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SUMMARY

Mutations in the MECP2 gene underlie a spectrum of neurodevelopmental disorders, most 

commonly Rett syndrome (RTT). We ask whether MECP2 mutations interfere with human 

astrocyte developmental maturation, thereby affecting their ability to support neurons. Using 

human-based models, we show that RTT-causing MECP2 mutations greatly impact the key role of 

astrocytes in regulating overall brain bioenergetics and that these metabolic aberrations are likely 

mediated by dysfunctional mitochondria. During post-natal maturation, astrocytes rely on neurons 

to induce their complex stellate morphology and transcriptional changes. While MECP2 mutations 

cause cell-intrinsic aberrations in the astrocyte transcriptional landscape, surprisingly, they do not 
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affect the neuron-induced astrocyte gene expression. Notably, however, astrocytes are unable to 

develop complex mature morphology due to cell- and non-cell-autonomous aberrations caused by 

MECP2 mutations. Thus, MECP2 mutations critically impact key cellular and molecular features 

of human astrocytes and, hence, their ability to interact and support the structural and functional 

maturation of neurons.

In brief

Sun et al. show that Rett syndrome-causing mutations in MeCP2 impair the gene expression 

landscape of human astrocytes, including genes associated with astrocyte development, and 

negatively affect their structural maturation and energy metabolism, mediated by dysfunctional 

mitochondria. These together negatively impact the astrocyte’s key role in supporting neurons.

Graphical Abstract

INTRODUCTION

Mutations in the X-linked gene MECP2 cause a variety of neuropsychiatric disorders,1–4 

including Rett syndrome (RTT), a severe post-natal neurodevelopmental disorder 

characterized by progressive loss of motor, verbal, cognitive, and social skills, and the 

development of breathing abnormalities, seizures, tremors, and stereotypies.3,4 Initially, RTT 

was attributed solely to neuronal dysfunction, but more recent studies have challenged 
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this view and suggested that glia, in particular astrocytes, are an integral part of the RTT 

neuropathology.5–9

Despite these exciting advances, there remain major obstacles to understanding the 

mechanisms that underlie RTT. One is that the disease phenotype in RTT patients is more 

severe than in mouse models, suggesting that MECP2 mutations affect neurons and glia 

differently in humans and mice. In support of this view, human astrocytes are by far larger 

and more structurally complex than mouse astrocytes and have a different transcriptional 

landscape.10–12 Also, and particularly relevant to MeCP2 as a gene regulator, only 30% of 

human astrocyte-enriched genes are enriched in mouse astrocytes.11–13 Furthermore, recent 

studies report major differences between human and mouse astrocytes in mitochondrial 

physiology, energy metabolism, and susceptibility to oxidative stress and hypoxia.14 Thus, 

to understand how disease-causing mutations affect human brain cells, given these striking 

cellular and molecular disparities, it is critical to use human-based models of RTT.

During post-natal brain development, astrocytes depend on neurons to induce their complex 

stellate morphology and elicit transcriptional changes that accompany this structural 

transformation.15–17 The mature structural complexity and gene expression induced by 

neurons are fundamental to the astrocyte functions on which neurons critically depend, 

including for metabolic and neurotrophic support, neurotransmitter uptake and recycling, 

synaptogenesis, and plasticity.18 Yet, it remains unknown how MECP2 mutations in neurons 

and/or astrocytes affect astrocyte maturation.

We hypothesized that RTT-causing MECP2 mutations in the developing human brain affect 

key cellular and molecular properties of astrocytes during their maturation and, thereby, 

their support to neurons. To test this hypothesis, we used several human pluripotent 

stem cell (hPSC)-based platforms to model astrocyte developmental maturation in vitro 
and in vivo. Here, we show that many genes, including key human astrocyte-enriched 

genes, are aberrantly expressed in mutant astrocytes due to cell-intrinsic defects in 

gene expression. Importantly, we show that metabolic homeostasis, including energy and 

glutamate metabolism, and redox balance, is significantly impaired in mutant human 

astrocytes and that dysfunctional mitochondria likely lie at the heart of these metabolic 

abnormalities. We further show that during astrocyte developmental maturation, the MECP2 
mutations exerted dramatic effects on astrocyte stellate morphology due to cell- and non-

cell-autonomous defects in mutant astrocytes and neurons, yet had no effect on neuron-

induced astrocyte gene expression. Finally, we demonstrate that the aberrations caused 

by MECP2 mutations in human astrocytes and/or neurons severely impact the structural 

plasticity of neurons.

RESULTS

RTT-causing MECP2 mutations do not affect astrocyte differentiation from hPSCs

To avoid potential confounders stemming from complex RTT genetics and reprogramming 

of induced pluripotent stem cells, and from unstable X-inactivation that often occurs during 

culturing of female hPSCs,19–22 we used male human embryonic stem cells (hESCs) to 

generate our human-based models. We inserted the R270X (C808T) and R133C (C397T) 
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mutations via CRISPR/Cas9 technology23 (Figure 1A). The mutant hESC-lines maintained 

pluripotency and normal karyotypes like their isogenic wild-type (WT) controls (Figure 

S1). We chose these two mutations because both occur frequently in RTT patients.24 

However, the R270X mutation manifests in more severe clinical phenotypes than the R133C 

mutation25,26; therefore, we focused our study on R270X while comparing the effect of 

R133C in selected experiments.

To investigate the cell-autonomous effects of the MECP2 mutations, we first differentiated 

the mutant and WT hESCs into forebrain astrocytes in a monolayer culture (monoculture) 

(Figure 1B). The hESCs harboring the R270X or R133C mutation differentiated into 

neuroprogenitor cells (NPCs) (Figures 1C, S2A, and S2B) and then into astrocyte progenitor 

cells (APCs) (Figures 1D, 1E, and S2C), based on the expression of the respective NPC and 

APC markers, with high and similar efficiency as their isogenic WT controls. To obtain a 

more homogeneous population of APCs for subsequent differentiation into astrocytes, we 

sorted them for high expressors of the surface marker CD44.27 While most (approximately 

80%) WT and mutant APC cells were CD44 positive before sorting, nearly all APCs 

(>98%) were CD44 positive after sorting and expressed SOX9, an astrocyte lineage-specific 

nuclear marker28 (Figure 1E). Consistent with previous reports,11,29 the CD44 and SOX9 

levels decreased as APCs differentiated into astrocytes, with no significant differences 

between mutant and WT APCs or between mutant and WT astrocytes (Figure 1E). Like WT 

astrocytes, nearly all mutant astrocytes were positive for S100B and glial fibrillary acidic 

protein (GFAP) (Figures 1F and S2D). We also analyzed cell proliferation and found that 

in both WT and mutant APC cultures, approximately 50% of the cells were positive for the 

cell proliferation marker Ki67, while in both WT and mutant astrocyte cultures, only 2%–

3% of cells were Ki67 positive (Figure S2E). Finally, we found no significant differences 

in the expression of several markers present in reactive astrocytes30 between mutant and 

WT astrocytes (Figures 1F–1H), suggesting that MECP2 mutations do not lead to human 

astrocyte pro-reactive state.

Human astrocytes carrying RTT-causing MECP2 mutations differentially express numerous 
genes associated with key cellular pathways

To determine whether MECP2 mutations alter the intrinsic properties of human astrocytes 

cell-autonomously, we first examined the gene expression profiles of WT and R270X 

mutant astrocytes in monoculture. RNA sequencing (RNA-seq) analysis showed that, of 

the approximately 18,000 identified genes, 1,621 were dysregulated (fold change of >1.5-

fold; padj < 0.05) in mutant astrocytes (Table S1). Of the dysregulated genes, more were 

up-regulated than down-regulated (967 vs. 654, respectively) (Figure 2A; Table S1). Gene 

ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses 

revealed significant enrichment in various signaling pathways, several of which related to 

cell morphology and energy metabolism (Figure 2B).

We then asked how the MECP2 mutation in human astrocytes affects the cell-autonomous 

expression of two astrocyte-enriched gene sets normally expressed at different maturation 

stages11: (1) fetal astrocyte-enriched genes, expressed preferentially in the immature 

astrocytes of the fetal human brain, and (2) mature astrocyte-enriched genes, expressed 
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preferentially in the post-natal astrocytes of the juvenile and adult human brains, many 

of which are induced to high levels upon interaction with neurons16 and are fundamental 

for neuron support. We first evaluated the state of astrocyte maturation in monoculture by 

analyzing the expression levels of these two gene sets. We found that 52% and 48% of 

fetal and 35% and 38% of mature gene sets expressed (>300 normalized read counts) in 

WT and mutant astrocytes, respectively, with a very high similarity between the specific 

genes expressed in WT and mutant astrocytes. These data suggest that both WT and mutant 

astrocytes that exited the cell cycle (Figure S2E) are in transition from fetal to mature 

stage. We then analyzed whether fetal and/or mature genes are differentially expressed in 

mutant versus WT astrocytes and found 68 fetal and 64 mature astrocyte-enriched genes 

dysregulated in mutant astrocytes (Figure 2C; Table S2). Gene set enrichment analysis 

indicated significantly more up-regulated than down-regulated mature astrocyte-enriched 

genes in mutant astrocytes (Figure 2D right). Quantitative reverse transcriptase PCR 

validated several differentially expressed mature astrocyte-enriched genes involved in key 

functions and cellular pathways, such as the up-regulation of TGFB2 involved in synapse 

formation and elimination and the down-regulation of SLC1A3, encoding the astrocyte 

excitatory glutamate transporter 1 (EAAT1) (Figure 2E). Importantly, we found that, of 

the 11 dysregulated genes we validated (Figure 2E), 8 were dysregulated also in R133C 

mutant astrocytes (Figure S2F), while only 3 that were dysregulated in R270X astrocytes 

remained unchanged in R133C astrocytes. Notably, none of the genes tested in the R133C-

mutant astrocytes exhibited dysregulation opposite of that observed for the same genes 

in the R270X-mutant astrocytes. Furthermore, the dysregulated genes were more severely 

dysregulated in R270X compared with R133C astrocytes, consistent with the more severe 

clinical phenotype of RTT patients with the R270X mutation. These results suggest that 

different MECP2 mutations cause similar types of transcriptome aberrations, albeit with 

different severities.

Human astrocytes with MECP2 mutations have impaired energy metabolism, redox 
balance, and glutamate homeostasis, mediated by dysfunctional mitochondria

Astrocytes are the key regulators of brain bioenergetics and neurons depend on 

them for a variety of metabolic processes, including energy metabolism and 

neurotransmitter homeostasis.31–34 Several previous studies suggested impaired metabolism 

and mitochondria in RTT,21,35–38 but whether astrocytes, in particular human astrocytes 

with MECP2 mutations, have impaired energy metabolism remains unknown. Because 

several GO terms suggest an aberrant expression of genes involved in energy metabolism 

(Figure 2B), we reasoned that those metabolic processes might be altered in mutant human 

astrocytes.

We first examined the extracellular metabolites: those that astrocytes secrete into or uptake 

from the culturing media. Untargeted 1H nuclear magnetic resonance (NMR) analyses of 

mutant (R270X and R133C) and WT astrocyte-conditioned media (ACM) revealed that 

both R270X- and R133C-mutant ACM had significantly higher lactate and lower pyruvate 

levels (Figures 3A and S3A–S3C), suggesting that mutant astrocytes secrete more lactate 

while they uptake more pyruvate from the media and/or secrete less of it. These metabolites 

are energy substrates; pyruvate is converted to lactate during the last step of anaerobic 
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glycolysis.39,40 Untargeted liquid chromatography-mass spectrometry (LC-MS) analyses 

(Figures S3D and S3G) showed that mutant astrocytes secreted significantly less succinate 

(Figures S3E and S3F), a tricarboxylic acid (TCA) cycle intermediate (Figure 3C), and 

much more (12-fold) palmitoyl-sn-glycero-3-phosphocholine (LPC) than WT astrocytes 

(Figures S3H and S3I). Interestingly, LPC production increases when the hypoxia-inducible 

factor 1-phospholipase A2 group 16 (PLA2G16) axis is up-regulated,41,42 consistent with 

our RNA-seq data (Figure S3J). The elevated lactate and LPC and the reduced pyruvate and 

succinate point to alterations in bioenergetics and further suggest that mutant astrocytes are 

in an anaerobic or hypoxic-like state.

We, therefore, examined the intracellular metabolome of mutant astrocytes. Untargeted 1H 

NMR identified 15 metabolites at significantly higher levels in mutant astrocytes, including 

amino acids and glycolysis intermediates (Figures 3B and S3K). Notably, lactate was 2.5-

fold higher in mutant astrocytes, suggesting they both produce and secrete more lactate 

than WT astrocytes. While the intracellular level of pyruvate was similar between mutant 

and WT astrocytes, lactate, alanine, and acetate—all three produced from pyruvate—were 

significantly higher in mutant astrocytes (Figures 3B and 3C left). This may explain the 

higher pyruvate demand and consumption indicated by its reduced levels in the mutant ACM 

(Figures 3A and S3C). In contrast, targeted LC-MS/MS showed lower levels of several TCA 

cycle intermediates in mutant astrocytes, particularly citrate, a key metabolite in the entry 

point to the TCA cycle (Figure 3C right). We also found a significantly decreased level of 

cellular adenosine triphosphate (ATP) (Figure 3D) in mutant astrocytes. Interestingly, our 

RNA-seq data-based KEGG glycolytic pathway analysis revealed a significant up-regulation 

of many genes that encode glycolytic enzymes (Table S3). Additionally, the glucose 

transporter genes (SLC2A12, SLC2A3, SLC2A10) were expressed at higher levels in mutant 

astrocytes (Table S1). These data together suggest that mutant astrocytes have enhanced 

anaerobic glycolysis and decreased TCA cycle metabolism.

Mitochondria are central to energy metabolism and through the TCA cycle and oxidative 

phosphorylation they also produce reactive oxygen species (ROS).43 We, thus, reasoned 

that, if the TCA cycle is altered, ROS levels in mutant astrocytes might also be impaired. 

Indeed, we found by MitoSOX staining that both R270X and R133C mutant astrocytes 

had significantly higher ROS levels compared with WT astrocytes (Figures 3E and S3L), 

indicating both oxidative stress and mitochondrial dysfunction.

One of the astrocyte’s most important functions is removing the excitatory neurotransmitter 

glutamate from the synaptic cleft during neuronal activity34 by uptaking and converting 

it to glutamine (Figure 3C right). Intracellular glutamate also plays roles in linking 

carbohydrate and amino acid metabolism via the TCA cycle, specifically via its conversion 

to α-ketoglutarate (Figure 3C right). Glutamate uptake is mainly achieved by the two 

astrocyte-specific transporters, EAAT1 and EAAT2,44 and the SLC1A3 gene encoding 

EAAT1, was expressed in astrocytes in monoculture, but was down-regulated in mutant 

astrocytes (Figures 2E and S2F). We, therefore, analyzed the ability of mutant astrocytes 

to uptake glutamate. Both R270X or R133C astrocytes exhibited a significantly decreased 

capacity (65% and 25% decreases, respectively) to uptake glutamate (Figures 3F and S3M). 

Importantly, the extent to which these mutations decreased glutamate uptake correlated 
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directly with the extent to which the SLC1A3 expression was down-regulated in the R270X- 

(4.4-fold) and R133C-(1.5-fold) mutant astrocytes (Figures 2E and S2F).

The impaired energy metabolism, redox balance, and neurotransmitter homeostasis suggest 

dysfunctional mitochondria in mutant astrocytes. Indeed, an analysis of mitochondrial 

respiration by Seahorse assay revealed dramatic reduction (approximately 50%) in 

their basal and maximal oxygen consumption in mutant astrocytes (Figures 3G and 

3H). Furthermore, while analysis of mitochondrial mass by MitoTracker Green showed 

no difference between mutant and WT astrocytes (Figure S4A), an analysis of the 

mitochondrial morphology by MitoTracker Red revealed abnormal morphology in mutant 

astrocytes (Figures 3I and S4B). Specifically, while the mitochondria of most WT 

astrocytes had tubular and network-like structures, the mitochondria of most mutant 

astrocytes exhibited a rounded or fragmented appearance (Figures 3I, 3J, and S4B). Taken 

together, these data strongly suggest that the mitochondria in mutant human astrocytes 

are dysfunctional and likely mediate the alterations in bioenergetics, neurotransmitter 

homeostasis, and redox balance.

RTT-causing MECP2 mutations compromise both the neuron-dependent astrocyte stellate 
morphology and the astrocyte-dependent neuronal structural plasticity

The interactions between neurons and astrocytes are bidirectional whereby astrocytes 

depend on neurons15,16 and neurons depend on astrocytes for their structural and functional 

maturation.45 Several GO terms suggest aberrant expression of genes involved in structural 

integrity in mutant astrocytes (Figure 2B). We therefore asked how MECP2 mutations 

in human astrocytes and/or neurons affect the morphology of astrocytes and neurons. 

We first exploited a neuron-astrocyte co-culture system to examine the cell- and non-cell-

autonomous effects of the R270X and R133C mutations. To analyze the neuron-dependent 

morphological changes in astrocytes, we transfected the neuron-astrocyte co-cultures, 

composed of different combinations of WT and mutant neurons and astrocytes, with a 

GFAP-enhanced green fluorescent protein (EGFP) construct and performed Sholl analysis 

on single GFAP-EGFP+/GFAP+ astrocytes. As expected, neurons were able to transform 

the polygon-like flat shape of the astrocytes into a stellate morphology (Figure 4A). When 

we co-cultured WT astrocytes with mutant neurons, however, their structural complexity 

was significantly decreased, and they had a relatively shorter total branch length and 

fewer primary branches compared with WT astrocytes co-cultured with WT neurons 

(Figures 4A–4C). Importantly, when we co-cultured mutant astrocytes with WT neurons, 

mutant astrocytes acquired a more complex morphology compared with mutant astrocytes 

co-cultured with mutant neurons, but not to the extent observed when WT astrocytes were 

co-cultured with WT neurons (Figures 4A–4C).

Human astrocytes can respond to signaling from mouse or rat neurons and preserve their 

mature cellular and molecular features, which are largely intrinsically programmed.14,46 

We, therefore, asked whether xenografting mutant astrocytes into a WT mouse brain could 

provide a better environmental signaling platform to rescue their aberrant morphology. We 

xenografted EGFP-labeled R270X mutant or WT APCs into the corpus callosum area 

of immune-deficient Rag1 mouse brains at post-natal days 0–1 (Figure S5A). Twenty 
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weeks after transplantation, the engrafted WT and mutant APCs integrated into the host 

cortex and maintained their astroglial lineage properties, as indicated by SOX9 and human 

GFAP expression (Figures S5B and S5C). Notably, both WT and mutant human APCs 

differentiated into astrocytes and acquired a more complex stellate morphology than in the 

co-culture platform (compare Figures S5C and 4A). Sholl analysis revealed, however, that 

the transplanted mutant human astrocytes still had a significantly reduced morphological 

complexity compared with WT human astrocytes (Figures S5D–S5F). These observations 

support our co-culture data and further emphasize that the intrinsic mechanisms designed to 

support the neuron-dependent structural features of mutant astrocytes are severely impaired, 

impeding full morphological rescue by the normal mouse brain environment.

Next, we asked how MECP2 mutations affect astrocyte-dependent neuronal structural 

plasticity. We first examined neuronal dendritic morphology by transfecting the neuron-

astrocyte co-cultures with a CaMKII-EGFP construct (Figure 4D). Sholl analysis of single 

CaMKII-EGFP+/MAP2+ neurons showed that R270X mutant astrocytes co-cultured with 

WT neurons robustly and negatively impacted the structural complexity of the WT neurons 

(Figures 4D–4F). When we co-cultured WT astrocytes with mutant neurons, mutant neuron 

morphology substantially improved (compared with mutant neurons co-cultured with mutant 

astrocytes), but did not reach the level of complexity observed in WT neurons co-cultured 

with WT astrocytes (Figures 4D–4F). In fact, the cell- and non-cell-autonomous effects 

of MECP2 mutations on neuronal morphology mirrored the effects of the mutations on 

astrocyte morphology (compare Figures 4E and 4F with 4B and 4C). Importantly, both 

the R270X and R133C mutations produced similar effects on neuron-dependent astrocyte 

morphology and astrocyte-dependent neuronal morphology (Figures S6A–S6D). However, 

the loss of astrocyte and neuronal structural complexity due to R133C mutation was not as 

severe as with the R270X mutation, consistent with the R133C being milder than R270X 

mutation in RTT patients.

We then analyzed whether MECP2 mutations in human neurons and/or human astrocytes 

impact synapse formation. We cultured mutant and WT neurons alone or co-cultured them 

with either WT or mutant astrocytes and then analyzed the density of SYN1 puncta and 

SYN1 (pre-synaptic)/Homer1 (post-synaptic) co-localized puncta along neuronal (TUJ1) 

processes (Figure 4G). Consistent with prior studies,47 we found that WT astrocytes 

enhanced synapse formation when co-cultured with WT neurons compared with WT 

neurons cultured alone (Figures 4G and 4H). While mutant astrocytes were also able to 

enhance synapse formation in WT neurons, they were less efficient than WT astrocytes 

(Figures 4G and 4H black bar graphs). Mutant neurons cultured alone had a significantly 

reduced synaptic density compared with WT neurons cultured alone. As with WT neurons, 

WT astrocytes also enhanced synapse formation in mutant neurons more efficiently than 

mutant astrocytes (Figures 4G and 4H gray bar graphs); however, the synaptic density 

observed when mutant neurons were co-cultured with WT astrocytes did not reach the level 

observed when WT neurons were co-cultured with WT astrocytes (Figures 4G and 4H), 

likely due to cell-intrinsic aberrations in mutant neurons.

Collectively, our data suggest that MECP2 mutations in neurons and astrocytes similarly 

affect both neuron-dependent astrocyte morphology and astrocyte-dependent neuronal 
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structural plasticity, and, in both cases, a combination of cell- and non-cell-autonomous 

defects causes the impaired morphology.

Mutant astrocytes generated and matured to a postnatal-like stage in three-dimensional 
human cortical spheroids are structurally and metabolically compromised

The human cortical spheroids (hCSs)48,49 provide a unique platform to model dorsal 

forebrain development in general and astrocyte developmental maturation in particular. 

Similar to in vivo brain development, first neurons are generated from NPCs in the 

ventricular-like zone (VZ), followed by the generation of astrocytes. Importantly, astrocytes 

proliferate and then continue to mature over time to a post-natal-like stage.48,49 As RTT has 

a post-natal onset, we generated RTT and WT hCSs from R270X mutant and WT ESCs 

(Figure 5A) and analyzed them at different time points. Interestingly, while the WT and RTT 

hCSs began growing at similar rates, the RTT hCSs showed obvious stagnation over time 

(Figure 5B), echoing the microcephaly observed in RTT patients and mouse models.50,51 

This phenomenon could be the result of a reduced process complexity in both neurons and 

astrocytes. To eliminate the possibility that higher cell death in the RTT hCSs contributes 

to their smaller size, we immunostained sectioned spheroids for cleaved Caspase-3, a 

marker for apoptosis, and found no difference in the fraction of Caspase-3-positive cells 

(approximately 2%) between WT and RTT spheroids (Figure S7A). Immunostaining of 

43-day-old hCSs (early development) showed VZ-like structures organized around lumens 

and the beginnings of neuronal differentiation around the VZ regions in both RTT and 

WT hCSs (Figure S7B). At day 110, we observed cortical layer formation as inferred by 

expression of the deep layer neuronal marker CTIP2 in both WT and RTT hCSs (Figure 

S7C). An analysis of hCSs at days 110 and 240 showed that both neurons (TUJ1+) and 

astrocytes (GFAP+) are present in RTT and WT hCSs, and the number of astrocytes 

increased over time (Figures 5C and 5D). To assess whether MECP2 mutations affect the 

fraction of astrocytes and/or neurons generated in the developing hCSs, we dissociated RTT 

and WT hCSs to single cells at day approximately 200 and immunostained for neuron 

(MAP2)- and astrocyte (GFAP)-specific markers. This analysis showed comparable ratios 

of neuron-to-astrocyte production in RTT and WT hCSs (approximately 80% neurons to 

approximately 18% astrocytes) (Figures 5E right, 5F middle). In addition, more than 90% of 

the MAP2+ neurons were VGlut1+ excitatory neurons (Figure 5F right). As reported,21,52,53 

the nuclear size of mutant neurons was significantly smaller than that of the WT neurons; 

however, there was no difference in the nuclear size between WT and mutant astrocytes 

(Figures 5E and 5F left).

We then examined astrocyte and neuron morphology by transfecting the dissociated cultures 

with either GFAP-EGFP or CaMKII-EGFP (Figures 5G and 5J). Notably, Sholl analysis 

of single GFAP-EGFP+/GFAP+ astrocytes revealed that WT astrocytes acquired complex 

morphology with highly ramified processes, but the morphology of mutant astrocytes 

was severely compromised (Figures 5G–5I). Furthermore, Sholl analysis of single CaMKII-

EGFP+/MAP2+ neurons showed significantly reduced dendritic complexity in mutant 

neurons (Figures 5J–5L). Consistent with our co-culture data (Figures 4G and 4H), we 

found a dramatic decrease in SYN1 and co-localized SYN1/Homer1 synaptic density, and 

significant decrease in SYN1 puncta size in RTT hCSs (Figures 5M–5O).
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Astrocytes generated in long-term hCSs continue to mature to a post-natal-like stage—at 

least in terms of gene expression landscape and structural complexity—after day 250.48 We, 

therefore, maintained the RTT and WT hCSs for approximately 500 days in culture and 

isolated the astrocytes via immunopanning using anti-HepaCAM antibodies (Figure 6A). 

Immunostaining of the HepaCAM-positive and -negative cultures showed highly enriched 

GFAP+ astrocytes and TUJ1+ neurons, respectively (Figure 6B). Furthermore, the GFAP+ 

astrocytes retained the complex morphology with ramified processes and expressed SOX9 

(Figure 6C). Sholl analysis of single immunopanned astrocytes transfected with GFAP-

EGFP revealed that the WT astrocytes were by far more structurally complex than those in 

younger hCSs, including a robust increase in total process length, the number of primary 

branches, and maximum intersections (compare Figures 5G–5I with 6C–6E). Importantly, 

the immunopanned mutant astrocytes also showed significant increase in their structural 

complexity compared with those in younger spheroids. However, they remained structurally 

compromised in all the above parameters compared with their WT counterparts (Figures 

6C–6E).

We then analyzed the astrocyte morphology in the postmortem brains of two female RTT 

patients with R255X mutation and those of two age- and postmortem interval-matched 

control females. We immunostained sections of the temporal lobes for GFAP and searched 

for single astrocytes with complex ramified processes. While we were able to capture many 

in normal females, astrocytes of the female RTT patients showed a dramatic reduction in 

their structural complexity (Figure S8). These data strongly support the aberrant morphology 

of MECP2-mutant human astrocytes observed in our in vitro models.

Finally, we examined the extracellular metabolic profile of the immunopanned astrocytes 

derived from RTT and WT hCSs at approximately day 500. Mutant ACM showed 

significantly higher lactate and lower pyruvate compared with WT ACM (Figures 6F and 

6G), as did the mutant astrocytes in monoculture (Figures 3A and S3C). We found that 

neurons secreted much less lactate than astrocytes (Figure 6F), as reported.54 Importantly, 

unlike astrocytes, there was no significant difference in the secreted lactate between mutant 

and WT neuron-conditioned media (Figure 6F). The more mature mutant astrocytes also 

exhibited a decreased capacity to uptake glutamate (Figure 6H). Finally, the mitochondrial 

ROS level in the immunopanned astrocytes was significantly elevated in mutant astrocytes 

(Figure 6I). In fact, the ROS level was much higher in the more mature postnatal-like mutant 

astrocytes than in the mutant astrocytes in monoculture (compare Figures 6I–3E). Taken 

together, these data suggest that mutant astrocytes, even when they reach higher maturation 

stages in a brain-like environment (hCSs), retain the same impaired energy metabolism, 

glutamate homeostasis, and redox balance that observed in less mature astrocytes grown in 

monoculture.

Mutant astrocytes can receive and respond to both mutant and WT neuronal signaling and 
induce neuron-dependent gene expression

During maturation, astrocytes respond to neuronal signaling and up-regulate the expression 

of a specific set of genes, termed neuron-induced genes.16,55 In fact, many of the mature 

astrocyte-enriched genes are neuron-induced genes. We, therefore, investigated whether 

Sun et al. Page 10

Cell Rep. Author manuscript; available in PMC 2024 February 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MECP2 mutations in astrocytes and/or neurons influence the neuron-induced expression 

of these astrocyte genes. To this end, we cultured the R270X-mutant and WT astrocytes 

either alone or co-cultured them with EGFP+ R270X-mutant or WT neurons and then 

isolated the astrocytes (EGFP negative) by FACS (Figure 7A) to examine the expression of 

neuron-induced astrocyte genes. We selected genes based on their involvement in astrocyte 

key functions (Figure S9 legend) and their expression levels in mutant compared with WT 

astrocytes in monoculture, based on our RNA-seq analysis: (1) similar to WT astrocytes, 

(2) up-regulated, and (3) down-regulated (Figure 7B). Surprisingly, neuron-induced genes, 

expressed at similar levels in mutant and WT astrocytes in monoculture were all efficiently 

up-regulated to comparable levels in mutant and WT astrocytes regardless of whether they 

were co-cultured with mutant or WT neurons (Figure 7B). Neuron-induced genes, expressed 

at higher or lower levels in the mutant astrocytes when cultured alone, were also efficiently 

induced in mutant and WT astrocytes by both mutant and WT neurons. However, even 

after induction, their expression remained aberrant in the same way as in mutant astrocytes 

in monoculture (Figure 7B). Importantly, we observed a similar trend when we performed 

these analyses with the R133C-mutant astrocytes and/or neurons (Figure S6E).

We also took advantage of the hCS platform to analyze the expression of selected neuron-

induced astrocyte genes immediately after immunopanning of astrocytes from RTT and WT 

hCSs at approximately day 500. Notably, mature neuron-induced astrocyte genes expressed 

at very low but similar levels in mutant and WT astrocytes in monoculture and co-culture 

were up-regulated to high and similar levels in the more mature hCS-derived mutant and WT 

astrocytes (Figure S9A). Other genes expressed at similar levels in mutant and WT astrocyte 

in monoculture and up-regulated to similar levels in WT and mutant astrocytes in co-culture 

were up-regulated to even higher—but still similar—levels in the hCS-derived mutant 

and WT astrocytes (Figure S9B). Importantly, genes dysregulated in mutant astrocyte in 

monoculture and similarly dysregulated after induction by neurons in co-culture, remained 

aberrantly expressed in the hCS-derived mutant astrocytes, even though their expression was 

induced to higher levels in hCSs (Figure S9C).

Together, these findings unequivocally suggest that mutant and WT astrocytes can respond 

to both mutant and WT neuronal signaling and elicit neuron-induced gene expression 

with similar efficiency, but that neurons are unable to correct the astrocyte-intrinsic gene 

expression defects caused by MECP2 mutations.

DISCUSSION

In this study, we provide evidence that RTT-causing MECP2 mutations critically impact the 

intrinsic properties of human astrocytes and their ability to interact with neurons in a way 

that supports their mutual structural and functional maturation.

Our transcriptome analysis showed that MECP2 mutations exert widespread cell-

autonomous effects on astrocyte gene expression, including expression of mature astrocyte-

enriched genes, causing more gene up-regulation than down-regulation and thereby 

supporting the MeCP2 role as a transcriptional repressor in human astrocytes. Astrocyte 

maturation strongly depends on interactions with neighboring neurons, which induce the 
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expression of many mature astrocyte genes. Notably, we showed that the specific aberrations 

in gene expression in mature mutant astrocytes likely stem from the astrocyte-intrinsic 

defects in gene expression rather than from aberrations in neuronal signaling necessary for 

their induction and represent enduring changes rather than developmental acceleration or 

delay in maturation.

Astrocytes have a key role in regulating overall brain bioenergetics. We showed that mutant 

human astrocytes exhibited impaired energy metabolism, as evidenced by decreased TCA 

cycle metabolites and impaired metabolic pathways coupled to TCA cycle, decreased 

cellular ATP levels, and increased LPC and lactate production and secretion. The up-

regulation of glucose transporter genes and genes that encode glycolytic enzymes, and 

the enrichment of up-regulated genes involved in hypoxia and the PI3K-AKT pathways, 

further indicate anaerobic conditions and enhanced glycolysis56 in mutant astrocytes. Of 

note, elevated lactate in blood and cerebrospinal fluid has been found in RTT patients.57–59 

Lactate—the end product of anaerobic glycolysis39,40—is an energy substrate mainly 

produced by astrocytes and shuttled to neurons in response to synaptic activity, a mechanism 

known as the astrocyte-to-neuron L-lactate shuttle.60,61 Recent studies have also shown that 

lactate acts as a signaling molecule that stimulates neuronal excitability.40,61 It is, thus, 

possible that the elevated lactate found in RTT patients is due to its higher production and 

secretion by mutant astrocytes, affecting both energy metabolism and neuronal excitability.

Another key role of astrocytes is regulating glutamate homeostasis. Glutamate serves as 

a major excitatory neurotransmitter in the brain and as a cellular metabolite important 

for linking carbohydrate and amino acid metabolism via TCA cycle.62 During neuronal 

excitation, astrocytes uptake glutamate from the extracellular space via glutamate 

transporters33 and convert it to nonexcitatory glutamine. This function is critical for 

maintaining an excitatory/inhibitory balance as elevated levels of glutamate at the synaptic 

cleft can lead to excitotoxicity.63 In our study, mutant astrocytes failed to properly uptake 

glutamate, even when they matured to a post-natal-like stage and when the expression of 

the two glutamate transporter genes, SLC1A3 and SLC1A2, was induced by neurons. This 

is likely due to the cell-autonomous decreased expression of the glutamate transporter 

gene, SLC1A3, and the reduced ATP level in mutant astrocytes, as this process is 

energy dependent.64,65 The reduced ability of mutant astrocytes to uptake glutamate could 

explain, at least in part, the excitatory/inhibitory imbalance that leads to seizures in RTT 

patients.66–68

The above findings collectively converge on mitochondria—the primary energy-producing 

organelles—that play a central role, particularly in astrocytes, in the regulation of the 

overall brain bioenergetics, neurotransmitter homeostasis, and redox balance.34 Our data 

indeed revealed robust changes in mitochondrial structure and function and suggest that 

mitochondrial dysfunction likely lies at the core of the impaired energy metabolism 

in mutant human astrocytes. In our study, elevated mitochondrial ROS levels increased 

as mutant astrocytes matured. Such redox imbalance could result from excessive ROS 

production due to the altered mitochondrial structure and/or uncoupling of mitochondrial 

respiration complexes.69 Interestingly, we observed higher LPC—known to disrupt 

mitochondrial integrity and induce ROS production42—in mutant astrocytes. While elevated 
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ROS levels could also stem from reduced antioxidants, expression of genes that encode 

antioxidant enzymes were not altered. Together, our findings strongly suggest that elevated 

ROS levels in mutant astrocytes are due to higher ROS production rather than inefficient 

ROS scavenging. Excessive mitochondrial ROS production can lead to oxidative damage 

and induce cellular senescence.43 Indeed, elevated oxidative stress, oxidative damage, 

and cellular senescence have been found in RTT patients and RTT mouse models.70–73 

Mitochondrial dysfunction in the RTT brain has been suggested by several studies.74,75 

In addition, astrocytes of RTT mouse models display mitochondrial alterations and redox 

imbalance.35,36 Because mitochondrial metabolism in astrocytes regulates overall brain 

bioenergetics, it is conceivable that impaired mitochondrial metabolism in mutant human 

astrocytes, as we show here, plays an important role in the brain pathology of RTT patients.

Collectively, our data indicate that MECP2 mutations lead to cell-intrinsic changes in human 

astrocytes that affect their overall homeostasis, and this may impact astrocyte morphology as 

well. Neuron-astrocyte signaling is fundamental for inducing complex stellate morphology 

in astrocytes during maturation. This morphology enables astrocytes to carry out their 

diverse interactions with other glia, neurons, and capillary endothelial cells in the brain.18,34 

Thus, significantly compromised structural complexity of mutant human astrocytes likely 

has severe consequences on overall brain homeostasis. The impaired morphology of human 

astrocytes is also supported by our previous observations in mouse models where MeCP2 

loss in vivo negatively impacted both neuronal and astrocyte structural complexity.76 It 

has been also shown by GFAP immunostaining that astrocytes in an RTT mouse model 

have fewer and poorly branched ramifications.35 In addition, some of the alterations 

in transcriptomic and proteomic profiles, which have been identified in the brains of 

symptomatic RTT mice, correlate with aberrations in astrocyte morphology.77 Interestingly, 

while we observed a marked decrease in the complexity of mutant astrocyte morphology, 

there was no change in the expression of GFAP, the main intermediate filament in astrocytes 

that provides structural support for primary branches.78 It is possible that alterations in 

the expression of other cytoskeletal and extracellular matrix proteins involved in astrocyte 

stellate morphology contribute to the abnormal astrocyte morphology. Importantly, although 

WT neurons were able to alleviate the extensive loss of stellate morphology in mutant 

astrocytes, in vitro and in vivo, the severe cell-autonomous defects in mutant astrocytes 

likely prohibited the neurons from accomplishing a complete non-cell-autonomous rescue. 

Notably, our analysis of astrocyte morphology in the brains of postmortem female RTT 

patients revealed that, although approximately 50% of astrocytes express normal MeCP2, 

due to female mosaicism of X chromosome inactivation, all astrocytes showed severely 

stunted morphology. In agreement with our in vitro study herein, these findings suggest that, 

in addition to the cell-intrinsic aberrations in mutant human astrocytes that negatively affect 

their stellate morphology, there are also significant negative non-cell-autonomous effects of 

the RTT brain environment on astrocyte morphology. Such effects could be due to a lack of 

proper physical interactions between neurons and astrocytes in the mosaic female RTT brain 

and/or aberrant secretion of proteins and metabolites by mutant neurons and glia.

Finally, we sought to examine how all these molecular and structural consequences of 

MECP2 mutations in human astrocytes affect neurons, as astrocytes play a central role in 

supporting their structural plasticity, including dendritic arborization, synapse formation, 
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and synapse elimination.12,79 Mutant human astrocytes insufficiently supported the dendritic 

arborization of human neurons, which is consistent with our own studies in mouse models5,7 

and other studies using the mouse-human co-culture.9 We also showed that synapse 

formation was severely impaired in mutant neurons due to both cell-autonomous defects 

and non-cell-autonomous effects of neighboring mutant astrocytes. Notably, in contrast with 

our previous findings in RTT mouse models, in which the WT mouse astrocytes were able to 

fully rescue the aberrant structural plasticity of mutant neurons,5,7 the WT human astrocytes 

only partially alleviated dendritic arborization and synapse formation defects in mutant 

human neurons. This suggests that MECP2 mutations have more severe consequences in 

neurons and astrocytes in the human brain than the rodent brain and may explain, at least in 

part, why the RTT patient phenotypes are more severe than mouse model phenotypes. Such 

differences between humans and rodents further imply that human RTT models are critical 

for elucidating the molecular and cellular mechanisms of RTT and developing therapeutic 

strategies.

We conclude that the different RTT-causing MECP2 mutations lead to significant molecular 

and cellular impairments in human astrocytes that disrupt not only their intrinsic 

homeostasis, but also their interactions with neurons, ultimately reflecting on neuronal 

function. Notably, while the two RTT-causing mutations we examined generally caused 

similar aberrations, the severity of the cellular and molecular phenotypes correlated with 

the severity of the clinical phenotypes caused by the different mutations. We thus argue 

that comparing different mutations, especially at the molecular level, is critically important 

in deciphering the root causes of RTT pathology, identifying biomarkers, and designing 

therapeutic strategies against this devastating neurodevelopmental disorder.

Limitations of the study

Our data suggest that MECP2 mutations critically impair human astrocyte properties and 

that these changes likely have direct consequences for neuronal function. However, we have 

not determined which specific changes in mutant astrocytes mediate the specific aberrations 

in neurons. Further studies are needed to address this question.

The impaired astrocyte morphology we observed in post-mortem female RTT brains 

validates our in vitro human-based models of RTT. However, we need to recognize that 

in vitro models lack the full complexity of the brain, such as vascularization and the 

presence of other cell types. Regardless, these emerging human models combined with 

mouse models and studies of postmortem brains when available are invaluable in advancing 

our understanding of neurodevelopmental disorders not fully replicated in animal models, 

such as RTT, and accelerating the development of better therapies.

Although RTT almost exclusively occur in females, we chose to use male hPSCs to avoid 

potential confounders stemming from the unstable X-inactivation that often happens during 

the culturing of female hPSCs. Our data indicate that RTT-causing mutations are not sex 

biased with respect to astrocyte morphology; we identified similar aberrations in astrocyte 

morphology in the post-mortem brains of female RTT patients. However, further studies 

with female hPSCs are needed to confirm the data obtained with male hPSCs.
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STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Dr. Nurit Ballas 

(nurit.ballas@stonybrook.edu).

Materials availability—All unique/stable reagents and biological materials generated in 

this study are available from the lead contact upon request, with a completed Material 

Transfer Agreement.

Data and code availability

• RNA sequencing data have been deposited at NCBI GEO and are publicly 

available. The accession number is listed in the Key resources table.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human embryonic stem cell lines—All human embryonic stem cell (hESC) studies 

were approved by the Embryonic Stem Cell Research Oversight Committee (ESCRO) at 

Stony Brook University. The male hESC line (H1) was obtained from WiCell Research 

Institute. The derivative H1 clones from genome editing were obtained as described.23 Cells 

were characterized and maintained as detailed below.

Animals—All animal studies were approved by the Institutional Animal Care and Use 

Committee at Stony Brook University. Homozygous female and male immune-deficient 

Rag1−/− (B6.129S7-Rag1tm1Mom/J; Jackson Laboratory Cat#002216) mice were bred 

and housed under maximum isolation conditions. Male Rag1−/− neonates were used for 

transplantation at postnatal day 0–1.

Postmortem human temporal lobe specimens—All postmortem brain studies were 

approved by the Institutional Review Board at Stony Brook University. Age- and PMI- 

matched postmortem human temporal lobe specimens from control female donors and 

female RTT patients with R255X mutation were acquired from NIH NeuroBioBank/

University of Maryland brain bank. The median age of the control females and female 

RTT patients was 19. All available deidentified patient data are listed in Table S5.

METHOD DETAILS

CRISPR/Cas9-based genome editing and characterization of hESC cultures—
The RTT-causing mutations in MECP2, R270X and R133C, were introduced into a male 

H1 human embryonic stem cell (hESC) line using CRISPR/Cas9-based genome editing.23 

In brief, sgRNA was selected using a CRISPR Design Tool and the corresponding coding 

sequence was cloned into pSpCas9(BB)-2A-Puro (PX459) construct. Single stranded oligo 
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donors were used to introduce the desired point-mutation that targets the MBD domain 

(R133C) or the TRD domain (R270X) in MECP2. Successfully targeted human clones 

were identified according to their target sequences and expanded for downstream use. 

H1 hESCs and all derivative clones from genome editing were maintained on Matrigel 

(BD Biosciences) coated plates with mTeSR1 or mTeSR Plus medium (STEMCELL 

Technologies). Cells were passaged with Gentle Cell Dissociation Reagent (STEMCELL 

Technologies) and kept in a humidified incubator at 37°C, 5% CO2.

Karyotyping, by standard G-banding technique, was performed by Cell Line Genetics 

(Madison, WI). Genotyping of hESC lines was performed by extracting genomic DNA, 

using a QIAamp DNA kit (Qiagen) and sequencing.80 The primers used for amplifying 

human MECP2 sequences in mutant and the isogenic wild-type counterpart lines are listed 

in Key resources table. The gel purified PCR products were sequenced directly. Pluripotency 

was assessed by immunostaining for the pluripotency markers OCT4, SOX2 and NANOG.

Differentiation of hESCs into cortical astrocytes and neurons in monolayer—
On day 0 of differentiation, any pre-differentiated cells in the hESC cultures were removed 

by scrapping. hESCs were dissociated into single cells with Gentle Dissociation Reagent, 

and 1.5 × 106 cells were plated into one well of AggreWell plate (STEMCELL Technologies 

#34811) in embryoid body (EB) medium containing DMEM-F12 (Gibco #11330032), 20% 

KnockOut Serum Replacement (Gibco #10828010), 1% NEAA (Gibco #1140050), 0.5% 

GlutaMAX (Gibco #35050), 100 μM β-mercaptoethanol (Sigma-Aldrich #M3148), 10 μM 

SB431542 (Abcam #AB120163), 1 μM Dorsomorphin (Tocris), and was supplemented 

with the ROCK inhibitor Thiazovivin (0.5 μM). EB medium was gradually replaced by 

discarding half of the medium every day for 6 days and adding N2B27 medium containing 

DMEM-F12, 1% N2 (Gibco 17502048), 2% B27 supplement without vitamin A (Gibco 

#12587010), 0.5% Glutamax, 1% Penicillin/Streptomycin and supplemented with 10 μM 

SB431542 (SB), 1 μM Dorsomorphin (DM). On Day 7, EBs were released from the 

AggreWell Plate, transferred to an ultra-low attachment plate and cultured in suspension 

in N2B27 medium supplemented with 20 ng/mL bFGF (Peprotech 100–18B), 3 μM CHIR 

99021 (Axon Medchem), 0.5 μM PMA (Alexis) and 150 μM ascorbic acid (Sigma-Aldrich) 

with medium change every other day, until neural tube-like structures appeared.81 At day 

12, neural tube-like structures were manually selected and plated onto a Matrigel-coated 

plate in N2B27 medium with 20 ng/mL bFGF, and media was replenished every other day. 

On day 19, neural rosette-like structures were isolated from surrounding cells with Neural 

Rosette Selection Reagent (STEMCELL Technologies #05832) and expanded as human 

neural progenitor cells (NPCs) on a Matrigel-coated plate in N2B27 medium supplemented 

with bFGF (40 ng/mL), EGF (40 ng/mL, R&D systems #236-EG-200) and hLIF (1.5 ng/mL, 

Peprotech 300–05). NPCs were passaged with Accutase (Gibco #A1110501) when they 

reached 70%–80% confluency.

For astrocyte differentiation, NPCs were differentiated into astrocyte progenitor cells (APCs) 

by culturing on Matrigel-coated plates and passaging in N2B27 medium supplemented 

with BMP4 (10 ng/mL, Peprotech) and bFGF (20 ng/mL) for 21–25 days, after which 

they were FACS-sorted for CD44 and propagated. The CD44-positive APCs were then 

differentiated to astrocytes by culturing in astrocyte maturation medium containing N2B27 
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medium supplemented with CNTF (10 ng/mL, Peprotech), LIF (10 ng/mL, Peprotech) and 

FGF-1 (50 ng/mL, Peprotech) for up to 48 days.29

For neuronal differentiation, NPCs were plated on poly-L-ornithine (0.1 mg/mL, Sigma-

Aldrich #P3655) and laminin (10 μg/mL, Corning #354232) pre-coated 12mm glass 

coverslips (Ted Pella #26020) or cell culture plates, at a density of 15,000 cells/cm2 in 

N2B27 medium. To differentiate the NPCs into neurons, half of the medium was changed 

every other day with neuronal differentiation medium containing BrainPhys™ Neuronal 

Medium (STEMCELL Technologies), supplemented with 1% N2, 2% B27, BDNF (brain-

derived neurotrophic factor), 20 ng/mL, Peprotech 450–02), GDNF (glial cell line-derived 

neurotrophic factor), 20 ng/mL, Peprotech 450–10), ascorbic acid (200 nM, Sigma-Aldrich 

A0278), and dibutyryl-cAMP (1mM, Sigma-Aldrich D0627).82

Fluorescence-activated cell sorting (FACS)—To enrich for CD44-positive APCs, 

APC cultures generated from NSCs were dissociated with Accutase and cell suspension was 

incubated with FITC-conjugated CD44 antibody (BD Biosciences 560977) for 20 min on ice 

in the dark and then washed twice with sorting medium (N2B27 medium, 0.5% BSA, 50 

mM EDTA, DNase (100 mg/mL). FITC-positive cells were collected using a FACSAria III 

cell sorter (BD Biosciences) and cultured for APCs.

Immunocytochemistry—Cells cultured on coverslips were fixed in PBS-4% 

paraformaldehyde (PFA) at room temperature for 15 min and then washed in PBS three 

times. Fixed cells were permeabilized with PBS-0.1% Triton (PBST) for 15 min, incubated 

in blocking buffer (PBST, 2% BSA, 5% Donkey or Goat serum) for 1h at room temperature 

and then incubated at 4°C overnight with primary antibodies (see Key resources table) 

diluted in blocking buffer. On the second day, primary antibodies were washed off with 

PBST and the coverslips were incubated for 1 h at room temperature with appropriate 

secondary antibodies (see Key resources table). Secondary antibodies were washed off with 

PBST and coverslips were mounted using Vectashield antifade mounting medium containing 

DAPI (Vector Labs) for nuclei labeling. Images were collected on a Leica (TCS-SP5) or 

Zeiss (LSM 700) laser scanning confocal microscope. Images were captured and analyzed 

blind to genotype.

Quantification of fluorescence intensity—Cells were imaged with Leica confocal 

microscope with three to five random fields imaged per group in each biological replicate. 

To measure fluorescence intensity, we used ImageJ (NIH) software as follows: The regions 

of specific markers were selected, and fluorescence intensity was measured by using ‘area 

integrated intensity’ in ‘measure’ tool. Background fluorescence intensity in region without 

cells was measured and subtracted. The relative fluorescence intensity was compared to the 

average intensity of wild-type cells in each group. Images were taken and quantified blind to 

genotype.

RNA isolation and quantitative real-time RT-PCR—Total RNA was extracted 

using the miRNeasy Mini Kit (Qiagen) or the TRIzol (Invitrogen) method. For reverse 

transcription, AMV-RT (New England BioLabs) was used. The quantitative real-time PCR 

was performed by ABI StepOnePlus real-time PCR system using SYBR green PCR master 
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mix (Applied Biosystems). Data was analyzed using StepOne software and Prism. Primers 

used for qPCR analyses are listed in Table S4.

Total RNA library preparation and RNA-Sequencing analysis—Total RNA was 

extracted using the miRNeasy Mini Kit (Qiagen) following the manufacturer’s protocol. 

RNA integrity was assessed by Bioanalyzer. All RNA samples had RNA Integrity Number 

(RIN) of at least 8.4. The RNA samples were sequenced on an Illumina NovaSeq 6000 

Sequencing System and yielded about 20–30 million pairs of 150 bp pair-end reads per 

sample. Raw reads were first trimmed for 10 bases at the 5′end to remove reads with biased 

nucleotide (ACGT) distribution. Trimmed reads were then aligned to the Homo sapiens 

genome (GRCh38p12, GENCODE, primary assembly), using STAR aligner83 (version 

2.6.0a). Differential gene expression (DEG) analyses on the read counts were performed 

using DESeq284 (v1.24.0) in R environment. Genes with sum of read counts across all 

samples under 10 were filtered out from analysis. Unless otherwise stated, a gene was 

considered significantly dysregulated if the adjusted p value was less than 5% and with a 

minimum average read counts of 10 in either genotype.

Expression heatmaps were generated using the pheatmap package in R environment. Genes 

with adjusted p value <5% and well-expressed, with a minimum average read counts of 50 

in mutant and/or WT astrocytes, were used for fetal and mature astrocyte enriched gene 

heatmap. The heatmaps are normalized across each gene (row) and the color legend shows 

Z score. Specifically, this was carried out in two steps: 1) the mean expression for the gene 

(the specific row) was subtracted out from each expression, 2) the mean-centered expression 

was divided by the standard deviation for the gene. Gene Set Enrichment Analysis (GSEA) 

software85 was used to assess the enrichment of the significantly dysregulated genes in the 

gene sets enriched in fetal astrocytes and mature astrocytes.11

Gene ontology analysis—Gene ontology (GO) enrichment analysis was performed 

using the DAVID v6.8 bioinformatics resource (http://david.abcc.ncifcrf.gov/).86,87 Genes 

with adjusted p value less than 0.05 and normalized read counts >50 in mutant and/or 

WT were used for the GO enrichment analysis. The significantly enriched GO terms were 

selected based on Benjamini corrected p-values <0.05 cut-off, and biological relevance to 

the study.

Generation of astrocyte conditioned media and intracellular metabolite 
extraction for 1H NMR and mass spectroscopy—For 1H NMR and untargeted mass 

spectrometry of extracellular metabolites, astrocyte conditioned media (ACM) was collected 

at day 48 of differentiation of APCs into astrocytes (3 days after changing the medium 

at day 45). The collected ACM was centrifuged at 2000g for 5 min and the supernatant 

was aliquoted and kept frozen at −80°C. For 1H NMR and targeted mass spectrometry of 

intracellular metabolites, astrocytes were washed three times with PBS, dissociated with 

Accutase for 5 min at 37°C, and washed 3 times with PBS with centrifugation. After the 

last centrifugation, pellets were resuspended in PBS and counted. Cells (1.6 million) were 

centrifuged at 3000g for 10 min at 4°C and frozen pellets were kept at −80°C.
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NMR spectroscopy—For extracellular metabolite analysis, 450 μL ACM was mixed 

with 50 μL Deuterium oxide (D2O, 99.9% D) containing 5 mM DSS (4,4-dimethyl-4-

silapentane-1-sulfonic acid) (Cambridge Isotope Laboratories, Inc) as an internal standard (δ 
= 0.00 ppm). 1D 1H-NMR spectra were acquired on a Bruker 850 MHz NMR spectrometer 

with cryoprobe. The water peak was suppressed by presaturation, using the 1D zgpr 

pulse sequence from the Bruker pulse sequence library, applying a low power suppression 

continued wave irradiation before the first 90 pulse on channel 1. The numbers of scans and 

dummy scans were 16 and 4, respectively.

For intracellular metabolite analysis, the frozen cell pellets were thawed on ice, resuspended 

in 450 μL PBS, and mixed with 50 μL Deuterium oxide (D2O, 99.9% D) containing 5 mM 

TSP (Trimethylsilylpropanoic acid, δ = −0.01581 ppm) as an internal standard. 1D and 2D 
1H-NMR spectra were acquired on a Bruker 800 MHz AVANCE III NMR spectrometer 

equipped with cryoprobe. The 1D spectra were acquired with the Bruker standard pulse 

sequence NOSEYPR1D with water presaturation. Acquisition mode was DQD, number 

of time domain points = 32768, spectral width = 20.5583 ppm. The experiments were 

recorded without sample spinning. The power level and the duration of the presaturation 

were PLdb9 = 23 dB and d1 = 2s, respectively. The mixing NOESY time was 100 ms. The 

on-resonance to the solvent resonance o1 was finely adjusted in gs mode by minimizing 

the FID signal intensity. The obtained spectra were pre-processed with chemical shift 

calibration, phase correction, and baseline correction, and converted to TXT file for the 

multivariate analysis. Estimated metabolite concentration was obtained using Chenomx, Inc. 

software. The 2D total homonuclear correlation spectra was obtained via Hartman-Hahn 

transfer using dipsi2esgpph sequence using 3–9-19 watergate (DIPSI-2). The spectral width: 

13.95. Size of FID is 4096 (F2) X2048 (F1). The power level of the pulses: PLdb18 = 

−11.76dB. The 90-degree pulse: PLdb18 P27 = 10Sec. The mixing time: d9 = 60 ms. The 

duration pf the gradient p16 = 1 ms. The recovery delay after the gradient d16 = 200 us. 

GPZ1% = 1. Gpnam1 = SMSQ10.100. The number scan was 24 with dummy scans equal to 

160.

For multivariate analysis, the obtained spectra were pre-processed with chemical shift 

calibration, phase correction, baseline correction and subjected to multivariate analysis 

including PCA (principal component analysis) for data summary and OPLS (Orthogonal 

partial least squares) for regression analysis by SIMCA P software.

Non-targeted liquid chromatography with tandem mass spectrometry (LC-MS/
MS)—Samples were prepared by mixing 20 μL ACM with 60 μL of ice-cold methanol with 

internal standards (agomelatine for positive mode; lithocholic acid-d5 for negative mode). 

The resulting mixtures were vortexed and centrifuged at 15,000 g for 15 min. A 5 μl volume 

of the prepared samples was injected onto a system combining ultra-high performance liquid 

chromatography (UHPLC) coupled with Q Exactive Orbitrap mass spectrometer (Thermo 

Fisher Scientific) equipped with 100 mm × 2.1 mm column (Acquity 1.7 μm, BEH C-18, 

Waters) for analysis. The column temperature was maintained at 40°C. Flow rate was set 

to 0.3 mL per minute and the autosampler sample tray to 10°C. Mobile Phase A was 

water with 0.1% formic acid. Mobile Phase B was acetonitrile 0.1% formic acid. The 

chromatographic gradient was as follows: (1) 0–16 min: linear gradient from 2% to 98% 

Sun et al. Page 19

Cell Rep. Author manuscript; available in PMC 2024 February 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



B; (2) 16.0–19 min: hold at 98% B; (3) 19.0–20.0 min: linear gradient from 98% to 2% B 

and hold at 2% B till 22.0 min. Q Exactive MS was operated in full scan with electrospray 

ionization in positive mode and negative modes. Ultra-highly pure nitrogen was applied 

as the sheath (45 arbitrary unit), auxiliary (10 arbitrary unit), sweep (1.0 arbitrary unit) 

and the collision gas. The capillary gas temperature was set at 275°C and the capillary 

voltage was set at 3.75 kV for positive mode and 2.75 kV for negative mode. MS data 

were acquired from 80 to 1200 Da with the resolution set to 140,000, and the maximum 

injection time at 100 msec in profile mode. The acquired data were processed by Compound 

Discoverer 3.0 software to generate a multivariate data matrix. The data was first normalized 

based on protein concentration of the sample and the internal standards. The normalized 

data matrices were subject to multivariate data analysis on SIMCA14 software (Umetrics, 

Kinnelon, NJ). Orthogonal projection to latent structures-discriminant analysis (OPLS-DA) 

was conducted on Pareto-scaled data for determining the primary metabolites contributing to 

group difference.

Metabolite Identification and Confirmation: Putative structures of lysophosphatidylcholine 

(LPC) and succinic acid were identified based on MS/MS fragments, exact mass, and 

predicted formula structure of metabolite obtained from Q Exactive MS. Their structures 

were confirmed by comparing their exact mass, MS/MS fragments, and retention times with 

those of the corresponding commercially available standards.

Targeted mass spectrometry—The intracellular metabolites were extracted from 

monocultured astrocytes and mouse liver pool was used as quality control.88–90 The TCA 

metabolites and glycolysis intermediates were separated using Luna 3 μM NH2 (100 A°) 

HPLC column, whereas mobile phase was A and B in 20 mM ammonium acetate in water 

(pH 9.9) and acetonitrile, respectively. The metabolites were separated through Agilent 

HPLC system, and the data acquired using 6490 triple quadrupole mass spectrometry 

(Agilent Technologies, Santa Clara, CA) via Multiple reaction monitoring (MRM) in 

negative ionization mode.90 The acquired data were analyzed using Agilent Mass Hunter 

quantitation software and carefully reviewed for all peaks sample-by- sample. The peak 

areas were first normalized to a spiked internal standard L-Zeatine (ISTD), then normalized 

to the abundance in WT samples (log2 scale). The altered metabolites were identified using 

Benjamin-Hochberg p values <0.25 false discovery rate (FDR).

Glutamate uptake assay—The Amplex Red Glutamic Acid/Glutamate Oxidase Assay 

Kit (Invitrogen) was used following manufacturer’s instructions.29 Astrocytes were plated 

at a concentration of 10,000 cells per well in 96 well plate and cultured for 2 days (for 

monocultured astrocytes) or 7 days (for hCS-derived astrocytes). Before the assay, cultures 

were equilibrated in HBSS buffer for 10 min. L-Glutamate (20 μM) solutions were prepared 

with HBSS and added to the cells. After 30 min, the glutamate concentration remaining in 

the media was measured. The decrease of glutamate in the media, or uptake of glutamate 

by cells, was measured as micromoles of glutamate per microgram of protein after being 

normalized to the total protein in each well. For normalization purpose, the protein content 

was determined by a BCA protein assay (Pierce).
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ATP assay—ATP levels were determined using an ATP Bioluminescence Assay Kit 

(PerkinElmer).91 In brief, astrocytes were harvested using the provided cell lysis solution 

and incubated on ice. The ATP levels in the cells were measured using a luminescence plate 

reader (Molecular Devices) and normalized to the total protein in each well.

MitoSOX assay—Mitochondrial ROS was determined using MitoSOX Red (Invitrogen). 

Cells were plated onto coverslips. Upon analysis, cells were incubated with complete cell 

culture medium containing 2.5 μM MitoSOX for 20 min at 37°C in tissue culture incubator. 

Cells were then washed twice with PBS, fixed, incubated in blocking buffer (PBST, 2% 

BSA with 5% goat serum) for 1 h and incubated with rabbit anti-GFAP antibody at 4°C 

overnight, followed by incubation with Alexa Fluor 488 conjugated goat anti-rabbit for 

1 h at room temperature. Fluorescence images for GFAP and MitoSOX were acquired 

with confocal microscope. Fluorescence intensity of MitoSOX was measured using ImageJ 

software (NIH). Each single astrocyte was identified by GFAP staining and thresholded to 

define the cell area as region of interest (ROI).91,92 The MitoSOX fluorescence of each cell 

was then measured with the ROI Manager, and background fluorescence was subtracted. For 

each biological replicate, 5–10 field of images were taken and a total of 33–40 cells were 

analyzed for each genotype. Images were taken and quantified blind to genotype.

Seahorse measurement of cellular respiration—Seahorse measurement of cellular 

respiration was performed using a Seahorse extracellular flux analyzer and XF Mito Stress 

kit (Agilent) according to the manufacturer’s protocol. In brief, 50,000 or 75,000 astrocytes 

were plated per well on a Matrigel coated XF 96-cell culture plate 3 days before the 

measurement and incubated in 37°C and 5% CO2 in a humidified incubator. Cells were 

cultured in 8 wells per group as technical replicates. On the day of measurement, cells were 

washed with XF cell Mito stress test assay medium containing Seahorse XF DMEM media 

(phenol red free), 10 mM glucose, 1 mM Pyruvate and 2 mM L-Glutamine. Cells were 

incubated in the assay medium for 1 h prior to the measurement in a CO2-free incubator at 

37°C. During the measurement assay, inhibitors were loaded into cells at final concentration 

of 1.0 μM Oligomycin (Port A), 2 μM FCCP (Port B) and 0.5 μM Rotenone/antimycin A 

(Port C). Results of the measurement were subsequently analyzed using the Wave software 

(Agilent). Data was normalized by cell number as determined by Hoechst staining. OCR 

was presented as pmol/min per 100,000 cells.

Mitochondrial morphology (MitoTracker red)—For analysis of mitochondrial 

morphology, astrocytes were plated onto Matrigel coated coverslips and incubated in 400 

nM MitoTracker CMX Red (M7512, Invitrogen) diluted in complete cell culture medium 

for 15 min at 37°C and 5% CO2 in a humidified incubator. Cells were washed three 

times, fixed, counterstained with 1 μg/mL Hoechst and imaged with confocal microscope 

(Leica) with an oil-immersed 63× objective. Images were acquired blind to genotype. For 

analysis of mitochondrial morphology, cells were categorized as having tubular/network-like 

or circular/fragmented mitochondria if more than 70% of their mitochondria show the 

specific structure. Otherwise, they were categorized as having mixed structures.
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Mitochondrial mass (MitoTracker green)—Astrocytes were plated at 25,000 per well 

on Matrigel coated dark-welled flat bottom 96-well plate (Sarstedt) two days before the 

assay. Cultured astrocytes were incubated with 250 μM MitoTracker Green FM (MTG, 

Thermo Fisher M7514) and 1 μg/mL Hoechst for 20 min in astrocyte culture media at 37°C 

and 5% CO2 incubator. Cells were washed three times in culture media to remove extra 

MTG and Hoechst dyes. Whole well fluorescence for MTG and Hoechst intensity were 

measured with FilterMax plate reader (Molecular Devices), set to appropriate wavelengths. 

The intensity of MTG was normalized to cell number based on Hoechst intensity.

Generation of lentivirus—Lentivirus carrying UbiquitinC-EGFP was generated by co-

transfecting HEK293T cells with pFUGW plasmid, containing the EGFP gene under 

UbiquitinC promoter, and the packaging plasmids VSV-G and Δ8.9. Transfection was 

performed using Mirus 293T transfection reagent.93 After 24 h from transfection, the 

medium was discarded and replaced with N2B27 medium for 2 days. The medium 

containing lentiviruses was collected, filtered through 0.45 μM, aliquoted and frozen at 

−80°C.

Neuron-astrocyte co-culture—For astrocyte-neuron co-cultures, APCs were 

differentiated into astrocytes in astrocyte maturation medium for 27 days and replated 

onto Matrigel coated tissue culture plates or poly-L-ornithine/laminin coated coverslips 

at a density of 15,000 cells per cm2. NPCs were differentiated for 7 days in neuronal 

differentiation medium, dissociated with Accutase, and replated onto the astrocytes at a 

plating density of 15,000 cells per cm2. The neuron-astrocyte co-cultures were maintained 

on coverslips in N2B27 medium for 21 days for morphology analysis, and 10 weeks for 

synapse formation analysis with half medium changed every other day.

For astrocyte gene expression analysis in neuron-astrocyte co-cultures, NPCs were 

transduced with UbiquitinC-EGFP lentivirus (95% labeling efficiency), differentiated into 

EGFP + neurons using the differentiation method described above, and plated onto 

astrocytes cultured on Matrigel coated plates. The co-cultures were maintained in N2B27 

medium for 21 days, with half medium changed every other day. On the day of 

collection, astrocytes cultured alone and neuron-astrocyte co-cultures were each dissociated 

with Accutase, resuspended in sorting media as single cell suspension, and sorted 

by fluorescence-activated cell sorting (FACS). EGFP negative (astrocytes) and positive 

(neurons) were separately collected into DPBS, centrifuged, and transferred immediately 

into TRIzol (Invitrogen) for RNA extraction.

Morphological analysis of neurons and astrocytes in co-cultures—To detect 

and trace single neurons, co-cultures on coverslips were transfected sparsely with 

CaMKII-EGFP using the calcium phosphate precipitation method with a CalPhos™ 

Mammalian Transfection Kit (Takara Inc.) on day 18 of co-culturing. To detect and trace 

single astrocytes, co-cultures were transfected with hGFAP-EGFP plasmid, using Mirus 

TransIT-2020 transfection reagent on day 18 of co-culturing. Cells were fixed with PBS-4% 

PFA, 3 days post-transfection, and immunostained with anti-EGFP and cell-type specific 

antibodies. GFP-positive cells were imaged with a Leica confocal laser-scanning (TCS-SP5) 

microscope. Confocal images were analyzed using ImageJ software including FIJI plug-in 
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packages with a Sholl tracing package and simple neurite tracer.94 To analyze synaptic 

density, cultured cells were fixed with PBS-4% PFA, immunostained with TUJ1 and pre-/

post-synaptic antibodies (see details in immunocytochemistry and Key resources table). 

Images were acquired with a Leica confocal laser-scanning (TCS-SP5) with identical 

settings applied to all samples in an experiment. Synapsin 1 puncta (pre-synaptic) and 

co-localized Synapsin 1 and Homer1 (pos-tsynaptic) puncta along single TUJ1 processes 

were quantified from random images by ImageJ software (NIH).95 Synapse puncta were 

identified by background subtraction and intensity threshold function in ImageJ and selected 

as the region of interest (ROI). ROIs were quantified with the ‘analyze particles’ plugin 

and neurite length were measured by ‘simple neurite tracer’ plugin. Synaptic density per 50 

μm TUJ1 processes were calculated. All morphological analyses were performed blind to 

genotypes and conditions.

Nuclear size measurement—Dissociated hCSs (at day ~200) cultures were 

immunostained for cell type specific markers and counterstained with 1 μg/mL Hoechst. 

ImageJ (NIH) was used for the nuclear size measurement. All the images were taken with a 

40× objective. In the software setting, with a line drawn around the Hoechst nuclear staining, 

the surface area size of the nuclei was automatically calculated. Student’s t test was used for 

statistical analysis.

Transplantation—For transplantation, CD44-sorted APCs were transduced with lentivirus 

carrying UbiquitinC-EGFP and cultured in N2B27 medium supplemented with BMP4 (10 

ng/mL) and bFGF (20 ng/mL). More than 90% of cells were GFP positive. The EGFP 

labeled APCs were passaged with Accutase one day before transplantation and plated in 

ultra-low attachment plates at a density of 500,000 cells per ml to allow small cell clusters 

to form. Before transplantation, cells were spun down at 300g for 5 min and resuspended to 

100,000 cells per μl in HBSS solution.

Rag1−/− neonates were transplanted between postnatal day 0 and 1. Half of the litter was 

transferred from the cage to a humidified warming chamber and the second half of the litter 

was kept with parents to avoid shock to the parents. The pup to be injected was anesthetized 

by hypothermia, wiped with an ethanol pad, and transplanted bilaterally with a total of 

100,000 cells per hemisphere. The injection was performed directly through the skin and 

skull into caudal corpus callosum (AP −1.0, ML ± 1.0 mm, ventral 1.2 mm).96 Following 

injections, the pup was cleaned with alcohol, placed in the warming chamber for 30 min for 

recovery and returned to the cage. After returning the first half of the litter, the injection was 

performed for the second half of the litter. Pups were weaned between 21 and 28 days and 

group housed.

Immunohistochemistry of brain sections—Chimeric mice were perfused 

transcardially with PBS-4% PFA at 19–20 weeks post transplantation. Brains were preserved 

in PBS-4% PFA overnight, washed with PBS, and sectioned with vibratome at 80 μm 

thickness. To immunostain the brain sections, sections were permeabilized with PBST for 25 

min, blocked in 5% Goat 5% Donkey serum in PBST and immunostained with free-floating 

method.53 The brain sections were incubated at 4°C overnight with primary antibodies (see 

Key resources table) in 1% Goat 1% Donkey serum in PBST. On the second day, primary 
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antibodies were washed off with PBST followed by incubation with secondary antibodies 

(See Key resources table). Nuclei were counterstained with 1 μg/mL Hoechst solution and 

sections were mounted onto glass slides using VECTASHIELD Antifade Mounting Medium 

(H-1000). Images were collected on a Leica confocal laser-scanning (TCS-SP5) microscope.

For morphological tracing of transplanted human astrocytes in the mouse brain, individual 

GFP-labeled astrocytes were randomly selected and traced using Neurolucida 360 (Micro 

Brightfield Inc) or z stack reconstructed confocal images with Sholl analysis plugin 

(ImageJ). Data were extracted for Sholl analysis and primary branches and total length 

for each cell was measured.53 Imaging and morphological analyses were performed blind to 

genotype.

Generation of human cortical spheroids (hCSs)—Spheroids were generated from 

hESCs.48,49,97 Briefly, hESCs were cultured on irradiated mouse embryonic fibroblasts 

(MEFs) (Gibco A34180) in hESC medium (hESCM) containing DMEM-F12, 20% 

knockout serum replacement (Gibco), 1% NEAA, 1% Glutamax and bFGF (10 ng/mL). The 

colonies were detached from the MEFs with Dispase (Millipore SCM133) and subsequently 

transferred into ultra-low attachment plates in neural differentiation medium containing 

hESCM, 10 μM SB431542 (SB), and 1 mM Dorsomorphin (DM) with ROCK inhibitor 

Thiazovivin (0.5 μM).49 After 24 h, the medium was replaced with neural differentiation 

medium without Thiazovivin. The ROCK inhibitor Thiazovivin (0.5 μM) was added for the 

first 24 h and then removed. On day 6, the medium was replaced with serum-free neural 

medium (NM) containing Neurobasal medium (Gibco 10888), 2% B27 without vitamin 

A, 1% GlutaMAX, and 1% P/S, and supplemented with bFGF (20 ng/mL) and EGF (20 

ng/mL). On day 25, bFGF and EGF were replaced with BDNF (brain-derived neurotrophic 

factor) and NT3 (20 ng/mL each, Peprotech). From day 43 onwards, the spheroids were 

cultured in NM without growth factors. Media was replaced every day from day 1 to day 9, 

every other day from day 9 to day 25, every 3 days from day 25 to day 43 and every four to 

five days from day 43 onward.

Cryosectioning of spheroids and immunohistochemistry—Human cortical 

spheroids (hCSs) were fixed with 4% PFA in PBS at 4°C overnight and then washed 

thoroughly with PBS, transferred to 30% sucrose, and incubated at 4°C for 72 h. 

Subsequently, spheroids were embedded in OCT compound, snap-frozen in an ethanol/dry 

ice mixture and stored at −80°C. For immunohistochemistry, the embedded spheroids were 

sectioned (10–20 μm) with Leica cryostat and mounted onto Superfrost Plus slides.

Spheroid sections were washed with PBS to remove OCT and blocked in 10% normal 

goat serum (NGS) or normal donkey serum (NDS) diluted in PBS-0.3% Triton, for 1 h 

at room temperature. The sections were then incubated overnight at 4°C with primary 

antibodies (Key resources table) diluted in PBS-0.1% Triton containing 10% NGS or NDS. 

On the second day, the cryosections were rinsed with PBS and incubated for 1 h with 

secondary antibodies diluted in PBS-0.1% Triton containing 10% NGS or NDS. Nuclei were 

counterstained with Hoechst 33258 (Life Technologies). Cryosections were mounted with 

cover glass using Vectashield antifade mounting medium. Images were collected on a Leica 

confocal laser-scanning (TCS SP5) microscope. For measuring synaptic size and density, 
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spheroid sections were immunostained with pre-/post-synaptic marker antibodies (see Key 

resources table) with appropriate secondary fluorescent antibodies (see Key resources table). 

Images were acquired with a Leica TCS SP5 confocal microscope with 405, 488, 563, and 

647 nm laser lines using a 63× immersion oil objective, with the pinhole adjusted to 1.0 

Airy units. Multichannel images were acquired sequentially with identical settings applied to 

all samples in an experiment. Synapse-dense areas below the superficial layer of spheroids 

was imaged over a depth of 15 μm z stack range. For synapses quantification, puncta were 

identified by intensity threshold and size thresholding in ImageJ and selected as the region 

of interest (ROI). ROIs were measured with the ‘Analyze particles’ plugin. The number 

of Synapsin 1 puncta and overlapping Synapsin 1/Homer1 puncta were quantified, and the 

relative density was calculated as the number of puncta per area. For puncta size analysis, 

only full volume puncta captured were selected from slices of z stack reconstructed confocal 

sections, and the puncta size was measured on a projected image stack. The quantitative 

data are derived from 3 independent spheroid cultures. The experimenter was blind to the 

genotypes and conditions in all analyses.

Dissociation and culturing of hCSs—Human cortical spheroids (hCSs) were chopped 

and incubated in 40 U/mL papain (Worthington) enzyme solution at 34–35°C for 60–

90 min.49 After digestion, cell clumps were washed with soybean protease inhibitor 

(Sigma) solution and triturated to achieve a single cell suspension. Cells were plated on 

glass coverslips coated with poly-L-ornithine and laminin and grown in neural medium 

supplemented with BDNF (20 ng/mL), NT3 (20 ng/mL) and HBEGF (5 ng/mL) for 11 

days. The Rock inhibitor Thiazovivin (0.5 μM) was added upon plating. Half volume of 

medium was replaced every 3 days. To trace the morphology of single neurons or astrocytes, 

the culture was transfected with CaMKII-EGFP or GFAP-GFP, respectively, on day 8 of 

culturing and fixed on day 11.

Immunopanning—For immunopanning of long-term spheroid cultures, spheroids were 

first dissociated.48 hCSs were chopped and incubated in 40 U/mL papain (Worthington) 

enzyme solution at a 35°C incubator with 5% CO2 for 80–90 min, washed with Ovomucoid 

protease inhibitor (Worthington) solution, and triturated to a single cell suspension. Cells 

were then added to plastic petri dishes pre-coated with HepaCAM (R&D, MAB4108) 

(1:120 in 0.2% BSA in PBS) and incubated for 20–30 min at room temperature to allow 

HepaCAM-positive (astrocytes) cells to bind to the plates.11 Unbound cells were transferred 

to a falcon tube, while the dishes with bound cells were rinsed eight times with PBS to wash 

away loosely bound cells. The unbound cells from washing were combined into a falcon 

tube, centrifuged, and cultured on poly-L-ornithine coated coverslips (neuron-enriched 

cultures). For RNA collection of purified astrocytes, bound cells were scraped off the 

immunopanning dish directly with TRIzol reagent. For all other analyses requiring culturing, 

bound astrocytes were incubated in trypsin solution for 10–15 min at 37°C, then rinsed off 

the plates, centrifuged and cultured on Matrigel coated 96-well plates or coverslips.

Purified astrocytes were maintained in medium containing 50% Neurobasal-A medium, 

50% DMEM, 1% P/S, 2% B27, 0.5% Glutamax, and 5 ng/mL HBEGF.48 Neuron-enriched 

cultures were maintained in neural medium containing 50 ng/mL BDNF and 20 ng/mL 
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NT3.11 Rock inhibitor Thiazovivin (0.5 μM) was added upon plating of neurons and 

astrocytes and removed with complete medium change on day 2. From day 2 onward, 

half medium was replaced with a fresh medium every 3 days. The astrocytes were used 

after 7 days in culture for glutamate uptake and MitoSOX assays. For 1H- NMR analysis of 

extracellular metabolites, astrocyte conditioned media (ACM) and neuron conditioned media 

(NCM) were collected on day 5 and day 8 of culturing upon replacing of media, combined, 

centrifuged at 2000g for 5 min, and stored at −80°C. To trace the morphology of single 

astrocytes, the purified astrocytes cultured on coverslips were transfected with GFAP-GFP 

on day 8 and fixed on day 11.

Immunohistochemistry of human postmortem brain tissue—Postmortem brain 

tissues were received in 10% formalin, dehydrated with ethanol (30%–100%), cleared with 

xylene, embedded in paraffin, and sectioned at 10 μm thickness with microtome. Sections 

were dried, deparaffined with xylene and rehydrated with ethanol (100%–70%) and then 

with water according to standard protocols. Antigen retrieval was performed in 10 mM 

sodium citrate, pH 6.0 and 0.02% Triton X-100, in a pressure cooker for 10 min. Sections 

were permeabilized and blocked with 5% donkey serum in PBS-0.1% Triton, incubated 

overnight at 4°C with rabbit anti-GFAP primary antibody followed by incubation at room 

temperature for 1 h with a secondary fluorescence conjugated-antibody.

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were performed with at least three biological replicates. Except for the 

RNA sequencing, all statistical analyses were performed using Excel or Prism 9 (GraphPad) 

software. The statistical details of experiments are also present in the figure legends. Data 

are presented as mean ± s.e.m. Significance was defined by p < 0.05, *; p < 0.01, **; p < 

0.001, ***; not significant, ns.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Human astrocytes bearing MeCP2 mutations have altered transcriptional 

landscape

• Mutant astrocytes have impaired energy metabolism and dysfunctional 

mitochondria

• Both mutant astrocytes and neurons are unable to develop normal mature 

morphology

• These abnormal morphologies are caused by cell- and non-cell-autonomous 

effects
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Figure 1. Human astrocytes are generated from normal and R270X mutant ESCs with similar 
efficiency
(A) (Top) Location of R270X and R133C mutations in the MeCP2 protein domains. 

(Bottom) Genomic DNA sequencing of the MECP2 regions flanking the R133C and R270X 

mutations in the mutant hESC lines and corresponding regions in the WT hESC lines. 

Arrows mark the position of mutated nucleotides.

(B) Schematic showing the stages of differentiation from hESCs to astrocytes. EBs, 

embryoid bodies (STAR Methods).
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(C and D) Representative confocal images (C and D, left) and quantification of cells (C and 

D, right) in NPC cultures expressing PAX6, Nestin, and SOX1 (C), and in APC cultures 

expressing Vimentin, GFAP, and S100B (D).

(E) Images (left) and immunofluorescence intensity (right) of CD44-and SOX9-expressing 

cells in APC and astrocyte cultures. The nuclei in magenta represent colocalized SOX9-

positive cells (red) and DAPI (blue).

(F and G) Representative images (F) and immunofluorescence intensity (G) of GFAP- and 

S100B-expressing cells in astrocyte cultures.

(H) Relative expression of reactive astrocyte marker genes (GFAP, C3, Nestin) in WT 

and R270X-mutant astrocytes based on RNA-seq. Data points represent n = 3 biological 

replicates, 3–5 fields per replicate (C and D), 30–36 cells per replicate (E and G). Scale bars, 

50 μm. Bars represent mean ± standard error of the mean.

(G) Student’s t tests (C, D, G, H); two-way ANOVA with Tukey post hoc analysis (E). ns, 

not significant. *p < 0.05, ***p < 0.001. See also Figures S1 and S2.
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Figure 2. Human astrocytes with R270X mutation in MECP2 have altered transcriptome
(A) MA plot shows differentially expressed genes between R270X mutant (MT) and WT 

astrocytes (false discovery rate [FDR] of <0.05). Red, significant differences(sig); gray, not 

significant differences (not sig).

(B) DAVID GO analysis for up-regulated (upper) and down-regulated (middle) genes and 

KEGG pathway analysis (bottom) for up-regulated genes in MT astrocytes. Vertical dashed 

line marks −log10(0.05).
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(C) Heatmaps show significantly dysregulated fetal and mature astrocyte-enriched genes in 

MT astrocytes. Color legend shows Z score (STAR Methods).

(D) Gene set enrichment analysis of fetal (left) and mature (right) astrocyte-enriched genes 

indicates significantly more up-regulated than down-regulated mature astrocyte-enriched 

genes (FDR qval of 0.0058) in the MT astrocytes (STAR Methods).

(E) Quantitative reverse transcriptase PCR validation for selected dysregulated mature 

astrocyte-enriched genes. n = 3 biological replicates. Data represent mean ± standard error 

of the mean. Paired Student’s t test. **p < 0.01, ***p < 0.001. See also Figure S2; Tables 

S1, S2, and S3.
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Figure 3. Human astrocytes with R270X MECP2 mutation have altered energy metabolism and 
impaired mitochondrial structure and function
(A) Quantitative 1H NMR of lactate and pyruvate levels in mutant and WT ACM. n = 4 

biological replicates.

(B) Altered intracellular metabolites in mutant astrocytes based on 1H NMR. #, branched-

chain amino acids (BCAA). Glx, glutamine/glutamate. n = 6 biological replicates.

(C) 1H NMR and targeted LC-MS/MS analysis show relative abundance (log2 scale) of 

intracellular metabolites related to glycolysis pathway and TCA cycle. n = 6 and 4 biological 

replicates for 1H NMR and targeted LC-MS/MS analyses, respectively.
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(D) ATP levels in mutant compared with WT astrocytes. n = 5 biological replicates.

(E) Representative images of MitoSOX staining of mutant and WT astrocytes (left) and 

single-cell MitoSOX intensity quantification (right). n = 5 biological replicates, with the 

average of each represented by a data point in a separate color and shape. Gray data points 

represent MitoSOX intensity in individual cells; 33–40 cells per group per replicate. Scale 

bars, 50 μm.

(F) Glutamate uptake in mutant and WT astrocytes. n = 5 biological replicates.

(G and H) Seahorse analysis of oxygen consumption in mutant and WT astrocytes, at 

baseline, and after treatment with oligomycin, FCCP (maximal respiration), and rotenone 

antimycin A (Rot/AA). n = 4 biological replicates, 8 technical replicates per group per 

replicate.

(I and J) Representative images of MitoTracker Red staining (I) and quantification of 

aberrant mitochondrial structure in mutant versus WT astrocytes (J) (STAR Methods). Scale 

bars, 25 μm. n = 4 biological replicates, data points represent average percentage of cells 

with specific mitochondrial structure in each biological replicate; total of 85 WT and 77 

mutant astrocytes quantified. Data represent mean ± standard error of the mean. Paired 

Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001. See also Figures S3 and S4; Table S3. 

CoA, co-enzyme A.
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Figure 4. Neuron-astrocyte co-cultures show cell- and non-cell-autonomous effects of R270X 
MECP2 mutation on astrocyte and neuron morphology
(A) Representative images of GFAP-EGFP/GFAP labeled WT astrocytes (WTA) (left) and 

mutant astrocytes (MTA) (right), when cultured alone, with WT neurons (WTN), or with 

mutant neurons (MTN). The GFAP-EGFP+/GFAP+ cells are MAP2 negative (not shown).

(B and C) Sholl analysis (B) and quantification of primary branches and total length (C) 

of WT and mutant astrocytes when co-cultured with WTN or MTN. The symbols in 

(B) represent significant (p < 0.05) differences in astrocyte morphology when different 

combinations of co-cultures are compared: #WTA-WTN versus MTA-WTN, *WTA-WTN 
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versus WTA- MTN, %MTA-WTN versus MTA-MTN, and δWTA-MTN versus MTA-

MTN. Black asterisks in (C), significant non-cell-autonomous effect of MTN on astrocyte 

morphology; blue asterisks, significant cell-autonomous effect of MECP2 mutation on MTA 

morphology.

(D) Representative images of CaMKII-EGFP/MAP2-labeled WT and MT neurons when 

co-cultured with WTA or MTA. The CaMKll-EGFP+/MAP2+ cells are GFAP negative (not 

shown).

(E and F) Sholl analysis (E) and quantification of primary branches and total length (F) of 

WT and MT neurons when co-cultured with WTA or MTA. The symbols in (E) represent 

significant (p < 0.05) differences in neuron morphology when different combinations of co-

cultures are compared: #WTN-WTA versus WTN-MTA, *WTN-WTA versus MTN-WTA, 

%WTN-MTA versus MTN-MTA, and δMTN-WTA versus MTN-MTA. Black asterisks in 

(F), significant negative non-cell-autonomous effect of MTA on neuronal morphology; blue 

asterisks, significant cell-autonomous effect of MECP2 mutation on MTN morphology. n = 

4 biological replicates, 14–25 cells per group per replicate (B, C, E, F).

(G) Representative images of SYN1 and Homer1 synaptic puncta along TUJ1 processes in 

WT and mutant neurons, when cultured alone or co-cultured with WTAor MTA.

(H) Quantification of SYN1 puncta (left) and co-localized SYN1/Homer1 puncta (right) 

density along TUJ1 processes. Black asterisks, significant non-cell-autonomous effect of 

WTA and MTA on synapse formation; blue asterisks, significant cell-autonomous effect 

of MECP2 mutation in neurons on synapse formation. n = 3 independent experiments, 

5–7 fields quantified per group per experiment. Scale bars, 50 μm (A, D); 5 μm (G). 

Data represent mean ± standard error of the mean. Two-way ANOVA with Tukey multiple 

comparison tests was used to determine differences between groups (B, C, E, F, H). *p < 

0.05, **p < 0.01, ***p < 0.001. See also Figures S5 and S6.
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Figure 5. Mutant astrocytes and neurons generated in hCSs are structurally compromised
(A) Diagram for hCS generation (STAR Methods).

(B) Growth rate of R270X mutant (MT) and WT hCSs. n = 14 spheroids per group from two 

independent experiments.

(C and D) Immunostaining of WT and MT hCS cryosections at day 110 (C) and day 240 (D) 

show the presence of astrocytes (GFAP) and neurons (TUJ1).

(E–L) Analysis of dissociated MT and WT hCS cultures (days 180–200).

(E) Nuclear areas of astrocytes (left). Percentage of GFAP+ astrocytes (right).
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(F) Nuclear areas of neurons (left). Percentage of MAP2+ neurons (middle) and of VGlut + 

neurons among MAP2+ neurons (right). n = 3 biological replicates, 30–35 cells per group 

per replicate for nuclear size (E, F), 3–5 fields per group per replicate for percentage of cell 

types (E, F).

(G) Confocal images of GFAP-EGFP+/GFAP+ astrocytes.

(H and I) Sholl analysis (H) and quantification of primary branches and total length (I) of 

GFAP-EGFP-traced MT and WT astrocytes.

(J) Images of CaMKII-EGFP+/MAP2+ neurons.

(K and L) Sholl analysis (K) and quantification of primary branches and total length (L) 

of CaMKll-EGFP-traced MT and WT neurons. n = 3 biological replicates, 12–14 GFAP-

EGFP+ and 12–16 CaMKII-EGFP+ cells per group per replicate (H, I, K, L).

(M) Immunostaining of hCS sections (day 110) for SYN1 and Homer1 synaptic puncta and 

the pan-neuronal marker TUJ1.

(N and O) The relative density of SYN1 and co-localized SYN1/Homer1 (N) synaptic 

puncta, and the size of SYN1 puncta (O), in MT compared with WT hCSs. n = 3 biological 

replicates, three hCSs per group per replicate, two to three cryosections per spheroid. Data 

represent mean ± standard error of the mean. Unpaired Student’s t test. ns, not significant. 

*p < 0.05, **p < 0.01, ***p < 0.001. Scale bars are 50 μm (C, D, G, J); 5 μm (M). See also 

Figure S7.
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Figure 6. Mutant human astrocytes generated and matured in long-term cortical spheroids show 
morphological and functional defects
(A) Schematic for astrocyte immunopanning (STAR Methods).

(B) Images show highly enriched neuron (TUJ1+) and astrocyte (GFAP+) cultures after 

immunopanning (day 480).

(C) Images of single immunopanned astrocytes transfected with GFAP-EGFP co-express 

GFAP and SOX9. Arrows point to nuclei (DAPI/SOX9).
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(D and E) Sholl analysis (D) and quantification of primary branches and total length (E) of 

immunopanned mutant and WT astrocytes. n = 3 biological replicates, 30–34 GFAP-EGFP+ 

astrocytes were traced per genotype per replicate.

(F and G) 1H NMR of lactate and pyruvate levels in astrocyte- and neuron-conditioned 

media (ACM, NCM) generated from immunopanned cell cultures. n = 3 biological 

replicates.

(H) Glutamate uptake in immunopanned MT and WT astrocytes. n = 4 immunopanned 

astrocyte cultures from two hCS batches.

(I) Images (left) and quantification (right) of MitoSOX intensity in single immunopanned 

mutant and WT astrocytes. n = 4 independent cultures of immunopanned astrocytes from 

two hCS batches, 18–20 cells per genotype per culture. The average of each biological 

replicate is represented by data point in a separate color and shape. Gray data points 

represent MitoSOX intensity in individual cells. Data represent mean ± standard error of the 

mean. Student’s t tests. *p < 0.05, **p < 0.01, ***p < 0.001. Scale bars, 50 μm (B, I); 100 

μm (C). See also Figure S8.
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Figure 7. Cell- and non-cell-autonomous effects of MECP2 mutation on neuron-induced 
astrocyte gene expression
(A) Schematic for neuron-astrocyte co-culture experiment (STAR Methods).

(B) Quantitative reverse transcriptase PCR shows relative expression of neuron-induced 

astrocyte genes in WT or R270X astrocytes (WTA, MTA) when culturedalone or co-cultured 

with WT or MT neurons (WTN, MTN) and then sorted. Black asterisks and solid lines, 

non-cell-autonomous effect of MECP2 mutation in neurons on astrocyte gene expression. 

Blue asterisks and dashed lines, cell-autonomous effect of MECP2 mutation on astrocyte 

gene expression. Comparisons performed between WTA and MTA cultured alone, and 
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between WTA and MTA co-cultured with WTN or MTN. n = 3 independent experiments. 

Bars represent mean ± standard error of the mean. Two-way ANOVA with Tukey post hoc 

tests. *p < 0.05, **p < 0.01, ***p < 0.001. See also Figures S9.
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KEY RESOURCES TABLE

REAGENT or RESOURCE Antibodies SOURCE IDENTIFIER

Antibodies

Mouse anti-CD44 Abcam Cat#: AB6124; RRID: AB_305297

Mouse anti-CD44-FITC BD Biosciences Cat#: 560977; RRID: AB_10563909

Goat anti-SOX2 Santa Cruz Cat#: SC17320; RRID: AB_2286684

Goat anti-NANOG R&D Systems Cat#: AF2729; RRID: AB_2150103

Mouse anti-OCT3/4 Santa Cruz Cat#: sc-5279; RRID: AB_628051

Goat anti-SOX1 R&D Systems Cat#: AF3369; RRID: AB_2239879

Rabbit anti-PAX6 GeneTex Cat#: GTX55739; RRID: AB_2894826

Mouse anti-Nestin Millipore Cat#: MAB353; RRID: AB_94911

Mouse anti-Ki67 BD Biosciences Cat#: 550609; RRID: AB_393778

Rabbit anti-MeCP2 Cell Signaling Cat#: 3456; RRID: AB_2143849

Mouse anti-S100B Sigma-Aldrich Cat#: S2532; RRID: AB_477499

Rabbit anti-GFAP Millipore Cat#: MAB5804; RRID: AB_2109645

Goat anti-Vimentin R&D Systems Cat#: AF2105; RRID: AB_355153

Mouse anti-human GFAP Biolegend Cat#: SMI21R; RRID: AB_509979

Goat anti-SOX9 R&D Systems Cat#: AF3075; RRID: AB_2194160

Chicken anti-TUJ1 Aves Cat#: TUJ; RRID: AB_2313564

Mouse anti-MAP2 Millipore Cat#: MAB3418; RRID: AB_94856

Chicken anti-EGFP Millipore Cat#: AB16901; RRID: AB_11212200

Rabbit anti-SYN1 (Synapsin 1) Abcam Cat#: AB8; RRID: AB_2200097

Mouse anti-Homer1 Synaptic Systems Cat#: 160011; RRID: AB_2120992

Mouse anti-human nuclei Millipore Cat#: MAB1281; RRID: AB_94090

Rabbit anti-CTIP2 Abcam Cat#: Ab28448; RRID: AB_1140055

Mouse anti-HepaCAM R&D Systems Cat#: MAB4108; RRID: AB_2117687

Rabbit anti-Cleaved Caspase-3 Cell Signaling Cat#: 9661S; RRID: AB_2341188

Rabbit anti-VGLUT1 Synaptic Systems Cat#: 135302; RRID: AB_887877

Alexa Fluor 633 Goat anti-mouse Thermo Fisher Scientific Cat#: A21050; RRID: AB_141431

Alexa Fluor 546 Goat anti-rabbit Thermo Fisher Scientific Cat#: A11035; RRID: AB_143051

Alexa Fluor 488 Goat anti-chicken Thermo Fisher Scientific Cat#: A11039; RRID: AB_142924

Alexa Fluor 546 Donkey anti-goat Thermo Fisher Scientific Cat#: A11056; RRID: AB_142628

Alexa Fluor 488 Goat anti-rabbit Thermo Fisher Scientific Cat#: A11008; RRID: AB_143165

Cy-2 Donkey anti-chicken IgG Jackson ImmunoResearch Cat#: 703–225-155; RRID: AB_2340370

Cy-3 Donkey anti-rabbit IgG Jackson ImmunoResearch Cat#: 711–165-152; RRID: AB_2307443

Cy-5 Donkey anti-rabbit IgG Jackson ImmunoResearch Cat#: 711–175-152; RRID: AB_2340607

Cy-3 Donkey anti-mouse IgG Jackson ImmunoResearch Cat#: 715–165-151; RRID: AB_2315777

Cy-5 Donkey anti-mouse IgG Jackson ImmunoResearch Cat#: 715–175-151; RRID: AB_2619678

Biological samples

Postmortem brain tissues of normal individuals and 
Rett syndrome patients

University of Maryland Brain & Tissue 
Bank

See Table S5 for details
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REAGENT or RESOURCE Antibodies SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

mTeSR1 STEMCELL Technologies Cat#: 85850

Gentle Dissociation Reagent STEMCELL Technologies Cat#: 100–0485

DMEM-F12 Thermo Fisher Scientific Cat#: 11330032

KnockOut Serum Replacement Thermo Fisher Scientific Cat#: 10828010

NEAA Thermo Fisher Scientific Cat#: 1140050

GlutaMAX Thermo Fisher Scientific Cat#: 35050061

β-mercaptoethanol Sigma-Aldrich Cat#: M3148

Penicillin/Streptomycin Thermo Fisher Scientific Cat#: 15070063

SB431542 (SB) Abcam Cat#: AB120163

Dorsomorphin (DM) Tocris Cat#: 3096

N-2 Thermo Fisher Scientific Cat#: 17502048

B-27 Thermo Fisher Scientific Cat#: 12587010

FGF-2 (bFGF) Peprotech Cat#: 100–18B

EGF Peprotech Cat#: 100–47

BMP4 Peprotech Cat#: 120–05ET

CNTF Peprotech Cat#: 450–13

LIF Peprotech Cat#: 300–05

FGF-1 Peprotech Cat#: 100–17A

Poly-L-ornithine Sigma-Aldrich Cat#: P4957

Laminin Corning Cat#: 354232

BrainPhys Neuronal Medium STEMCELL Technologies Cat#: 05790

Ascorbic Acid Sigma-Aldrich Cat#: A0278

BDNF Peprotech Cat#: 450–02

GDNF Peprotech Cat#: 450–10

NT3 Peprotech Cat#: 450-03

HB-EGF Peprotech Cat#: 100-47

Dibutyryl-cAMP Sigma-Aldrich Cat#: D0627

Matrigel BD Biosciences Cat#: 1385

CHIR 99021 Axon Medchem Cat#: 356234

Purmorphamine (PMA) Alexis Cat#: ALX-420-045-M001

Neural Rosette Selection Reagent STEMCELL Technologies Cat#: 05832

EGF R&D Systems Cat#: 236-EG-200

hLIF Peprotech Cat#: 300–05

Accutase Thermo Fisher Scientific Cat#: A1110501

Vectashield antifade mounting medium containing 
DAPI

Vector s Cat#: H-1200-10

TransIT-293 transfection reagent Mirus Bio Cat#: MIR 2704

TRIzol Thermo Fisher Scientific Cat#: 15596026

CalPhos™ Mammalian Transfection Kit Takara Cat#: 631312

TransIT-2020 transfection reagent Mirus Bio Cat#: MIR 5404
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REAGENT or RESOURCE Antibodies SOURCE IDENTIFIER

Dispase Millipore Sigma Cat#: SCM133

Neurobasal-A medium Thermo Fisher Scientific Cat#: 10888

Hoechst 33258 Thermo Fisher Scientific Cat#: H3569

Papain Worthington Cat#: 9001-73-4

Soybean protease inhibitor Thermo Fisher Scientific Cat#: 17075–029

Ovomucoid protease inhibitor Worthington Cat#: 9035-81-1

Critical commercial assays

miRNeasy Mini Kit Qiagen Cat#: 217084

SYBR green PCR master mix Thermo Fisher Scientific Cat#: 4309155

Amplex Red Glutamic Acid/Glutamate Oxidase 
Assay Kit

Thermo Fisher Scientific Cat#: A12221

Pierce BCA protein assay Thermo Fisher Scientific Cat#: 23225

ATP Bioluminescence Assay Kit PerkinElmer Cat#: 6016943

MitoSOX Red Thermo Fisher Scientific Cat#: M36008

Seahorse XF Mito Stress kit Agilent Cat#: 103015–100

MitoTracker Green FM Thermo Fisher Scientific Cat#: M7514

MitoTracker Red CMXRos Thermo Fisher Scientific Cat#: M7512

Deposited data

RNA sequencing data This paper GEO: GSE185726

Experimental models: Cell lines

H1 hESC line WiCell N/A

H1-MeCP2-R270X Xiang et al.23 N/A

H1-MeCP2-R133C Xiang et al.23 N/A

Experimental models: Organisms/strains

B6.129S7-Rag1tm1Mom/J The Jackson Laboratory Cat#: 002216

Oligonucleotides

Primers used for RT-qPCR Integrated DNA Technologies Table S4

Primer MECP2-R133C Forward (DNA seq) Integrated DNA Technologies ACATCAGAAGGGTCAGGCTC

Primer MECP2-R133C Reverse (DNA seq) Integrated DNA Technologies GCTCCATGAGGGATCCTTGT

Primer MECP2-R270X Forward (DNA seq) Integrated DNA Technologies CCTTTTCAAACTTCGCCAGGG

Primer MECP2-R270X Reverse (DNA seq) Integrated DNA Technologies GTACGGTCTCCTGCACAGAT

Recombinant DNA

Plasmid FUGW (UbiquitinC-EGFP) David Baltimore lab N/A

Plasmids VSV-G Didier Trono lab N/A

Plasmid CMV-Δ8.9 Didier Trono lab N/A

Plasmid FCK(1.3)GW (CaMKII-EGFP) Pavel Osten lab N/A
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REAGENT or RESOURCE Antibodies SOURCE IDENTIFIER

Plasmid LV-hGFAP-EGFP Chun-Li Zhang lab N/A

Software and algorithms

ImageJ NIH https://imagej.nih.gov/ij/

GraphPad Prism 9.0 Graphpad https://www.graphpad.com/scientific-
software/prism/

DAVID gene ontology Bioinformatics Resources LHRI https://david.ncifcrf.gov/

Chenomx NMR Analysis Software Chenomx https://www.chenomx.com/

MassHunter Quantitative Analysis Agilent https://www.agilent.com/

Neurolucida 360 MBF Bioscience https://www.mbfbioscience.com/
products/neurolucida-360

BioRender BioRender http://Biorender.com

Wave Agilent https://www.agilent.com/

Other

FACSAria III cell sorter BD Biosciences N/A

ABI StepOnePlus real-time PCR system Thermo Fisher Scientific N/A

NovaSeq 6000 Sequencing System Illumina N/A

Bruker 800 MHz AVANCE III NMR spectrometer Bruker N/A

Seahorse extracellular flux analyzer Agilent N/A

FilterMax plate reader Molecular Devices N/A

Leica TCS- SP5 microscope Leica N/A
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