Ser content was up to 5-fold lower than in

human neuroblastoma SH-SY5Y cells and in human

glioblastoma U87 cells [37], whereas D-Asp levels were

very high. Conversely, L-Ser and L-Asp content in differ-

entiated astrocytes and cell lines appeared similar [37].

Consequently, the D-/(D + L)-amino acid ratio was also

significantly different: this value decreased in differenti-

ated astrocytes vs neuroblastoma SH-SY5Y and glio-

blastoma U87 cells for serine (0.8% vs 1.24% and

1.46%, respectively) and increased for aspartate (3.45%

vs 1.08% and 0.58%, respectively).

Measurements of key metabolites in the conditioned

culture media (recovered after 2 days of growth at the

indicated times and compared with the values deter-

mined in the unconditioned medium) showed a signifi-

cant increase in their level for L-Asn, which was

apparent especially at 2 days, and for L-Asp and L-

Glu, with a maximum between 15 and 30 days

(Fig. 10B). The release of L-Glu in the culture medium

seems not related to Best1 transporter (suggested to

release D-Ser too) [38] since its level was below detec-

tion in MS analysis at all differentiation times. Focus-

sing on additional aspartate/glutamate transporters

[39], proteomics analysis identified many of them dur-

ing the whole differentiation, but the differences in

their expression level were not statistically significant

with the only exception for SLC1A3, a symporter pri-

marily expressed in the cerebellum and cerebral cortex,

whose level presented a significant increase at 30 days

compared with 2 days (Fig. 11) in keeping with the

increase of L-Glu level in the culture medium at

30 days. Coherently, the maximum consumption of

L-Gln from the medium was at 30 days too

(Fig. 10B), the proteomics analysis suggests that the

influx of L-Gln could be mediated by SLC38A2

transporter (Fig. 11). Concerning amino acid con-

sumption from the medium, a huge utilization of

Fig. 9. Serine metabolism and related pathways in hiPSC-derived astrocytes. Schematic representation of serine biosynthesis (green box)

and related main pathways (TCA cycle in red box and glycolysis in blue box). Histograms show variations of the levels of metabolites and

enzymes during differentiation at 2, 15, 30, 40 and 56 days, detected by metabolomic and proteomic analysis. *P < 0.05. Values of fold

changes and t-test from metabolomic analysis are reported in Table S3. Proteomic data shown are the median of LFQ intensity values

obtained from 3 replicates in each group analysed by a one-way ANOVA and Tukey’s HSD post-hoc test (*FDR ≤ 0.05, **FDR ≤ 0.01). The

proteins are indicated by the official gene code. ACOII, aconitate hydratase; ALDOA, fructose-bisphosphate aldolase A; ALDOC, fructose-

bisphosphate aldolase C; CS, citrate synthase; ENO1, alpha-enolase; ENO2, gamma-enolase; FH, fumarate hydratase; GAPDH,

glyceraldehyde-3-phosphate dehydrogenase; GLUDH, glutamate dehydrogenase; GPI, glucose-6-phosphate isomerase; HK1, hexokinase-1;

IDH1, isocitrate dehydrogenase (NADP) cytoplasmic; IDH2, isocitrate dehydrogenase (NADP), mitochondrial; IDH3A, IDH3B, IDH3G, isoci-

trate dehydrogenase (NAD) subunit alpha, beta and gamma; LDHA, L-lactate dehydrogenase A chain; LDHB, L-lactate dehydrogenase B

chain; MDH1, malate dehydrogenase, cytoplasmic; MDH2, malate dehydrogenase, mitochondrial; OGDH, 2-oxoglutarate dehydrogenase;

PC, pyruvate carboxylase; PDHA1, pyruvate dehydrogenase E1 component subunit alpha; PDHB, pyruvate dehydrogenase E1 component

subunit beta; PFKL, ATP-dependent 6-phosphofructokinase, liver type; PFKM, ATP-dependent 6-phosphofructokinase, muscle type; PFKP,

ATP-dependent 6-phosphofructokinase, platelet type; PGK1, phosphoglycerate kinase 1; PGM1, PGM2, PGM3, phosphoglucomutase-1-3;

PHGDH, D-3-phosphoglycerate dehydrogenase; PKM, pyruvate kinase; PSAT, phosphoserine aminotransferase; PSP, phosphoserine phos-

phatase; SDHA, succinate dehydrogenase (ubiquinone) flavoprotein subunit; SDHB, succinate dehydrogenase (ubiquinone) iron–sulfur subu-

nit; SHMT2, serine hydroxymethyltransferase; SLC2A1, solute carrier family 2, facilitated glucose transporter member 1; SLC2A3, solute

carrier family 2, facilitated glucose transporter member 3; SR, serine racemase; SUCLA2, succinate-CoA ligase (ADP-forming) subunit beta;

SUCLG1, succinate-CoA ligase (ADP-forming) subunit alpha; SUCLG2, succinate-CoA ligase (GDP-forming) subunit beta; TPI1, triosepho-

sphate isomerase.
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L-Ser was apparent at all times, especially at 2 days,

while small alterations were observed in D-Ser level

(Fig. 10B). Proteomic analysis suggests that cellular

uptake and release of serine in astrocytes could be

mediated by SLC1A5 transporter [40], an antiporter

whose expression level was high at 2 and 15 days

and significantly decreased from 30 days (Fig. 11).

Compared with the levels detected in the uncondi-

tioned medium, Gly was consumed at 2 days and

then released in the medium, with a peak at 30 days

(Fig. 10B), a behaviour parallel to the intracellular

Gly level, which was high until Day 30 (Fig. 9).

Finally, in keeping with the astrocyte neuron lactate

shuttle hypothesis [24], a continuous lactate secretion

in the media was evident starting from Day 2

(Fig. 10B), while intracellular lactate strongly

decreased during astrocytes differentiation (Fig. 4D).

In accordance, proteomics data suggest a constant

expression level of MCT1 transporter (which regu-

lates lactate fluxes) [41] (Fig. 11D), with no statistical

differences during the differentiation process.

Discussion

Neural stem cells are multipotent cells present in the

developing brain: they continue to produce the three

neural lineages (i.e. neurons, astrocytes and oligoden-

drocytes) in adult brains [3]. Astrocytes, the most

abundant cells in the brain, play crucial roles in the

CNS such as energy metabolism, ionic homeostasis

and synaptic transmission. On this side, glutamatergic

and GABAergic neurotransmission processes depend

on astrocytic metabolism for neurotransmitter replen-

ishment [42]. Moreover, astrocytes have been suggested

as contributors to neurodegenerative disorders by vari-

ous mechanisms, including metabolic alterations [43].

In this work, we present a multi-omics analysis dur-

ing the specification of astrocytes from NSCs. A

hiPSC line from human fibroblasts was differentiated

into NCS using the GIBCO protocol: NSC colonies

expressed typical markers, including Nestin, SOX1,

Sox2 and Pax6 (Fig. 1C,D). A monolayer protocol

was then used to differentiate NSCs into astrocytes:

based on classical astrocytes markers (GFAP and

EAAT1, that reached the highest level between 30 and

56 days) and markers of NSC (which progressively

downregulated over time), we concluded that at

30 days mature astrocytes were generated (all cells

were S100b+ and EAAT1+, with a high proportion of

GFAP+ cells); the neuronal marker b3 tubulin was

undetectable at Day 30 (Fig. 1H) thus excluding any

contamination of neurons. Despite the increase of

GFAP, tenascin and vimentin proteins expression

detected at 56 days of differentiation (Fig. 3), all the

other markers of activated astrocytes described in the

literature were absent or not statistically different sug-

gesting a pattern of maturing astrocytes rather than

cells in a reactive state even at 56 days of

differentiation.

A previous work reported significant metabolic dif-

ferences between mouse NSCs and astrocytes, with a

general downregulation of central carbon metabolism

during astrocytic differentiation [24]. In detail, while a

high lactate-secreting phenotype was common to both

cell types, glucose uptake was 1.7-fold higher in NSCs,

which also consumed glutamine from the medium

(converted to citrate and used for biosynthetic pur-

poses). Concerning cytosolic pyruvate, most of it was

diverted to lactate secretion in astrocytes (in good

agreement with the observed high extracellular lactate,

and the high expression level of MCT1 transporter

observed in our experiments, see Figs 9 and 11) while

half was converted to mitochondrial pyruvate in

NSCs. In astrocytes, the metabolism of mitochondrial

pyruvate was largely through pyruvate carboxylase, an

anaplerotic metabolization of pyruvate that contrib-

uted to support glutamine and citrate secretion. The

extracellular levels of L-Glu and L-Asp significantly

increased, reaching a maximum at 30 days (Fig. 10):

MS analysis highlights substantial differences of

SLC1A3 transporter (suggested to regulate cell gluta-

mate efflux in tumour microenvironment) with a sig-

nificant increase at 30 days compared with 2 days

(Fig. 11). When NCS proliferated and differentiated

into neurons, D-Ser was produced and released while

extracellular L-Glu level was unchanged [44]. Notably,

our results show an opposite behaviour, with a strong

L-Glu release in the medium starting from 15 days

Fig. 10. Level of intracellular and extracellular selected amino acids and lactate during astrocytes differentiation. (A) D- and L-Asp, D- and L-

Ser, Gly levels and ratio between D-/total-amino acid content (for Asp and Ser) detected in hiPSC-derived astrocytes at different times of dif-

ferentiation by HPLC analysis. Graphs report single data points (corresponding to single biological replicates analysed in 3 technical repli-

cates) as well as mean values � SEM. (B) Concentrations of L-Asp, L-Asn, L-Glu, L-Gln, Gly, L-Ser, D-Ser and lactate were determined in the

medium of astrocytes at different times of differentiation. Media were collected after 2 days of growth at the indicated times of differentia-

tion. Graphs report single data points (corresponding to single biological replicates analysed in three technical replicates), as well as mean

values � SEM, analysed by a one-way ANOVA multiple comparison. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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(coherent with the maturation of astrocytes) and no

statistically significant change in extracellular D-Ser

level (Fig. 10B).

Concerning the metabolism of L-Ser, a decrease in

the level of the enzymes of the PP during differentia-

tion of NCS in astrocytes was apparent, reaching a

steady level at times ≥ 15 days (Fig. 8). The levels of

cellular total serine increased up to 30 days, with a

moderate increase in D-Ser ones, which parallels the

levels of the synthetic enzyme SR (Fig. 8). The down-

regulation of the PP enzymes might probably be

ascribed to the ability of the cells to use L-Ser largely

present in the medium (0.24 mM), a condition that

might repress its endogenous synthesis. By evaluating

cellular levels and the most altered metabolic path-

ways, it seems that intracellular L-Ser could be diverted

to glutathione synthesis until 30 days of differentia-

tion, as well as for glycine, with minimal D-Ser produc-

tion (as suggested by the observed decrease in D-/total

serine ratio during differentiation, Fig. 10A). Actually,

a true competition with D-Ser synthesis was not appar-

ent since the detected levels of D-Ser were low as com-

pared to other cell lines—e.g. the level of D-Ser was

0.34 nmol�mg�1 protein in human neuroblastoma SH-

SY5Y cells or 0.12 nmol�mg�1 proteins in glioblas-

toma U87 cells [37]. Furthermore, the level of D-Ser in

differentiated astrocytes was 10-fold lower compared

with D-Asp level (normally D-Asp is present at very

low concentrations, significantly below D-Ser ones)

[45,46]. The ability of differentiated astrocytes to pro-

duce D-Asp is a point that deserves additional investi-

gations since the origin of this D-amino acid is still

debated—the presence of a specific racemase is still

questioned [47,48]. Notably, Baier et al. [49] showed

that cultured mouse astrocytes produce SR in low

amount early in culture (but its actual level was not

quantified), a figure that increased significantly in

7 days (~ 3-fold) with an increase in D-Ser level in the

culture medium and with the expression of markers of

A1 reactive astrocytes (e.g., Complement 3a). Based

on the analysis of selected markers, we conclude that

human astrocytes differentiated from NCS by the

Gibco protocol did not convert into A1 reactive astro-

cytes and, thus, did not express SR to a significant

level: this prevents a significant D-Ser production.

L-Ser synthesis is also related to the main energetic

metabolism. The level of glucose-6-phosphate

increased until 30 days of differentiation when the

maximal level of ATP was also observed: at this time

point the level of ATP arising from glycolysis was

increasing (Fig. 7B), suggesting that from this moment

glucose-6-phosphate was of main relevance for energy

generation. Notably, also the glucose level decreased

after 30 days of differentiation and this reduced the

stabilization of PHGDH: actually, glucose controls

acetylation of K58 in PHGDH, protecting the dehy-

drogenase from degradation through RNF5 E3 ubiqui-

tin ligase. A decrease in glucose was previously

reported to induce a decrease in serine and glycine

level, ROS increase and cell growth inhibition [50].

These latter observations suggest that 30 days repre-

sent a switch for the terminal differentiation and the

set-up of the physiological metabolic profile of differ-

entiated astrocytes (as we observed at ≥ 40 days).

In conclusion, the proliferation and differentiation

of NSCs play a crucial role to ensure neurogenesis and

gliogenesis in the mammalian brain throughout life.

As there is growing evidence for the significance of

metabolism in regulating cell fate, knowledge on the

metabolic programmes in NSCs and how they change

during differentiation into somatic cells may provide

novel therapeutic approaches to address brain diseases,

Fig. 11. Quantitative mass spectrometric analysis in astrocytes during differentiation of selected transporters: aspartate/glutamate

transporter SLC1A3, glutamine transporter SLC38A2, serine transporter SLC1A5 and lactate transporter MCT1. Data shown are the median

of LFQ intensity values obtained from 3 replicates in each group analysed by a one-way ANOVA and Tukey’s HSD post-hoc test

(*FDR ≤ 0.05, **FDR ≤ 0.01). Undetectable: SLC1A1, SLC1A2, SLC1A6, SLC17A7, SLC1A4, SLC7A10, SLC38A5, SLC16A3, SLC5A8 and

SLC5A12.
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especially the ones related to serine metabolism

alterations.

Materials and methods

Cells

Human fibroblasts from ATCC [BJ (ATCC CRL-2522,

Manassas, VA, USA)] were reprogrammed into hiPSC uti-

lizing SENDAI virus carrying the embryonic genes OCT4,

SOX2, KLF4 and cMYC, under defined-media conditions

completely free of non-human, animal materials. Colonies

were mechanically picked between Days 20 and 25. hiPSC

cultures were monitored every day. Prior to manual isola-

tion, colony boundaries may be difficult to visualize due to

the high-density nature of the culture at this stage in repro-

gramming. The use of live-staining antibodies (mouse anti-

human TRA-1-60 or TRA-1-81) enabled rapid identifica-

tion of reprogrammed clones prior to colony picking and

expansion. At least three hiPSC clones were expanded.

Once identified hiPSC lines on the basis of their ES (embry-

onic stem)-like morphology, molecular analyses were car-

ried out to verify their pluripotency: (a) immunostaining

for the expression of OCT4, SSEA4; (b) qRT-PCR for the

expression of the pluripotency-associated transcripts OCT,

SOX2 and NANOG.

Differentiation of hiPSCs into NSCs

High-quality hiPSCs were cultured in feeder-free conditions

in Essential 8 Medium on Geltrex substrate. When the

hiPSCs reached ~ 70–80% confluency, the cells were dis-

lodged into a single-cell suspension and plated at

3 9 104 cells�cm�2. After 24 h the medium was changed

from Essential 8 to PSC Neural Induction Medium

(A1647801; Thermo Fisher, Waltham, MA, USA). The

medium was changed every 2 days and any non-neural dif-

ferentiated cells were removed. On Day 7 of neural induction,

cells reached confluency and were ready to be harvested and

expanded. Cells were dissociated, gently pipetted up and

down to break up the cell clumps and plated on Geltrex at a

density of 5 9 104 cells�cm�2 in Neural Expansion Medium

composed of PSC Neural Induction Medium and Advanced

DMEM/F-12 Medium (12634; Thermo Fisher) at 1 : 1 ratio.

Neural Expansion Medium was exchanged every other day

thereafter. NSCs reached confluency on Days 4–6 after plat-

ing, then were characterized, expanded, cryopreserved or dif-

ferentiated into astrocytes.

Neural stem cells were differentiated in astrocytes by

seeding dissociated single cells at 25 000 cells�cm�2 density

on Geltrex (12760; Thermo Fisher)-coated plates in astro-

cytes medium composed of DMEM 19 (11995; Thermo

Fisher), 1% fetal bovine serum ES qualified (16141;

Thermo Fisher), 2 mM Glutamax (35050; Thermo Fisher),

1% N2 supplement (17502; Thermo Fisher) and 19

antibiotic antimycotic solution (15240; Thermo Fisher).

The medium was replaced with fresh medium every 3–
4 days. When the cells reached 90–95% confluency

(approximately every 4–5 days), they were split to the ini-

tial seeding density (25 000 cells�cm�2) as single cells in

astrocyte medium and cultured on Geltrex, following 5–
10 min incubation with accutase (A1110501; Thermo

Fisher), pipetting and washing with DMEM. Cells were

collected during the differentiation process at Days 2, 15,

30, 40 and 56 for multi-omics analysis.

Immunofluorescence

Cells were plated on Geltrex-precoated coverslips at

2 9 104 cm�2 on a 24-well plate. Within 24 h, NSC and

astrocyte cultures were washed with PBS and fixed using

4% paraformaldehyde (Sigma-Aldrich, St. Louis, MI,

USA) for 20 min, washed three times with PBS 19, per-

meabilized in PBS1 9 – 0.2% Triton X-100 for 15 min at

room temperature (RT) and then incubated with blocking

solution made of PBS 19 (0.2% Triton X-100, 10% don-

key serum; Jackson ImmunoResearch, WestGrove, PE,

USA), for at least 1 h. Cultures were then incubated with

the primary antibody diluted in blocking solution, over-

night at 4 °C, followed by incubation with the secondary

antibodies for 1 h at RT. Primary antibodies used in this

study were S100b (mouse, 1 : 1000, S2532; Sigma-Aldrich),

GFAP (Rabbit, 1 : 300; Dako, Santa Clara, CA, USA),

Vimentin (rabbit, 1 : 500, R28#3932; Cell Signalling, Dan-

vers, MA, USA), b-III-tubulin (rabbit, 1 : 1000, 802001;

Biolegend, San Diego, CA, USA), GLAST/EAAT1 (mouse,

1 : 100; Santa Cruz Biotechnologies, Dallas, TX, USA);

Nestin (mouse 1 : 100 USAMAB353; 1 : 100; Chemicon

International, Temecula, CA, USA); Sox2 [1 : 200 rabbit

monoclonal (EPR3131; ab92494) Abcam, Cambridge, UK];

Sox2 (goat 1 : 150; Santa Cruz Biotechnologies); Pax6 (rab-

bit 1 : 200; Pluripotent Stem Cell Immunocytochemistry

Kit; OCT4, SSEA4; A25526; ThermoFisher).

Secondary antibodies used were Alexa Fluor 488, 568 or 647

conjugated (1 : 300; Jackson ImmunoResearch). Cultures were

counterstained using 40,6-diamidino-2-phenylindole (DAPI,

1 : 1000, D1306; Invitrogen, Whaltman, MA, USA). Prolong

antifade gold mounting solution (P10144; Invitrogen) was used

to mount on coverslips. Images were obtained by laser scan-

ning confocal microscopy using a TCS-SP5 microscope (Leica

Microsystems GmbH, Wetzlar, Germany). All analyses were

performed in sequential scanning mode to rule out cross-

bleeding between channels.

Microscope, images acquisition and

quantification

Fluorescence images were acquired on a TCS-SP5 confocal

laser scanning microscope (Leica Microsystems GmbH)

using 40 9 1.35 NA oil immersion objective. High-
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resolution images were acquired as z-stack with a 0.5 lm z-

interval (at least 10 planes) and converted to maximum

projection images (to avoid subjectivity in the choice of the

plane to be analysed) with the LASAF software platform

(Leica Microsystem) in the TIFF format.

Quantification of the number of astrocytes positive for

GFAP, S100b and GAST1 was performed using IMAGEJ

(NIH, Bethesda, MD, USA) according to IMAGEJ guidelines

for automatic cell counting. In the different figures, each

bar (mean � SEM) represents the mean obtained from the

quantification of signals from 10 different fields from three

independent experiments.

Western blot

Human induced pluripotent stem cells-derived astrocytes (5

sets of samples) at different times of differentiation (2, 15,

30, 40 and 56 days) were homogenized in 0.1 mL of 0.2 M

TCA (trichloroacetic acid), sonicated (three cycles, 10 s

each) and then centrifuged at 13 000 g for 20 min. The

supernatants were stored at �80 °C for HPLC analysis.

The pellets were solubilized in 1% SDS, sonicated (three

cycles, 10 s each) and then centrifuged at 13 000 g for

20 min. The protein concentration in the supernatants was

quantified using the Bradford reagent (500-0205; BioRad,

Segrate, Italy). These samples were analysed by western

blot for the presence of PHGDH (rabbit anti-PHGDH,

HPA024031; Sigma-Aldrich, dilution 1 : 1000), PSAT (rab-

bit anti-PSAT, abin2856767; Antibodies online, Pottstown,

PA, USA, 1 : 1000), PSP (rabbit anti-PSP, PA5-22003;

Invitrogen, dilution 1 : 1000), DAAO (rabbit anti-hDAAO,

ab187525; AbCam, 1 : 2000), SR (rabbit anti-SR; Davids

Biotechnologie, Regensburg, Germany, home-made,

1 : 100). For each sample 20 lg (for PHGDH, PSAT and

PSP) or 40 lg (for DAAO and SR) of total proteins were

separated by SDS/PAGE and then transferred on a PVDF

membrane using the Mini Trans-Blot Cell system (BioRad).

The membrane was blocked overnight at 4 °C with 4%

dried milk in Tris-saline buffer pH 8.0 added of 0.1%

Tween20 and subsequently incubated with primary anti-

bodies diluted in 2% dried milk in Tris-saline buffer pH

8.0 added of 0.05% Tween20 for 2 h at RT. After extensive

washings, the membrane was incubated for 1 h at RT with

anti-rabbit IgG (Alexa Fluor Plus 800, 1 : 20 000 dilution

in Tris-saline buffer pH 8.0 added of 0.05% Tween 20).

Membranes were analysed by Li-cor IMAGESTUDIO software

(Li-Cor Biosciences, Lincoln, NE, USA): the intensity sig-

nal of each sample was normalized by the GAPDH signal

(detected using a mouse anti-GAPDH, 1 : 2000, MA5-

15738 Invitrogen and a mouse IgG IRDye 680 1 : 5000).

The content of each protein was calculated by the software

based on the intensity of known amounts of recombinant

proteins and was related to the mg of total proteins loaded

into the gel. Controls included the addition of a known

amount of each recombinant protein to the samples (10 ng

for PHGDH, PSAT, DAAO and SR; 1 ng for PSP). Each

sample was analysed at least three times (in three different

SDS/PAGE runs). The results were analysed using PRISM

(Graphpad Software Inc., San Diego, CA, USA). Variation

of protein levels between different times of differentiation

was evaluated using the one-way ANOVA, Tukey’s test. A

P-value < 0.05 was considered as statistically significant.

Growth curves

Cells were seeded at 25 000 cells�cm�2 density on Geltrex-

coated plates and differentiated as described above. When

the cells reached 90–95% confluency, they were counted

and splitted to the initial seeding density

(25 000 cells�cm�2) as single cells in astrocyte medium.

Growth curves are presented in a semi-log scale.

Chemicals for metabolomics analysis

All chemicals and solvents used for extraction buffer and

for liquid chromatography were LC–MS Chromasolv

purity grade. Acetonitrile, methanol, 2-propanol and water

were purchased from Honeywell, while chloroform and for-

mic acid were purchased from Sigma-Aldrich.

GC–MS metabolic profiling

GC–MS metabolic profiling was conducted essentially as in

Ref. [51]. Cells were quickly rinsed with 0.9% NaCl and

quenched with 800 lL of 1 : 1 ice-cold methanol : water

and collected by scraping. Cells were sonicated 5 s for 5

pulses at 70% power twice, and then, 400 lL of chloro-

form was added. Samples were vortexed at 4 °C for 20 min

and then centrifuged at 12 000 g for 10 min at 4 °C. The
aqueous phase was collected in a glass insert for solvent

evaporation in a centrifugal vacuum concentrator (Concen-

trator plus/Vacufuge� plus; Eppendorf, Hamburg, Ger-

many) at 30 °C for about 2.5 h.

Derivatization was performed using an automated sam-

ple preparation WorkBench instrument (Agilent Technolo-

gies, Santa Clara, CA, USA). Dried polar metabolites were

dissolved in 60 lL of 2% methoxyamine hydrochloride in

pyridine (Thermo Fisher) and held at 40 °C for 6 h. After

the reaction, 90 lL of MSTFA (N-methyl-N-(trimethylsilyl)

trifluoroacetamide) was added, and samples were incubated

at 60 °C for 1 h. Derivatized samples were analysed by

GC–MS using a DB-35MS column (30 m 9 0.25 mm

i.d. 9 0.25 lm) installed in an Agilent 7890B gas chro-

matograph interfaced with an Agilent 7200 Accurate-Mass

Quadrupole Time-of-Flight (QTOF) mass spectrometer,

operating under electron impact (EI) ionization at 70 eV.

Samples (1 lL) were injected in a splitless mode at 250 °C,
using helium as the carrier gas at a flow rate of

1 mL�min�1. The GC oven temperature was held at 100 °C
for 2 min and increased to 325 °C at 10 °C�min�1. GC/MS
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data processing was performed using Agilent MASS HUNTER

software. Relative metabolites abundance was carried out

after normalization to internal standard d27 Myristic acid

and cell number and statistical analyses were performed

using METABOANALYST 5.0 [52].

LC–MS metabolic profiling

LC–MS metabolic profiling was conducted essentially as in

Ref. [51]. Cells were quickly rinsed with 0.9% NaCl and

quenched with 500 lL ice-cold 70 : 30 acetonitrile water.

Plates were placed at �80 °C for 10 min, then the cells

were collected by scraping. Cells were sonicated as above

and then centrifuged at 12 000 g for 10 min at 4 °C. The
supernatant was collected in a glass insert and dried as

above. Samples were then resuspended with 150 lL of H2O

prior to analyses.

LC separation was performed using an Agilent 1290

Infinity UHPLC system and an InfinityLab Poroshell 120

PFP column (2.1 9 100 mm, 2.7 lm; Agilent Technolo-

gies). Mobile phase A was water with 0.1% formic acid.

Mobile phase B was acetonitrile with 0.1% formic acid.

The injection volume was 15 lL and LC gradient condi-

tions were: 0 min: 100% A; 2 min: 100% A; 4 min: 99%

A; 10 min: 98% A; 11 min: 70% A; 15 min: 70% A;

16 min: 100% A with 5 min of post-run. Flow rate was

0.2 mL�min�1, and the column temperature was 35 °C. MS

detection was performed using an Agilent 6550 iFunnel

QTOF mass spectrometer with Dual JetStream source

operating in negative ionization mode. MS parameters

were: gas temperature: 285 °C; gas flow: 14 L�min�1; nebu-

lizer pressure: 45 psig; sheath gas temperature: 330 °C;
sheath gas flow: 12 L�min�1; VCap: 3700 V; Fragmentor:

175 V; Skimmer: 65 V; Octopole RF: 750 V. Active refer-

ence mass correction was through a second nebulizer using

masses with m/z: 112.9855 and 1033.9881 dissolved in the

mobile phase 2-propanol-acetonitrile-water (70 : 20 : 10 v/

v). Data were acquired from m/z 60–1050. Data analysis

and isotopic natural abundance correction were performed

with MASSHUNTER PROFINDER (Agilent Technologies). Rela-

tive metabolites abundance was carried out after normaliza-

tion to cell number and statistical analyses were performed

using METABOANALYST 5.0 [52].

Bioenergetics by Seahorse technology

Mitochondrial oxygen consumption rate (OCR) and extra-

cellular acidification rate (ECAR) were determined by using

Seahorse XFe96 Analyser (Agilent Technologies). Cells

were seeded in Agilent Seahorse cell culture microplates at

a density of 7–12 9 104 cells/well, 24 h prior to the assay

and then analysed by using the Seahorse XF ATP rate

assay kit (Agilent Technologies), according to manufacturer

instructions. At least three measurements of OCR and

ECAR were taken for the baseline and after the sequential

injection of mitochondrial inhibitors (1.5 lM oligomycin

and 1.5 lM rotenone/antimycin A). OCR and ECAR from

each well were normalized by protein content by using the

Bradford assay.

Enantiomeric HPLC analyses

Human induced pluripotent stem cell-derived mature astro-

cytes (5 sets of samples at different times of differentiation)

or human neuroblastoma SH-SY5Y cells (to perform a

comparative analysis) were homogenized in 0.1 mL of

0.2 M TCA, sonicated (three cycles, 10 s each) and centri-

fuged at 13 000 g for 20 min. Enantiomeric HPLC analyses

were performed as in Ref. [53]: briefly, 10 lL of the super-

natants were neutralized with NaOH and subjected to pre-

column derivatization with 20 lL of 74.5 mM o-

phthaldialdehyde (OPA) and 30.5 mM N-acetyl L-cysteine

(NAC) in 50% methanol. Diastereoisomer derivatives were

then resolved on a Symmetry C8 reversed-phase column

(5 lm, 4.6 9 250 mm; Waters, Milano, Italy) under iso-

cratic conditions (0.1 M sodium acetate buffer, pH 6.2, 1%

tetrahydrofuran and 1 mL�min�1 flow rate).

Each sample was analysed at least three times (in three

different HPLC runs). Identification and quantification of

D- and L-Ser, D- and L-Asp and Gly were based on reten-

tion times and peak areas, compared with those associated

with external standards. The identity of D-Ser and D-Asp

peaks was further confirmed by their selective degradation

catalysed by wild-type or M213R RgDAAO variants,

respectively [54], following the good practices reported in

Ref. [55]. The total amount of D- and L-amino acids in cell

extracts was normalized by the total protein content of the

TCA precipitated protein pellets, which was determined by

the Bradford assay after their resolubilization in 1% SDS.

For analysis of the culture medium, it was diluted with

HCl (25 mM final concentration) and centrifuged at

39 000 g for 30 min at 4 °C and rapidly frozen at �80 °C
before further analysis.

The amount of lactic acid was determined based on the

estimation of hydrogen peroxide formation by lactate oxi-

dase (LOX) reaction (coupled with the Amplex UltraRed

assay A36006; Thermo Fisher). 10, 25 and 50 lL of the

medium at different times of differentiation were used for

the assay solution containing 20 lM Amplex UltraRed,

0.05 U�mL�1 horseradish peroxidase (HRP), 2.5 mM NaN3,

1 mM FMN and 1 mU of LOX. The fluorescence of the

oxidized reagent produced by LOX activity was recorded

continuously for 30 h at 25 °C (535 and 590 nm: excitation

and emission wavelengths, respectively). A calibration curve

was obtained by adding known amounts of H2O2 (0.001–
10 lM range). Controls with known amounts of lactic acid,

without medium samples, without HRP or with HRP 5-

fold more concentrated were assayed simultaneously. Fur-

thermore, 1 mM oxalate (LOX inhibitor) was added to ver-

ify the specificity of the activity observed.
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All statistical analyses were performed with GRAPHPAD

PRISM 7.0 using one-way ANOVA, followed by the post-hoc

Tukey’s test. Differences were considered significant when

P ≤ 0.05.

Shotgun mass spectrometry analysis for label-

free proteomics

Human induced pluripotent stem cell-derived mature astro-

cytes at five different days of differentiation (2, 15, 30, 40

and 56) were analysed by a shotgun label-free proteomic

approach for the identification and quantification of

expressed proteins, essentially as in Ref. [56]. Cell lysis was

performed in a urea lysis buffer containing 20 mM HEPES

pH 8.0, 8 M urea and proteases and phosphatases inhibitor

cocktail. The homogenate was sonicated using an ultrasonic

probe in bursts of 20–30 s and centrifuged at 16 060 g for

15 min at 18 °C to pellet the cell debris [57]. Prior to prote-

olysis, proteins were reduced with 13 mM dithiothreitol

(15 min at 50 °C) and alkylated with 26 mM iodoacetamide

(30 min at room temperature). The material was diluted to

a final concentration of 1 M urea by addition of 20 mM

HEPES, pH 8.0 and digested overnight with sequencing-

grade trypsin (Promega, Madison, WI, USA) for 16 h at

37 °C using a protein : enzyme ratio of 20 : 1 in the pres-

ence of 1 mM methylamine [58]. The collected peptides were

desalted using Zip-Tip C18 before MS analysis as reported

in Ref. [59]. NanoHPLC coupled to MS/MS analysis was

performed on Dionex UltiMate 3000 directly connected to

an Orbitrap Fusion Tribrid mass spectrometer (Thermo

Fisher Scientific) by a nanoelectrospray ion source. Peptide

mixtures were enriched on 75 lm ID 9 150 mm Acclaim

PepMap RSLC C18 column and separated employing the

LC gradient: 4% ACN in 0.1% formic acid for 3 min, 4–
28% ACN in 0.1% formic acid for 130 min, 28–40% ACN

in 0.1% formic acid for 20 min, 40–95% ACN in 0.1% for-

mic for 2 min and 95–4% ACN in 0.1% formic acid for

3 min at a flow rate of 0.3 lL�min�1. MS spectra of eluting

peptides were collected over an m/z range of 375–1500
using a resolution setting of 120 000, operating in the data-

dependent mode with a cycle time of 3 s between master

scans. HCD MS/MS spectra were acquired in Orbitrap at

the resolution of 15 000 using a normalized collision energy

of 35% and an isolation window of 1.6 m/z. Dynamic

exclusion was set to 60 s. Rejection of +1 and unassigned

charge states were enabled. The mass spectrometry proteo-

mics data have been deposited to the ProteomeXchange

Consortium via the PRIDE [60] partner repository, with

the dataset identifier PXD030739.

Database search and protein identification

Raw label-free MS/MS files from Thermo XCALIBUR software

(version 4.1; Thermo Fisher) were analysed using MAXQUANT

(version 1.6.0.1; Max Planck Institute of Biochemistry,

Munchen, Germany) and searched against the Human Uni-

prot sequence database (release 09.01.2020), essentially as in

Ref. [61]. The following parameters were used: initial maxi-

mum allowed mass deviation of 15 p.p.m. for monoisotopic

precursor ions and 0.5 Da for MS/MS peaks, trypsin enzyme

specificity, a maximum of two missed cleavages, carbamido-

methyl cysteine as fixed modification, N-terminal acetylation,

methionine oxidation, asparagine/glutamine deamidation

and serine/threonine/tyrosine phosphorylation as variable

modifications. False protein identification rate (1%) was esti-

mated by searching MS/MS spectra against the correspond-

ing reversed-sequence (decoy) database. The minimum

required peptide length was set to 7 amino acids and the min-

imum number of unique peptides supporting protein identifi-

cation was set to 1. Quantification in MAXQUANT was

performed using the built-in label-free quantification (LFQ)

algorithms based on extracted ion intensity of precursor ions.

Three biological replicates, each one replicated three times,

were carried out. Only proteins present and quantified in

100% of the repeats were considered as positively identified

in a sample and used for statistical analyses performed by the

PERSEUS software module (version 1.5.5.3, www.biochem.

mpg.de/mann/tools/). The expression level of astrocyte matu-

ration markers, PP’s enzymes and SR protein at each differ-

entiation day was calculated using the built-in LFQ

algorithms based on extracted ion intensity of precursor ions

[62]. Protein titers were calculated on the basis of the raw

spectral protein intensity (without normalization) of the MAX-

QUANT software output according to Ref. [63]. The abun-

dance of proteins (in %) was calculated as the ratio of their

intensity (MS signal) to the sum of all intensities (total MS

signal) in each day of differentiation and the concentration

(in mol�g�1 of total protein) as the ratio of their intensity

(MS signal) to the sum of all intensities (total MS signal) and

their molar mass (in g�mol�1).

Focussing on specific comparisons (Day 15 vs Day 2,

Day 30 vs Day 2, Day 40 vs Day 2, Day 56 vs Day 2, Day

40 vs Day 30 and Day 56 vs Day 30), proteins were consid-

ered DE if they were present only in one condition or

showed significant t-test difference (Student’s t-test P-

value ≤ 0.05). Bioinformatic analyses were carried out by

Panther (release 16.0) [64], DAVID (release 6.8) [65] and

CLUEGO software (CYTOSKAPE release 3.8.2) [66] to cluster

enriched annotation groups of Biological Processes, Molec-

ular Function and Pathways within the set of identified

proteins. Functional grouping was based on the Fisher’s

exact test P-value ≤ 0.05 and at least 3 counts. Integration

between proteomic and metabolomics data was performed

by METABOANALYST software R5.0 based on a Fisher’s exact

test P-value ≤ 0.05 [67]. The topology analysis aimed to

evaluate whether a given gene or metabolite plays an

important role in a biological response, based on its posi-

tion within a pathway (pathway impact).
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