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and Sebastian Jessberger1,10,*
1Laboratory

of Neural Plasticity, Faculties of Medicine and Science, Brain Research Institute, University of Zurich, Zurich 8057, Switzerland
Center for Neurodegenerative Diseases (DZNE) Dresden and Center for Regenerative Therapies Dresden (CRTD),
€t Dresden, Dresden 01307, Germany
Technische Universita
3Institute of Molecular Health Sciences, Department of Biology, Swiss Federal Institute of Technology (ETH) Zurich, Zurich 8093, Switzerland
4Department of Medical Chemistry, Center for Pathobiochemistry and Genetics, Medical University of Vienna, Vienna 1090, Austria
5Laboratory of Neural Connectivity, Faculties of Medicine and Science, Brain Research Institute, University of Zurich, Zurich 8057,
Switzerland
6Functional Genomics Center Zurich, University and ETH Zurich, Zurich 8057, Switzerland
7Genetics Research Center, University of Social Welfare and Rehabilitation, Teheran 1985713834, Iran
8Washington University School of Medicine, Division of Endocrinology, Metabolism & Lipid Research, St. Louis, MO 63110, USA
9These authors contributed equally
10Lead Contact
*Correspondence: jessberger@hifo.uzh.ch
https://doi.org/10.1016/j.stem.2020.04.002
2German

SUMMARY

Altered neural stem/progenitor cell (NSPC) activity and neurodevelopmental defects are linked to intellectual
disability. However, it remains unclear whether altered metabolism, a key regulator of NSPC activity, disrupts
human neurogenesis and potentially contributes to cognitive defects. We investigated links between lipid
metabolism and cognitive function in mice and human embryonic stem cells (hESCs) expressing mutant fatty
acid synthase (FASN; R1819W), a metabolic regulator of rodent NSPC activity recently identified in humans
with intellectual disability. Mice homozygous for the FASN R1812W variant have impaired adult hippocampal
NSPC activity and cognitive defects because of lipid accumulation in NSPCs and subsequent lipogenic ER
stress. Homozygous FASN R1819W hESC-derived NSPCs show reduced rates of proliferation in embryonic
2D cultures and 3D forebrain regionalized organoids, consistent with a developmental phenotype. These
data from adult mouse models and in vitro models of human brain development suggest that altered lipid
metabolism contributes to intellectual disability.

INTRODUCTION
Neurogenesis, the formation of new neurons by neural stem/progenitor cells (NSPCs), occurs throughout life in the mammalian
brain (Boldrini et al., 2018; Eriksson et al., 1998; Hansen et al.,
2010; Knoth et al., 2010; Moreno-Jiménez et al., 2019; Paridaen
and Huttner, 2014; Sorrells et al., 2018; Spalding et al., 2013). A
number of genes have been identified that cause substantial alterations in neurogenesis, leading to structural abnormalities
associated with neuropsychiatric diseases, including cognitive
impairment (Caviness and Rakic, 1978; Vissers et al., 2016).
Despite this body of data, the cell-intrinsic mechanisms that
govern proper NSPC activity during life-long neurogenesis in
the mammalian brain remain poorly understood. Lipid metabolism has recently emerged as a pivotal mechanism controlling

somatic stem cell activity (Ito et al., 2012; Knobloch and Jessberger, 2017; Mihaylova et al., 2018). However, the connection
between disease-associated changes in lipid metabolism,
NSPC activity, and cognition has not been clarified.
Loss-of-function studies have shown that NSPCs in the rodent
brain depend on fatty acid synthase (Fasn)-dependent de novo
lipogenesis for proliferation (Chorna et al., 2013; Knobloch
et al., 2013). Interestingly, individuals homozygous for a variant
of FASN (FASN-R1819W) have intellectual disability (Najmabadi
et al., 2011). In this study, we used a disease modeling approach,
combining mouse genetics with CRISPR/Cas9-mediated
genome engineering of human NSPCs (hNSPCs), to test whether
the behavioral deficits observed in humans with the FASNR1819W variant are related to alterations in lipid metabolismdependent embryonic and/or adult NSPC activity.
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Figure 1. Fasn-R1812W Mice Have Reduced NSPC Proliferation and Reduced Adult Hippocampal Neurogenesis
(A) Pedigree of a family reported to have the FASN-R1819W mutation (Najmabadi et al., 2011). Black boxes indicate affected individuals, with intelligence quotient
(IQ) and age of IQ testing indicated. Individual II:3 is WT and has a normal IQ; individuals I:1, I:2, and II:5 are heterozygous for R1819W and have a normal IQ
(H.N., unpublished data).
(B) Location of the pathogenic mutation within an extract of the 3D rendering of FASN protein (Maier et al., 2006). An asterisk indicates the location of the mutation
in the enoyl reductase domain (green).
(C) Fasn-R1812W zinc-finger nuclease (ZFN)-mediated knockin targeting strategy with representative AflII screening digest.
(D) Schematic demonstrating the mouse adult hippocampal NSPC isolation strategy. The hippocampus was manually dissected from adult mice and used to
generate NSPC cultures. The region in blue indicates the dentate gyrus of the hippocampus, where NSPCs reside.
(E) Quantification of proliferation (EdU+) in adult NSPCs isolated from the hippocampus of Fasn-R1812W homozygotes and WT littermates.
ssODN, single-stranded oligonucleotide; ki, FASN R1812W knockin allele; +, FASN WT allele; NSPC, neural stem cell; E, exon; OB, olfactory bulb. Values are
reported as mean ± SD. ***p < 0.001, unpaired t test. Scale bars represent 25 mm.

RESULTS
Fasn-R1812W Mice Have Impaired Neurogenesis
We first analyzed the effect of the R1819W variant on NSPC
behavior in a mouse model of the human variant (FasnR1812W; Figures 1A–1C). We isolated NSPCs from the hippocampus of adult mice homozygous for Fasn-R1812W and found
a reduction in NSPC proliferation compared with NSPCs isolated
from wild-type littermate controls (Figures 1D and 1E). To determine whether this in vitro phenotype is maintained in vivo, we
analyzed proliferation of NSPCs throughout the lifespan of
Fasn-R1812W mice. Although the proliferation and differentiation
of neural progenitors remained similar to the wild type (WT) during
embryonic and early postnatal development, we found a reduction in NSPC proliferation and neurogenesis in the dentate gyrus
(DG) of adult Fasn-R1812W mice because of a decrease in the
number of Tbr2+ transit-amplifying cells (Figures 2A–2C, 3A–
3C, S1B–S1D, S2A, S2C, and S2D). In contrast, mature neuronal
function in DG granule cells and CA1 pyramidal cells of the hippocampus was spared (Figures S1A and S1K). In addition, processes that depend on Fasn activity, such as NSPC
proliferation in the subventricular zone (SVZ), oligodendrocyte
precursor cell (OPC) numbers, and myelination, were not affected
(Figures S1E–S1J; Knobloch et al., 2013; Montani et al., 2018).
Furthermore, the number of key interneuron subclasses was
not different in Fasn-R1812W mice compared with controls (Figure S2B). Additionally, we found no major differences in gene
expression between Fasn-R1812W and control mice during em2 Cell Stem Cell 27, 1–12, July 2, 2020

bryonic neural development, measured using single-cell RNA
sequencing (scRNA-seq) of embryonic day 14.5 (E14.5) cortices
(Figures 3D–3G). Thus, the effects of the R1812W variant on neural development appear to be context dependent.
The Fasn-R1812W Variant Causes Enhanced Lipid
Metabolism
We next aimed to understand the molecular underpinnings explaining the effect of the R1812W variant on NSPC behavior.
We hypothesized that the R1812W variant, located in the enoyl
reductase substrate-binding domain of Fasn (Maier et al.,
2006; Figure 1B), leads to loss of enzyme function, which could
explain reduced NSPC proliferation (Knobloch et al., 2013).
Expression levels of FASN were comparable between FasnR1812W and control tissues (Figure S3C). However, when we
analyzed Fasn activity, we found that the R1812W variant resulted in elevated enzyme activity in NSPCs (Figures 4A and
4B), suggesting an unexpected gain-of-function effect. Consistent with this finding, we found that the rate of de novo lipogenesis was elevated in Fasn-R1812W NSPCs (Figures 4C and
S3A). Increased de novo lipogenesis could cause impaired
NSPC proliferation because of toxic accumulation and/or reorganization of lipids (Menendez and Lupu, 2007). Indeed, lipid
levels were increased in Fasn-R1812W NSPCs and, importantly,
also within the DG of Fasn-R1812W mice, as measured by gas
chromatography (Figures 4D, 4E, S3D, and S3E). Mass spectrometry-based lipid profiling further revealed redistribution of
lipids in Fasn-R1812W NSPCs, and qRT-PCR analysis of lipid
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Figure 2. Fasn-R1812W Mice Show Reduced Adult Hippocampal Neurogenesis
(A) 8-month-old mice were injected with bromodeoxyuridine (BrdU) once daily for 3 days and perfused 4 weeks later for analysis of adult neurogenesis.
(B) Analysis of proliferating NSPCs (Ki67+), radial glial (RGL) cells, type II intermediate progenitor cells (IPCs) (Tbr2+), DCX+ immature neurons, and BrdU+ cells in
the adult hippocampus. Scale bars in the insets represent 25 mm.
(C) Summary of the in vivo adult neurogenesis phenotype. Values are reported as mean ± SD. *p < 0.05; n.s., non-significant; unpaired t test.
Unless otherwise noted, scale bars represent 50 mm.

metabolism genes revealed a corresponding increase in genes
regulating lipid synthesis, modification, and storage (Figures 4F
and S3B; Table S1). Thus, our data show that Fasn-R1812W is
a rare enzymatic gain-of-function variant that has a deleterious
effect on NSPC activity, potentially through toxic accumulation
of lipids (Figure 4G).
ER Stress Causes Reduced Proliferation in FasnR1812W NSPCs
Excess lipid accumulation can cause endoplasmic reticulum
(ER) stress, impairing cell proliferation in vitro (Brewer et al.,
1999; Cunha et al., 2008; Wang et al., 2006). Therefore, we hypothesized that lipogenic ER stress may contribute to the
decrease in proliferation we observed in Fasn-R1812W NSPCs.
Supporting this hypothesis, we found that ER stress genes were
upregulated in Fasn-R1812W NSPCs (Figure 5B). The gene
expression changes observed suggest that the inositol-requiring
transmembrane kinase/endoribonuclease 1a (IRE1a and protein
kinase RNA-like endoplasmic reticulum kinase) PERK branches

of the ER stress response are most prominently activated in
Fasn-R1812W NSPCs (Hetz and Saxena, 2017; Figure S4C).
Corroborating the hypothesis that activation of ER stress causes
reduced proliferation in Fasn-R1812W NSPCs, we found that
pharmacological activation of ER stress using tunicamycin was
sufficient to reduce proliferation of WT NSPCs without causing
significant changes in genes regulating lipid metabolism (Figures
S4A and S4B and data not shown). Strikingly, pharmacological
inhibition of ER stress in Fasn-R1812W NSPCs using a cocktail
of small-molecule inhibitors of ER stress (see STAR Methods
for details) rescued the NSPC proliferation phenotype (Figure 5A). To confirm that activation of ER stress is relevant to
the Fasn-R1812W NSPC phenotype in vivo, we used scRNAseq of proliferating hippocampal NSPCs labeled with the thymidine analog 5-ethynyl-20 -deoxyuridine (EdU) and found an increase in the expression of several ER stress genes in NSPCs
isolated from Fasn-R1812W mice (Figures 5C–5E and S4D–
S4G; Tables S2 and S3). Notably, these changes were not
observed in mature neurons of the DG or area CA1 (Figures
Cell Stem Cell 27, 1–12, July 2, 2020 3
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Figure 4. Fasn-R1812W Causes a Lipogenic Phenotype
(A) Fasn-dependent de novo lipogenesis.
(B–D) (B) In vitro measurements of Fasn enzyme activity, (C) the rate of de novo lipogenesis, and (D) total lipid levels in hippocampal NSPCs.
(E) In vivo measurements of lipid levels in the adult DG.
(F) In vitro lipid profiling of adult hippocampal NSPCs, reported as fold change relative the mean value of the WT.
(G) Summary of the lipogenic phenotype in WT and Fasn-R1812W tissues.
Cer, ceramide; DAG, diacylglycerol; HexCer, hexosylceramide; LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; LPE O-, lysophosphatidylethanolamine ether; LPI, lysophosphatidylinositol; PA, phosphatidate; PC, phosphatidylcholine; PC O-, phosphatidylcholine ether; PE, phosphatidylethanolamine; PE O-, phosphatidylethanolamine ether, PG, phosphatidylglycerol; PI, phosphatidylinositol; PS, phosphatidylserine; SM, sphingomyelin; ST, cholesterol;
TAG, triacylglycerol; CL, cardiolipin; FA, fatty acid. *p < 0.05, ***p < 0.001; values are reported as mean ± SD; paired (C) or unpaired (all others) t test.

S4D–S4F; Tables S4 and S5). Thus, we showed that ER stress is
activated in Fasn-R1812W in vitro and in vivo and identified ER
stress as a mechanism underlying reduced NSPC proliferation
in Fasn-R1812W mice.
Fasn-R1812W Mutant Mice Show a HippocampusDependent Behavioral Phenotype
In humans, the FASN-R1819W variant is genetically linked to intellectual disability, ranging from mild to severe impairment in

overall intelligence quotient (IQ) (Najmabadi et al., 2011). We
next wanted to find out whether the rodent model of FASNR1819W shows behavioral deficits. Given that hippocampal
neurogenesis is decreased in Fasn-R1812W mice, we addressed whether this results in impaired performance in the
reference memory version of the Morris water maze (MWM)
task (Garthe et al., 2009, 2014). Fasn-R1812W mice were able
to learn the initial position of the hidden platform by the probe
trial on day 4, similar to WT mice, but exhibited slower learning

Figure 3. Fasn-R1812W Mice Show No Defect in Embryonic or Early Post-natal Neurogenesis
(A) Pregnant dams were injected at E14.5 with BrdU, and 30 min later, embryonic brains were isolated for analysis of embryonic NSPC number (Sox2+, Tbr2+) and
proliferation (BrdU+).
(B) Quantification of Tbr1+ cells in the embryonic cortex.
(C) Post-natal day 21 (P21) animals were injected with BrdU and perfused 30 min later for analysis. Shown is quantification of RGL cells, proliferation (Ki67+,
BrdU+), differentiating cells (NeuroD1+), progenitor cell number (Sox2+, Tbr2+), DG volume, and mature neurons (Prox1+, NeuN+) in the P21 hippocampus.
(D–F) t-SNE (t-distributed stochastic network embedding) representation of micro dissected cortices from E14.5 animals.
(D) WT and R1812W populations.
(E) Cell-type clustering.
(F) Cell-type-specific markers.
(G) Volcano plots representing differences between the WT and R1812W in each cluster (black dots, significantly differentially expressed genes; padj < 0.05).
Values are reported as mean ± SD; n.s., non-significant; unpaired t test. Unless otherwise noted, scale bars represent 50 mm.
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Figure 5. Activation of ER Stress Mediates the Proliferation Phenotype in Fasn-R1812W Hippocampal NSPCs
(A) Quantification of proliferation (EdU+) in WT and Fasn-R1812W mouse NSPCs treated with ethanol (EtOH) or tauroursodeoxycholic acid (TUDCA) and 4
phenylbutyrate (4PBA) (ER stress inhibitors).
(B) qRT-PCR analysis of ER stress genes in vitro in adult hippocampal NSPCs, reported as fold change compared with the mean WT value.
(C) NSPC isolation strategy following 5-ethynyl-20 -deoxyuridine (EdU) injections. Representative fluorescence-activated cell sorting (FACS) plots show the
percentage of EdU+ nuclei among single-gated, Hoechst+ hippocampal nuclei.
(D) t-SNE plots showing NSPCs (red) among EdU+ hippocampal nuclei isolated from WT (top) or R1812W (bottom) mice.
(legend continued on next page)
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of the initial platform position, suggesting a mild effect on hippocampus-independent learning (Figures 6A, 6B, 6E, S5A, and
S5B). Notably, however, Fasn-R1812W mice showed a significant decrease in spatially precise search strategies, an increase
in perseverance behavior, and higher directional aberration of
the initial swimming approach after platform reversal, three measures that indicate impaired neurogenesis-dependent hippocampal learning (Figures 6C–6F and S5A; Garthe et al., 2009,
2014), although this effect of the Fasn-R1812W mutation
appeared to be gender specific (Figures S5C and S5D). Furthermore, behavioral deficits appeared to be more prominent in
middle-aged (8-month-old) mice compared with young adult
(2-month-old) mice, where we only observed mild impairment
of presumably non-hippocampus-dependent learning in female
mice (Figure S5E). In summary, the Fasn-R1812W knockin
mouse models cognitive impairment observed in humans with
the FASN-R1819W variant.
The Fasn-R1819W Variant Captures a Developmental
Neurogenesis Phenotype in Genome-Engineered
Human Tissues
We next analyzed the effects of the R1819W variant directly in
human tissues. We first validated that human embryonic stem
cell (hESC)-derived NSPCs require functional FASN for proliferation, suggesting dependence on de novo lipogenesis for proper
NSPC proliferation also in human neurogenic progenitor cells
(Figure S6C; Knobloch et al., 2013). We then used CRISPR/
Cas9-mediated genome editing of WT hESCs to generate homozygous FASN-R1819W hESC lines and subsequently differentiated these cells into neural rosettes and hNSPCs for our
analyses (Figures 7A, 7B, S6A, and S6D). Strikingly, we found
reduced proliferation of FASN-R1819W hNSPCs (Figures 7C
and 7E). In contrast, proliferation was not affected in FASNR1819W hESCs (Figure S6B), further suggesting a cell-type-specific effect of the R1819W variant. An increase in the rate of de
novo lipogenesis was observed in neural rosettes derived from
FASN-R1819W hESCs (Figure 7D). Further, we found, in analogy
to mouse tissues, activation of the ER stress response in FASNR1819W hNSPCs (Figure 7E), consistent with a shared mechanism of increased lipid production and activation of ER stress
affecting NSPC proliferation in the human and mouse disease
models. Finally, we analyzed the effects of the R1819W variant
on forebrain-regionalized cerebral organoids (Figures 7F, 7G,
S6E, and S6F; Lancaster et al., 2013; Qian et al., 2016) and found
that FASN-R1819W cortical progenitors have reduced proliferation compared with isogenic WT controls (Figure 7G).
DISCUSSION
Here we used a disease modeling approach combining knockin
mouse genetics and human tissue genome engineering to show
that a variant of FASN genetically linked to intellectual disability
in humans impairs NSPC proliferation. Our data provide genetic

evidence of a functional connection between lipid metabolism,
NSPC activity, and cognition. Furthermore, our data indicate
that the decrease in proliferation observed in NSPCs with the
FASN variant is a consequence of a cell-intrinsic mechanism
driven by a surprising increase in FASN enzyme activity, leading
to lipid accumulation and activation of ER stress. Therefore, targeting lipid synthesis and/or ER stress in NSPCs may offer a
therapeutic pathway for ameliorating intellectual disability
caused by lipotoxicity.
Interestingly, the pathological effects of the Fasn-R1812W
variant depend on the physiological and developmental
context. We speculate that this context dependence reflects
an underlying mechanism allowing cells to accommodate
excess lipids in most regions of the brain and, for a limited
time, in the hippocampal neurogenic niche of mice. This could
involve removal of lipids from cells, as observed in neurons and
glial cells in vitro (Abildayeva et al., 2006; Michikawa et al.,
2000). Although mechanisms for lipid transport in postnatal
neurogenic niches have not yet been explored in vivo, it is
possible that lipids are released into the vasculature across
the blood-brain barrier or transferred to other cell types (e.g.,
astrocytes or microglia) as lipid droplets (Liu et al., 2017) or
extracellular vesicles (Goetzl et al., 2016; Miranda et al.,
2018; Subra et al., 2010), where they could be metabolized to
allow resilience to ER stress (Reichmann et al., 1988). Future
studies aimed at unraveling context dependency in FasnR1812W mice might reveal novel mechanisms for maintaining
NSPC homeostasis in response to pathogenic cellular
stressors. Furthermore, it will be important to understand sex
differences in FASN activity and effects of the Fasn-R1812W
variant we observed here. In addition, it cannot be ruled out
that other tissues in the mouse model and human patients
are affected by the FASN variant.
Interestingly, although embryonic cortical neurogenesis was
not affected by the mutation in vivo in the R1812W mouse
model, embryonically derived hNSPCs and cerebral organoids
showed reduced proliferation, indicating that humans with the
mutation show impaired prenatal neurogenesis. Consistent
with this hypothesis, humans with the FASN-R1819W variant
exhibited early psychomotor delay, including delayed walking
and language development (H.N., unpublished data), suggesting that learning impairment was present during early postnatal
development. Notably, sequencing of the human fetal brain has
shown that FASN is enriched in outer radial glial (oRG) cells
(log2-fold change = 3.5, adjusted p value (padj) = 0.058; Figure S6G; Pollen et al., 2015), a cell type thought to contribute
to the unique cognitive abilities of humans (Florio and Huttner,
2014). Whether the differences in the onset of the phenotype
we observed between mouse and hNSPCs is based solely on
the embryonic versus adult origin of the cells we analyzed or
to such species-specific factors (e.g., oRG cells are only rarely
present in the murine brain) will need to be tested in the future.
Substantial differences between human disease phenotypes

(E) Representative violin plots for all ER stress response-associated genes (Gene Ontology [GO] term 0034976) significantly differentially expressed between
NSPCs from WT and R1812W (padj < 0.05). y axes show expression levels (log2). Green gene names indicate upregulation and red gene names downregulation in
R1812W mice compared with controls.
*p < 0.05, **p < 0.01, ***p < 0.001; values are reported as mean ± SD, unpaired t test. Statistical analysis of RNA-seq data is discussed in the STAR Methods. Scale
bars represent 25 mm.
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Figure 6. Fasn-R1812W Mice Have Impaired Hippocampal Neurogenesis-Dependent Learning
(A) MWM learning and memory paradigm.
(B) Probe trial performance of female Fasn-R1812W mice.
(C) Analysis of search strategies used during acquisition (days 1–3) and after reversal (days 4–5) of the platform position. Dotted white lines and black arrowheads
indicate the platform reversal trial.
(D) Trial performance is reported as the odds ratio of enhanced strategy use in Fasn-R1812W compared with the WT during acquisition and after reversal (p values
were determined by fitting a general linear model with binomial distribution).
(E) Time spent in the perseverance zone (Pzone) and path length by day.
(F) Initial trajectory error on the last trial of day 5.
Values are reported as mean ± SEM, *p < 0.05, unpaired t test.

and mouse models have been described before, including a
reduction in the severity of a phenotype, delayed onset of a
phenotype, and even complete absence of disease phenotypes
in mouse models compared with humans (Kaiser and Feng,
2015; Kerjan et al., 2009; Perrin, 2014; Tarrade et al., 2006;
van Doorninck et al., 1995). Strategies such as those presented
8 Cell Stem Cell 27, 1–12, July 2, 2020

here, in which human disease is studied by combining mouse
genetics with genome-edited human cells, will help to elucidate
the principles underlying species-specific sensitivity to disease
phenotypes.
With the advent of modern genome-editing technologies, it is
now possible to analyze the molecular, biochemical, and
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Figure 7. FASN-R1819W hNSPCs Have Reduced Proliferation and Show Activation of ER Stress
(A) FASN-R1819W CRISPR mediated knockin targeting strategy and representative MboI screening digest.
(B) Pax6 immunofluorescence staining of hESC-derived neural rosettes, bright-field images, and promyelocytic leukemia zinc finger (PLZF) immunofluorescence
stains of hNSPC lines.
(C) Quantification of proliferation (EdU+) in multiple hESC-derived hNSPC lines.
(D) In vitro measurements of the rate of de novo lipogenesis in neural rosettes.
(E) Individual FASN-R1819W and isogenic WT control hNSPC lines used for qRT-PCR analysis of ER stress genes.
(F) Strategy for generating forebrain-regionalized cerebral organoids, protocol adapted from Qian et al. (2016).
(G) Quantification of proliferation (Ki67+) in day 45 cerebral organoids. Scale bars in insets with cortical units represent 50 mm.
gRNA, guide RNA; TAG, triacylglyceride; v, ventricle; CHIR, CHIR-99021; Dorso, dorsomorphin; ER, endoplasmic reticulum; FAs, fatty acids; SB, SB-431542; ki,
FASN R1819W knockin allele. *p < 0.05, ***p < 0.001; values reported as mean ± SD, unpaired t test. Unless otherwise noted, scale bars represent 25 mm.

behavioral consequences of rare human variants using transgenic mouse models and genome-edited human tissue.
Although challenging because of the low efficiency of homology-directed repair, this is also feasible for recessive singlebase-pair variants, as shown here for a human R1819W

FASN variant. Thus, the experimental approach presented
here may serve as a blueprint for future attempts to model human diseases on a larger scale with the ultimate goal of understanding the principles of human brain function in health and
disease.
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GIBCO

Cat# 21103049

b-Mercaptoethanol

Thermo Fisher Scientific

Cat#31350-010

Noggin

Preprotech

Cat#120-10C

SB431542

Stem Cell Technologies

Cat#72234

Humankine Thermostable bFGF

Millipore

Cat#GF446

BDNF

Preprotech

Cat#450-02

Laminin 5-2-1

Biolamina

Cat#LN521

NP40

Sigma-Aldrich

Cat#11332473001

EDTA

Sigma-Aldrich

Cat#EDS

NADPH

Sigma-Aldrich

Cat#M4263

Acetyl CoA

Sigma-Aldrich

Cat#A2056

Malonyl CoA

Sigma-Aldrich

Cat#M4263

[1-14C]acetate

PerkinElmer

Cat# NEC084H001MC

Scintillation Liquid IRGASAFE Plus

Zinsser Analytic

Cat#1003100

[1,2-3H(N)]cholesterol

PerkinElmer

Cat# NET139250UC

silica gel 60 F254 plates

Merck

Cat#1.05715.0001

Tri-decanoyl glycerol

Sigma-Aldrich

N/A

Cholesteryl myristate

Sigma-Aldrich

Cat# S455342

Tri-nonadecanoyl glycerol

Sigma-Aldrich

N/A

Ethanol

VWR Chemicals

Cat#20821.321

Boron trifluoride-methanol solution

Sigma-Aldrich

Cat#B1252

KAPA SYBR FAST qPCR Mastermix

KAPA Biosystems

Cat# KM4107

RNase inhibitors

Promega

Cat# N2615

Hoechst 33342

Life Technologies

Cat# H3570

Propidium Iodide

Life Technologies

Cat# P3566

Superscript II Reverse TraNSPCriptase

Life Technologies

Cat# 18064014

KAPA Hifi HotStart ReadyMix

KAPA Biosystems

Cat# KK2602

Agencourt AMPure XP beads

Beckman Coulter

Cat# B37419AA

Knock-Out Serum

Thermo Fisher Scientific

Cat#10828-028

Non-essential Amino Acids

Thermo Fisher Scientific

Cat#11140-050

Collagenase IV

Thermo Fisher Scientific

Cat#17104019

Dorsomorphin

Sigma Aldrich

Cat#P5499

A83-01

Tocris

Cat#293

4-phenylbutyrate (4-PBA)

Sigma Aldrich

Cat#SML0309-100MG

Tauroursodeoxycholic acid (TUDCA)

Selleck Chemicals

Cat# S3654

Tunicamycin (TMYCN)

Sigma Aldrich

Cat#T7765-5MG

Chir990211

Cellagen Technology

Cat# C2447-2 s

Insulin

Sigma-Aldrich

Cat# I9278

Click-iT EdU Imaging Kit

Invitrogen

Cat#C10340

MACS Neural Tissue Dissociation Kit (P)

Miltenyl Biotec

N/A

DNeasy Blood and Tissue Kit

QIAGEN

Cat#69506

Karyotyping

Cell Guidance Systems

Cat#K02

Lonza Kit V

Ruwag

Cat#VVCA-1003

Fasn enzyme activity assay

Chakravarthy et al., 2007

N/A

Bradford Assay

BioRad

Cat#5000201

Pierce BCA Protein Assay Kit

Thermo Fisher Scientific

Cat#23227

Critical Commercial Assays
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High Capacity cDNA reverse traNSPCription kit

Applied Biosystems

Cat# 4374967

Click-it EdU AF647 flow cytometry Assay kit

Life Technologies

Cat# C10419

Nextera XT DNA library prep kit

Illumina

Cat# FC-131-1096

D1000 Screen Tape Assay

Agilent Technologies

Cat# 5067

H9 hESCs (Passage 24)

WiCell

Cat#WA09
RRID:CVCL_9773

FASN-R1819W hESC line

This paper

N/A

This paper

N/A

Experimental Models: cell lines

Experimental Models: Organisms/Strains
Fasn-R1812W Homozygous mouse line
Oligonucleotides
ssODN donor sequence to introduce Fasn-R1812W
mutation and restriction:
50 -agctggcgggaggtggcggcactcctgaaggctggcattTgGgatg
gagtcgtgaagcccctTaagtgTacagtgtttcccaaggcccaggtg
gaagatg-30

N/A

ssODN donor sequence to introduce Fasn-R1819W
mutation in hESCs:
50 -CTACTGGATGCGTTCTTCAACGAGAGCAGTGC
TGACTGGCGGGAGGTGTGGGCGCTTGTGCAGGC
CGGgATCtGGGATGGGGTGGTtCGGCCCCTCAAG
TGCACGGTGTTCCATGGGGCCCAGGTGGAGGAC
GCCTTCCGCTACATGGCC-30

N/A

guide RNA for first round of genome editing:
50 -TGCAGGCCGGCATCCGGGAT-30

N/A

ssODN donor sequence for second round of hESC
genome editing:
50 -CACCGTGCAGGCCGGCATCCGGGAT-30

N/A

guide RNA for second round of hESC genome editing:
50 -AAACATCCCGGATGCCGGCCTGCAC-30

N/A

Oligdt biotylinated primer:
AA GCA GTG GTA TCA ACG CAG AGT ACT TTT TTT
TTT TTT TTT TTT TTT TTT TTT TTV N

N/A

TSO biotylinated primer:
AAG CAG TGG TAT CAA CGC AGA GTA CATr GrG+G

N/A

ISPCR biotylinated primer:
AA GCA GTG GTA TCA ACG CAG AGT

N/A

RT-PCR primers for mouse tissue

This Paper. Table S7

N/A

RT-PCR primers for human tissue

This Paper. Table S8

N/A

Addgene

Cat#62988

GraphPad Prism

GraphPad

https://www.graphpad.com/
RRID:SCR_002798

Fiji/ImageJ

Fiji

http://fiji.sc
RRID: SCR_002285

ZEN Blue

Carl Zeiss AG

https://www.zeiss.com/microscopy/
en_us/products/microscope-software/
zen.html
RRID: SCR_013672

Olympus Fluoview FV1000 Image Analysis Software

Olympus/Photonics Media

https://www.photonics.com/
Product.aspx?PRID=47380
RRID: SCR_014215

Recombinant DNA
PX459
Software and Algorithms

(Continued on next page)

e4 Cell Stem Cell 27, 1–12.e1–e11, July 2, 2020

Please cite this article in press as: Bowers et al., FASN-Dependent Lipid Metabolism Links Neurogenic Stem/Progenitor Cell Activity to Learning and
Memory Deficits, Cell Stem Cell (2020), https://doi.org/10.1016/j.stem.2020.04.002

ll
Article
Continued
REAGENT or RESOURCE

SOURCE

IDENTIFIER

XuvStitch

XuvTools software

http://www.xuvtools.orgdoku.php
RRID: SCR_005894

FlowJo

TreeStar

https://www.flowjo.com/solutions/flowjo
RRID: SCR_008520

Imaris

Bitplane AG

https://imaris.oxinst.com/packages
RRID: SCR_007370

R

The R Project for Statistical
Computing

http://www.r-project.org/RRID:SCR_001905

Smart-seq2

Picelli et al., 2014

https://www.illumina.com/science/
sequencing-method-explorer/kits-andarrays/smart-seq2.html

Trimmomatic version 0.36

Bolger et al., 2014

http://www.usadellab.org/cms/
?page=trimmomatic
RRID:SCR_011848

GRCm38.p5 Ensembl release 89

EMBI-EBI

http://www.ensembl.org//useast.ensembl.org/
Mus_musculus/Info/Index?redirectsrc=
//www.ensembl.org%2FMus_
musculus%2FInfo%2FIndex
RRID:SCR_002344

STAR version 2.5.3a

Dobin et al., 2013

https://code.google.com/archive/p/rna-star
RRID:SCR_015899

R/Bioconductor package Rsubread version 1.28.1

Liao et al., 2013

http://subread.sourceforge.net

Seurat R package (2.3.1)

Satija et al., 2015

https://satijalab.org/seurat/RRID:SCR_007322

FastQC

N/A

http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/RRID:SCR_014583

Clampex 10.6

Molecular Devices

https://www.moleculardevices.com/products/
axon-patch-clamp-system/acquisition-andanalysis-software/pclamp-software-suite

Mathematica10

Wolfram Research

RRID: SCR_002693

This paper

https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE115851

This paper

N/A

Lipid profiling in R1812W and WT NSPCs

This paper. Table S1.

N/A

Differentially expressed genes between WT and
R1812W NSPCs

This paper. Table S2.

N/A

Differentially expressed genes between WT and
R1812W NSPCs annotated with gene ontology
consortium term GO:0034976

This paper. Table S3.

N/A

Differentially expressed genes between WT and
R1812W DG nuclei

This paper. Table S4.

N/A

Differentially expressed genes between WT and
R1812W CA1 nuclei

This paper. Table S5.

N/A

Off-target screening sites in mouse and human
genome

This paper. Table S6.

N/A

Deposited data
RNA-seq data available at GEO under the accession
number GEO: GSE115851
Other
RNA-seq data have been submitted into GEO under
the accession number GSE11585

LEAD CONTACT AND MATERIALS AVAILABILITY
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Sebastian
Jessberger (jessberger@hifo.uzh.ch). Fasn-R1812W mice and FASN-R1819W hESC will be provided directly. Materials will be provided upon execution of a suitable Materials Transfer Agreement.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Fasn-R1812W Mouse Model
Animal experiments were approved by the veterinary office for the Canton of Zurich, Switzerland or by the Landesdirektion Sachsen
in accordance with the European and national regulations. Mice were group housed in ventilated cages under a 12h dark/light cycle
with ad libitum access to food and water and kept under pathogen-free conditions. Superovulated C57BL/6J female mice were
mated to C57BL/6J males, zygotes were collected and microinjections of ZFN mRNA (20 ng/mL of each ZFN) and ssODN
(15 mg/mL) donor sequences were performed into male pronuclei until 20%–30% distension of the organelle was observed. On
the day of injection, embryos were transferred into the oviducts of 8–16 week old pseudopregnant Crl:CD1(ICR) foster females
(0.5d after coitus) (Haueter et al., 2010). In total 356 embryos were injected and 250 surviving embryos were transferred into 11 foster
mothers. Of these, two foster mothers produced live litters with a total of seven viable pups. The region 200 bp upstream and downstream of the Fasn-R1812W target sequence was sequenced in wild-type C57BL/6J mice (Janvier). Using this sequence, ZFN
mRNAs targeting exon 31 of murine Fasn were designed and generated by Sigma Aldrich. ZFN binding site: 50 -CTCAAGTGCA
CAGTGTttcccAAGGCCCAGGTGGAAGAT-30 , ZFN cut site indicated in lowercase letters. A 100 bp ssODN donor sequence was synthesized (Microsynth) to introduce the Fasn-R1812W mutation (cgg / TgG), a silent AflII restriction site (ctc / ctT) and a silent site to
prevent rebinding and cutting of the ZFN (tgc / tgT). (50 -agctggcgggaggtggcggcactcctgaaggctggcattTgGgatggagtcgtgaagcccct
TaagtgTacagtgtttcccaaggcccaggtggaagatg-30 ). Founder mice were identified by PCR amplification followed by sequencing (Microsynth) of the region surrounding the ssODN sequence (Forward: 50 -GGACCACACAGTCAATCTGG-30 ; Reverse: 50 -CCTAGAA
CACCTCCCATCAAAG-30 ). Two founder lines containing the Fasn-R1812W mutation were generated by mating with C57BL/6J
mice (Janvier), one line was used for all experiments in the manuscript. For further genotyping of the Fasn-R1812W lines, PCR amplification was followed by restriction digest with BsmI (removed by the Fasn-R1812W mutation) and AflII (introduced by the ssODN
donor sequence) (Figure 1C). Sequencing results are reported for all predicted off-target ZFN binding sites determined by Sigma Aldrich (Table S6). All Fasn-R1812W animals used for experiments were homozygous for the R1812W mutation and compared to same
sex wild-type littermate controls. E14.5, P21, 2 month-old and 8 month-old animals were used in this study and they were segregated
by gender in the behavioral studies. To generate Fasn-R1812W homozygotes, FasnR1812W/+ males were mated with
FasnR1812W/+ females. For timed pregnancies, date of plug was defined as 0.5.
Mouse neural stem/progenitor cell cultures
Mouse NSPCs were isolated from the hippocampus of adult Fasn-R1812W homozygotes and wild-type littermates using the Miltenyl
gentleMACS Dissociator and MACS Neural Tissue Dissociation Kit (P) (Miltenyl Biotec) according to the manufacturer’s instructions.
Following tissue dissociation, cell suspensions were plated as neurospheres in DMEM/F12 medium (GIBCO, 31331-028) containing
antibiotics and antifungals (Anti-Anti, Thermo Fischer Scientific, 15240062) supplemented with B27 (GIBCO, 17504-044), 20 ng/mL
EGF (Peprotech, AF-100-15) and 20 ng/mL Fgf (Peprotech, 100-18B). Mouse NSPCs were maintained as neurospheres in DMEM/
F12 media with Anti-Anti, supplemented with N2 (GIBCO, 17502-048), 20 ng/mL EGF and 20 ng/mL Fgf. Half media changes and cell
passaging was done on Monday, Wednesday, and Friday. For all experiments, neurospheres were trypsinized, and cells were plated
as monolayers on either glass coverslips or directly on polystyrene tissue culture plates coated with poly-L-ornithine (Sigma, P3655)
and laminin (Sigma, L2020). For immunocytochemistry, cells were fixed 48 hours after plating/feeding in 4% PFA/0.1M phosphate
buffer for 15 minutes at RT and stored at 4 C prior to staining. 10 mM EdU was added to cell culture media 1 hour prior to fixation.
Cerulenin (Sigma, C2389) and Tunicamycin (Sigma, T7765) were added to cell culture media 24 hours after feeding, and 24 hours
prior to fixation.
Generation of FASN-R1819W hESC line
All experiments with hESCs were approved by the Kantonale Ethik-Kommision (KEK) of the Canton of Zurich. H9 female hESCs were
purchased from WiCell (passage 24), and maintained as monolayer cultures in antibiotic-free, feeder-free conditions in mTeSR media
(Stem Cell Technologies, 85850) on Matrigel (Corning, 354277) coated polystyrene tissue culture plates. The regions 200bp upstream
and downstream of the FASN-R1819W target sequence were sequenced (50 -CCTGGTCTTGAACTCCTTGG-30 and 50 -CGATGATG
TAGCTCTTGTGG-30 ).
Cells were adapted to single cell passaging with Accutase for at least 2 passages prior to genome-editing. 2 X 106 cells were coelectroporated with 4ug ssODN (50 -CTACTGGATGCGTTCTTCAACGAGAGCAGTGCTGACTGGCGGGAGGTGTGGGCGCTTGTG
CAGGCCGGgATCtGGGATGGGGTGGTtCGGCCCCTCAAGTGCACGGTGTTCCATGGGGCCCAGGTGGAGGACGCCTTCCGCTA
CATGGCC-30 ) and 4ug PX459 (Addgene) with guide RNA (50 -TGCAGGCCGGCATCCGGGAT-30 ) and plated onto one well of a 6-well
Matrigel coated plate in mTESR media supplemented with 10 uM ROCK inhibitor (StemCell Technologies, 72302). 24hours after
plating, ROCK inhibitor was removed, and cells were treated with 0.25 mg/mL Puromycin (GIBCO, A111380-03) for 24 hours to enrich
for electroporated cells. After expansion to 60%–80% confluency, 50 X 103 cells were plated onto a 10 cm Matrigel coated plate in
mTESR media and 10 mM ROCK inhibitor for 2-3 days, or until colonies had 10 cells. Single colonies were manually picked and
transferred to 48 well plates (300-500 colonies per round of genome editing). Confluent wells were replica plated, genomic DNA
was isolated (QIAGEN DNeasy Blood and Tissue Kit), and the region surrounding the desired FASN-R1819W mutation was PCR
amplified (50 -CAGTGGGTGTGATTGTCTGG-30 and 50 -GGCAGAAGGTCTTGGAGATG-30 ) and screened using restriction enzyme
digestion of the PCR product with PfoI (cGG/tGG; removed by any mutation at FASN-R1819W), RsaI (GTa / GTt, silent mutation
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removed downstream of FASN-R1819W) and MboI (GGc / GGg, silent restriction site introduced upstream of FASN-R1819W). The
PCR product of colonies with evidence of PfoI- cells were sequenced (Microsynth). One cell line heterozygous for FASN-R1819W
was obtained and used for a second round of genome editing, to yield one hESC line homozygous for FASN-R1819W. This line
was purified by plating at single-cell density, and underwent a second round of PCR, restriction digest, and sequencing based
screening to confirm the generation of pure homozygous cell lines. To remove differentiated cells, cell lines were routinely passaged
as small aggregates using ReLeSR (Stem Cell Technologies, 05872) during expansion following single cell plating. These cell lines
and isogenic, passage matched WT control lines maintained a normal karyotype at passage 65 (Cell Guidance Systems, data not
shown). Electroporation was performed on an Amaxa Nucleofector II, using Program A23, and Lonza Kit V (Ruwag), according to
the manufacturer’s instructions. Guide RNA design and cloning was performed according to previously described protocols (Ran
et al., 2013). Briefly, ssODNs 50 -CACCGTGCAGGCCGGCATCCGGGAT-30 and 50 -AAACATCCCGGATGCCGGCCTGCAC-30 (Microsynth) were annealed using T4 polynucleotide kinase (NEB, M0201S) and cloned into a BbsI restriction site of PX459 (Addgene).
Neural Induction and Generation of hNSPC lines
Neural induction was performed using dual SMAD inhibition according to(Chambers et al., 2009). Briefly, cells were passaged as
small aggregates using ReLESR, 50-75 3 106 aggregates were plated onto one well of a 6 well polystyrene plate coated with
poly-L-ornithine and laminin, in neural induction media supplemented with 10 mM Rock inhibitor. Neural induction media contained
50% DMEM/F12, 50% Neural Basal Media; N2, B27 without Vitamin A (GIBCO, 12587010), 50 mM b-Mercaptoethanol, 500 ng/mL
Noggin (Peprotech, 120-10C), 20 mM SB431542 (StemCell Technologies, 72234), and 5 ng/mL Fgf. Media was changed 24 hours
later and then every 48 hours. On day 10, neural rosettes were manually removed and re-plated onto polyornithine and laminin coated
plates in neural stem cell maintenance media (50% DMEM/F12, 50% Neural Basal Media, 50 mM b-Mercaptoethanol, 10 ng/mL Humankine Thermostable bFgf (Millipore, GF446), 10ng/mL Egf, 20ng/mL BDNF (Peprotech, 450-02). After 2-3 days neural rosettes
were manually enriched a second time, and after 2-3 more days hNSPCs were manually removed from the neural rosette plates
and used to establish individual hNSPC lines. In parallel, rosettes were picked for lipid synthesis experiments. For this purpose a
discrete number of rosette-aggregates (40) were plated onto poly-L-ornithine and laminin on neural stem cell maintenance media
and lipid synthesis experiments were performed 2 days after plating. hNSPCs were maintained as monolayer cultures on laminin
5-2-1 coated plates (Biolamina, LN521) in neural stem cell maintenance media, and fed every 48 hours. Only hNSPC lines that
expanded and maintained a normal NSPC morphology with minimal (< 10%) contamination with non-NSPC cell types were used
for further quality control and analyses. B27 was removed from the neural stem cell maintenance media for all experiments.
METHOD DETAILS
Embryonic neurogenesis
30 minutes after i.p. injection of BrdU (50 mg/kg; Sigma B9285) E14.5 embryos were collected and fixed in 4% paraformaldehyde/
PBS overnight at 4 C, followed by 15% sucrose/PBS overnight at 4 C and 30% sucrose overnight at 4 C before freezing in O.C.T.
(Sakura, 25608-930). 20 mm mounted coronal sections were obtained for histological analysis. Three sections from every embryo
were analyzed.
Postnatal neurogenesis and myelination
For analysis of postnatal neurogenesis and myelination, 2 or 8 month old animals received daily i.p. injections of 50 mg/kg BrdU for 3
consecutive days, and tissue was collected 4 weeks after the last BrdU injection. P21 animals were injected with 100 mg/kg BrdU i.p.
30 minutes prior to tissue collection. For tissue collection, mice were given a lethal dose of Esconarkon (Streuli, 1370110A), followed
by transcardial perfusion of 0.9% saline, and 4% paraformaldehyde/ 0.1M phosphate buffer. Brains were post-fixed in 4% paraformaldehyde/0.1M phosphate buffer overnight at 4 C, and stored in 30% sucrose/PBS at 4 C prior to further tissue processing. 40 mm
free floating coronal sections were obtained as previously described (Jessberger and Kempermann, 2003).
Immunohistochemistry/Immunocyotchemistry
Samples were blocked with TBS containing 3% donkey serum (Millipore, S30) and 0.25% Triton-X for 30-60 minutes prior to staining.
Primary antibody incubation was performed for 24-48 hours at 4 C, secondary antibody incubation was performed at RT for 1.5-2
hours, EdU staining was performed using the Click-iT EdU Imaging Kit (Invitrogen, C10340), according to the manufacturer’s instructions. For BrdU stainings, sections were pretreated with 2N HCl at 37 C for 30 minutes followed by 0.1M borate buffer (pH 8.5) for
10 minutes at RT. Cell nuclei were counterstained with DAPI or Hoechst. Antibodies and dilutions used in the manuscript are detailed
in the Key Resources Table.
Microscopy and image analysis
Confocal imaging of embryonic and postnatal neurogenesis was done using an Olympus Laser Scanning microscope (FV1000) and
all tiled images were stitched using the XuvStitch software (Emmenlauer et al., 2009). Imaging of myelination was done using a Slide
Scanner AxioScan.Z1 (Zeiss) and images were tiled automatically by ZEN Blue Software (Carl Zeiss). In vitro imaging was done using
a Zeiss Axio epifluorescence microsope or Evos XL Core bright field microscope (Life Technologies). Confocal imaging of neural
rosettes, cerebral organoids, and interneuron markers of postnatal brain sections was done using a Zeiss LSM800 and tiled images
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were stitched using the ‘‘Stitching’’ function from the ZEN Blue Software. Image quantification was done in FV100 Image Analysis
Software (Olympus), ZEN Blue Software or Fiji (Schindelin et al., 2012). 1-3 series of coronal sections were used for quantification.
Volume reconstructions for DAPI, NeuroD1, Prox1, and NeuN quantification were performed using Imaris (Bitplane AG). For all postnatal quantifications of cell number, cells in the hilus (defined as greater than 3 cell layers below the SGZ) were excluded. Radial glial
positive (RGL+) cells were defined as a Sox2+ GFAP+ cells with a single process oriented perpendicular to the SGZ. Myelination was
quantified as previously described (Braun et al., 2015). Ki67 cell number in the postnatal SVZ was quantified by normalizing to area of
analysis (SVZ was traced using ImageJ software, Ki67 cells were counted in the traced area of analysis). DCX+ cells were categorized
€ mpe et al., 2006). Embryonic progenitor cell
to six categories according to the morphological criteria previously described (Plu
numbers (BrdU+, Sox2+, Tbr2+ and Hoechst+ cells) were manually counted using ImageJ software. Tbr1+ cells were manually
counted and normalized to area following thresholding intensity values. Cells were counted in similar regions of anterior, middle,
and posterior regions of the dorsal neocortex for each animal. OPCs were defined as Olig2+ Ki67+ double positive cells, and
were quantified in the entire corpus callosum of 3 sections per animal. The corpus callosum was defined by MBP staining. CC
area and thickness was measured in 3 sections per animal. PV and SST cells were semi-automatically counted using the Spots function from Imaris on the whole neocortex of one hemisphere of four coronal sections per animal of each genotype. Experimenters were
blinded for all quantifications.
ER stress alleviation in mouse NSPCs
Mouse NSPCs were isolated from the hippocampus of 8-month old male Fasn-R1812W homozygotes and wild-type littermates and
cultured in DMEM/F12 medium as neurospheres according to the methods mentioned above. To alleviate ER stress, cells were
plated as monolayers onto coverslips and treated with 1.0mM 4-PBA (Sigma Aldrich, SML0309) and 0.25mM TUDCA (Selleck Chemicals, S3654) on the next day after plating. As control, cells were treated with solvent at the same final concentration. 24 hours later,
cells were fixed in 4% PFA/0.1M phosphate buffer for 15 minutes at RT and stored at 4 C prior to staining. 10 mM EdU was added to
cell culture media 1 hour prior to fixation.
Fasn enzyme activity
Fasn enzyme activity was determined using a previously described assay (Chakravarthy et al., 2007). Mouse NSPCs were grown in
monolayer culture on polyornithine and laminin coated polystyrene tissue culture plates. Cells were washed with PBS and lysed in
0.1 mM KPO4 buffer (pH 7.0) containing 8% sucrose, 0.5% NP40 (Sigma Aldrich, 11332473001), 1 mM EDTA (pH 8.0) and 20mM
b-Mercaptoethanol. NADPH consumption was measured in 0.1mM KPO4 buffer (pH 7.0), containing 1.5 mM EDTA (pH 8.0),
1.0 mM DTT, 175 mM NADPH (Sigma M4263), 60 mM Acetyl CoA (Sigma A2056) and 100 mM Malonyl CoA (Sigma, M4263) at
37 C, using a Novostar microplate reader (BMG Labtech). To account for Fasn-independent NADPH consumption, the velocity of
NADPH consumption prior to addition of Malonyl CoA was subtracted from the velocity of NADPH consumption after the addition
of Malonyl CoA. The rate of NADPH consumption was determined by normalizing the Fasn-dependent velocity of NAPDH consumption to the total amount of protein used in the assay (50 mg per sample), as determined by the Bradford assay (BioRad).
Measurement of lipid synthesis
Cells were incubated with 5 mCi [1-14C]acetate (55 mCi/mmol; PerkinElmer, NEC084H001MC) and 21 nmol sodium acetate (pH
7.4) for 2 h (mouse) or 4h (human). After incubation, the cells were rinsed three times with PBS, and lipids were extracted with hexane:isopropanol (3:2). Manipulative losses of lipids were accounted for by addition of a known amount of [1,2-3H(N)]cholesterol
(PerkinElmer, NET139250UC;) as internal standard. After lipid extraction cells were lysed in 0.1 M NaOH for protein determination
using the Pierce BCA Protein Assay Kit (Thermo Scientific, 23227). Acetate incorporation into specific lipids was analyzed after separation of lipids by thin-layer chromatography. Therefore, organic phases were evaporated to dryness under a nitrogen stream. Lipids
were resuspended in chloroform and spotted together with appropriate lipid standards on silica gel 60 F254 plates (Merck,
1.05715.0001). For separation of neutral lipids, plates were developed in heptane:diethylether:acetic acid (90:30:1) as solvent. Lipid
samples and standards were visualized by iodine vapor. The lipid fractions were scraped from the plate, mixed with 5 mL of scintillation liquid (IRGASAFE Plus, Zinsser Analytic, 1003100) and quantified by scintillation counting (Beckman Coulter LS 6500 MultiPurpose Scintillation Counter). Values were normalized for sample protein content.
Gas Chromatography
For DG tissue, 8-10 month old mice were traNSPCardially perfused with 0.9% normal saline after receiving a lethal dose of Esconarkon i.p. The DG was dissected in PBS on ice and frozen in liquid nitrogen prior to processing for lipid extraction. Mouse NSPCs were
grown in monolayer culture on polyornithine and laminin coated polystyrene tissue culture plates. Cells were washed with PBS,
scraped off of the plate, and frozen on dry ice prior to lipid extraction. For isolated cells, lipids were purified from cell pellets by standard Folch extraction. An aliquot of the pellet was lyzed with NaOH (0.1M) followed by cell protein quantification using the Bradford
assay. For DG tissue, samples were free-dried, weighed, and grinded and lipids were isolated by standard Folch extraction. Triglycerides, cholesterol and cholesteryl esters and were directly analyzed by GC as described (Röhrl et al., 2014). In brief, lipids were separated using a GC-2010 gas chromatograph (Shimadzu) equipped with a programmed temperature vaporizer injector and a ZB-5HT
capillary column (15 m x 0.32 mm x 0.1 mm; Phenomenex). Tri-decanoyl glycerol, cholesteryl myristate and Tri-nonadecanoyl glycerol
(Sigma-Aldrich) were used as standards for free and esterified cholesterol and triglycerids, respectively. For fatty acid analysis,
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FOLCH-extracts were trans-esterified using boron trifluoride-methanol solution (Sigma) at 80 C for 2 hr followed by extraction with
hexane. Lipids were separated on a ZB-FFAP capillary column (15 m x 0.32mm x 0.25 mm; Phenomenex) using pentadecanoin
(Sigma) as standard. Chromatograms were analyzed using GC Solutions 2.3 (Shimadzu) and values were normalized to cell protein
(for isolated cells) or dry weight (for tissues).
Quantitative real-time RT-PCR
cDNA was synthesized using the high-capacity cDNA reverse traNSPCription kit (Applied Biosystems, 4374967) according to the
manufacturer’s protocol. qRT-PCR was performed on a Roche LightCycler 480 in LightCycler 480 Multiwell Plate 96 (Roche,
04729692001). The 20 ml amplification mixture consisted of 2x KAPA SYBR FAST qPCR Mastermix (KAPA Biosystems, KM4107)
and 4 pmol forward and reverse primers (Microsynth) and approximately 10 ng of cDNA template. Thermal cycling was carried
out with a 5 min denaturation step at 95 C, followed by 45 three-step cycles: 10 s at 95 C, 10 s at 60 C, and 10 s at 72 C. Finally,
melt curve analysis was carried out to confirm the specific amplification of a target gene and absence of primer dimers. All reactions
were run in duplicate. Relative mRNA amount was calculated using the comparative threshold cycle (CT) method. Cyclophilin was
used as the invariant control. Results were confirmed with actin and GAPDH as invariant controls (data not shown). Primers used
are listed in Tables S7 and S8.
Nuclei dissociation, staining and sorting
The nuclei dissociation protocol was based on a previously described protocol (Lacar et al., 2016). Briefly, hippocampi were
dissected and immediately placed into a nuclei isolation medium (sucrose 0.25 M, KCl 25 mM, MgCl2 5 mM, TrisCl 10 mM, dithiothreitol, 0.1% Triton, protease inhibitors). Tissue was dounce homogenized, washed and resuspended in nuclei storage buffer
(0.167 M sucrose, MgCl2 5 mM, and TrisCl 10 mM, dithiothreitol, protease inhibitors) and filtered. Solutions and samples were
kept cold throughout the protocol. RNase inhibitors were used (Promega, N2615, 1/1000) in both isolation and storage buffers.
For isolation of embryonic cortical cells, cortices of E14.5 mice were dissected, stained with Hoechst 33342 (Life Technologies,
H3570) and single Hoechst+ nuclei were facs sorted into a 384 well plate containing lysis buffer. For isolation of mature neurons,
filtered nuclei suspensions were incubated with mouse IgG1 anti-NEUN-AF488 (EMD Millipore, A60, 1/300) for 30 minutes at 4 C.
Nuclei were washed with nuclei storage buffer and the nucleic acid stain Hoechst 33342 (Life Technologies, H3570) was included
in the media to facilitate visualization of the nuclei during flow cytometry sorting. For NSPC isolation, 8.5-month old FasnR1812W animals and WT littermate controls were i.p injected with 100mg/kg of 5-Ethynyl-20 -deoxyuridine (Life technologies,
E10187) twice daily for 3 days. On day 4, hippocampi were dissected and nuclei were prepared. Click-it reaction cocktail from
the Click-it EdU AF647 flow cytometry Assay kit (Life Technologies, C10419) was added to the filtered nuclei suspension at a 5:1 ratio.
After 30-minute incubation at room temperature, nuclei were washed with PBS 1% BSA and propidium iodide (Life Technologies,
P3566, 1/2000) was added before flow cytometry sorting. 764 NeuN+ (382 WT, 382 Fasn-R1812W) or 764 EdU+ (382 WT, 382
Fasn-R1812W) single nuclei were sorted with an Aria III sorter (BD Biosciences) into 384 well plates containing lysis buffer (Triton
10%, RNase inhibitor 40U/ul, 10uM OligodT, 10uM dNTP) and store at 80 C until library preparation. FACS data analysis was performed using FlowJo software (Tree Star).
Single-nuclei library preparation and sequencing
Library preparation was performed using a mosquito robot HV genomics (TTP Labtech) following the Smart-seq2 protocol (Picelli
et al., 2014). Briefly, 384 well plates containing sorted single nuclei in lysis buffer were thawed and reverse traNSPCription with Superscript II (Life Technologies, 18064014) and PCR using KAPA Hifi HotStart ReadyMix (Kapa, KK2602) were performed with the
following biotinylated primers (QIAGEN): Oligodt (AA GCA GTG GTA TCA ACG CAG AGT ACT TTT TTT TTT TTT TTT TTT TTT TTT
TTT TTV N), TSO (AAG CAG TGG TAT CAA CGC AGA GTA CATr GrG+G) and ISPCR primers (AA GCA GTG GTA TCA ACG CAG
AGT). Following RT-PCR, clean up with Agencourt AMPure XP beads (Beckman Coulter, B37419AA) was carried out and sample
concentrations were measured using Bioanalyzer (Agilent Technologies) and normalized at a concentration of 0.3 ng/ml. The Nextera
XT DNA library prep kit (Illumina, FC-131-1096) was used for subsequent sample preparation. Samples were subjected to a tagmentation reaction, indexing, and PCR amplified. Libraries were then mixed in 384-sample pools and purified with Agencourt AMPure XP
beads. Ready DNA libraries were quality controlled using D1000 Screen Tape Assay (Agilent Technologies). Samples were
sequenced in the Functional Genomics Center Zurich on an Illumina HiSeq 2500 high-throughput sequencing system with singleend 125bp reads.
Acute slice preparation and electrophysiology
Hippocampal slices (300 mm) were prepared from Fasn-R1812W and C57BL/6 mice (P21-22), incubated at 34 C in sucrose-based
artificial cerebrospinal fluid (sACSF; 85mM NaCl, 75mM sucrose, 24mM NaHCO3, 2.5mM KCl, 1.25mM NaH2PO4, 0.5mM CaCl2,
4.0mM MgCl2 and 25mM glucose, saturated with 95% O2, 5% CO2, pH 7.4) for 1h, and then held at room temperature until recording.
Cells were visualized by infrared differential contrast video microscopy (BX51WI, Olympus). Somatic whole cell recordings were
performed in ACSF (126mM NaCl, 26mM NaHCO3, 10mM glucose, 2.5mM KCl, 2.0mM CaCl2, 2.0mM MgCl2, 1.25mM NaH2PO4)
at 32-34 C in a submerged-type recording chamber with standard intracellular solution (95.0mM K-gluconate, 50.0mM KCl,10.0mM
Phosphocreatine, 4.0mM Mg-ATP, 0.5 Na-GTP and 10mM HEPES, adjusted to a pH of 7.2 with KOH). Recordings were performed
using a Multiclamp 700B amplifier (Molecular Devices). Signals were filtered at 4 kHz, sampled at 10 kHz and digitized using the
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Digidata 1440 and pClamp 10 (Molecular Devices); signals were analyzed either online using Clampex 10.6 (Molecular Devices) or
with custom-written Mathematica10 (Wolfram Research) scripts.
Morris Water Maze
All behavioral experiments were approved by the local authority (Landesdirektion Sachsen). Mice were tested in the reference memory version of the morris water maze task as described in (Garthe et al., 2009, 2014). Briefly, mice were trained to find a hidden platform in a plastic pool (2 m diameter) filled with opaque colored water. On five consecutive days, six trials per day with an inter-trial
interval of 45 min were performed. In every trial, mice were allowed to search for the platform for 120 s and, irrespective of trial
outcome, were guided to the platform position where they stayed for 15 s. Starting positions remained constant for each day. On
day 4, platform position was changed to the opposite quadrant. Before the first trial on day 4, a probe trial lasting 60 s was performed
without a platform. Analyses of search strategies and initial trajectory error was done based on the raw time-tagged xy-coordinates
using the statistical software R. Initial trajectory errors were calculated (Woolley et al., 2010).
Cerebral Organoids
Forebrain regionalized cerebral organoids were generated according to a previously published protocol (Qian et al., 2018). Briefly, WT
and Fasn-R1819W hESC lines were adapted to and maintained on mouse embryonic fibroblasts (MEFs) (Merck, PMEF-CFX) in
DMEM-F12 supplemented with 20% knock-out (KO) serum (Thermofischer Scientific, 10828028), non-essential amino acids
(NEAA), 100 mM b-mercaptoethanol, 10ng/mL Fgf2 (Peprotech, 100-18C), and Anti-Anti prior to embryoid body (EB) formation.
Feeder-dependent hESCs were passaged with collagenase IV (Thermofischer Scientific, 17104019) and media was replaced daily
prior to cerebral organoid induction. To induce EB formation, hESCs were detached from MEFs as small aggegrates using collagenase IV, maintained for 4 days on low attachment plates in DMEM-F12 supplemented with 20% KO serum, NEAA, 100 mM b-mercaptoethanol, Anti-Anti, 2 mM Dorsomorphin (Sigma Aldrich, P5499), and 2 mM A83-01 (Tocris, 293), followed by half-media changes
for 2 days in DMEM-F12 supplemented with N2, 10 mg/mL Heparin (Sigma-Aldrich, H3149), Penicillin-streptomycin (Thermofischer
Scientific, 15140122), NEAA, 4 ng/mL Wnt-3A (R&D Systems, 5036-wn-010), 1 mM CHIR990211 (Cellagen Technology, C2447-2 s)
and 1 mM SB431542 (Cellagen Technology, C7243-5). To induce neural tube formation, EBs were embedded in Matrigel and maintained in low-attachment plates for 7 additional days, with media changes every 48 hours. To induce cerebral organoid formation,
Matrigel was removed from neural tubes, and neural tubes were transferred to a miniaturized multiwell spinning bioreactor (SpinU).
Cerebral organoids were maintained in SpinU at 100 rpm for 31 days in neuronal differentiation media, containing DMEM-F12 supplemented with N2, B27, penicillin, streptomycin, NEAA, 100 mM b-mercaptoethanol, and 2.5 mg/mL insulin (Sigma Aldrich, I9278),
with media changes every 48 hours. Matrigel was added to the media on day 35 (after EB induction). On day 45 after EB induction,
cerebral organoids were fixed in 4% paraformaldehyde/0.1M phosphate buffer for 30 minutes at RT, followed by 30% sucrose o/n at
4 C, embedded in OCT, and stored at 20 C prior to sectioning. For histological staining, 30 mm cryosections were obtained. For
quantifications, cortical units were defined as single circular/elliptical structures with a complete ventricular surface (determined using Sox2 staining). All cortical units used for quantifications were located near the surface of the cerebral organoid and contained
Tbr2+ cells. For Sox2 and Ki67 quantifications, all channels were thresholded to the same values in all the images. The total area
chosen for quantification was defined as 1.3x the thickness of the Sox2 layer. The experimenter was blinded to the genotypes during
image acquisition and quantification.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistics
All statistical tests were performed on GraphPad Prism software. Statistical tests are noted in the text and figure legends. Outliers
were identified with GraphPad Prism software using the ROUT method (Q = 1%) and excluded for the analysis. Unless otherwise
stated, all values are represented as mean ± SEM. The levels of significance were *: p < 0.05, **: p < 0.01 and ***: p % 0.001.
scRNA-seq data processing
Sequenced reads were quality-checked with FastQC. (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Trimming was
done with Trimmomatic version 0.36 (2 bases were hard-trimmed from the start; adaptor trimming was done at the end) (Bolger et al.,
2014). Trimmed reads were aligned to the Mus musculus reference genome and traNSPCriptome (GRCm38.p5 Ensembl release 89)
with STAR version 2.5.3a (Dobin et al., 2013). Reads was quantified using the R/Bioconductor package Rsubread version 1.28.1 (Liao
et al., 2013). Cells with < 50000 reads were filtered out. Additional cell filtering was done based on the number of detected genes
using threshold of 2000 genes for NeuN+ and 500 genes for EdU+ cells. A total of 615 NeuN+ (314 WT, 301 Fasn-R1812W) and
627 EdU+ (279 WT, 348 Fasn-R1812W) survived the filtering thresholds. The further downstream analysis was performed with Seurat
R package (2.3.1) (https://satijalab.org/seurat/; Satija et al., 2015). All genes that were not detected in at least 5 cells were discarded.
Library-size normalization was done for each cell by scaling by the total number of traNSPCripts and multiplying by 100000. The data
was then natural-log transformed for all downstream analyses. The detection of highly variable genes was based on the average
expression and dispersion for each gene using the default parameters of the function FindVariableGenes in Seurat. The dimensionality of the dataset was reduced using principal component analysis (PCA), selecting 9 PCs for NeuN+ cells and 7 PCs for EdU+ cells
in the downstream analyses. Unbiased clustering of the cells was performed with the shared nearest neighbor (SNN) clustering
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algorithm implemented in the FindClusters function in Seurat, setting the resolution parameter to 0.6 for NeuN+ cells and 0.3 for EdU+
cells. t-SNE plots were generated using the same PCs that were input to the clustering analysis and setting the perplexity parameter
to 30. RNA-seq data have been submitted into GEO under the accession number GSE115851.
Cell-type identification
Cell types were identified using the following workflow: 1) perform an unsupervised clustering as described above; 2) determine top
genes underlying those differences; 3) use prior knowledge to identify known cell type. Using in situ data from the Allen Brain Atlas,
top genes defining DG (e.g., Prox1, Figures S4D and S4E) and CA1 (e.g., Fibcd1; Figure S4D and S4E) clusters were identified as
being expressed in the predicted regions. Among EdU+ nuclei, the NSPC cluster was enriched in nuclei expressing known NSPC
genes such as Sox2 and Ascl1 or immature neuron genes (e.g., Dcx) (Figure S4G; Gonçalves et al., 2016).
DEG analysis and ER-stress gene analysis
Differential expression gene (DEG) analysis was performed between DG, CA1 and NSPC nuclei clusters identified in WT versus FasnR1812W mice (Tables S1, S2, and S3) using Wilcoxon rank sum test as implemented in Seurat. Among significantly DEG found between WT and Fasn-R1812W (padj< 0.05), we selected all genes annotated with gene ontology consortium term GO:0034976,
response to endoplasmic reticulum stress) (Table S3). 85% of significantly differentially expressed ER-stress genes were upregulated
in NSPCs from R1812W compared to WT.
DATA AND CODE AVAILABILITY
The published article includes all datasets generated or analyzed during this study. RNA-seq data have been submitted into GEO,
accession number GEO: GSE115851 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE115851). Lipid profiling in
R1812W and WT NSPCs can be found in Table S1. Differentially expressed genes between WT and R1812W NSPCs are found in
Table S2. Differentially expressed genes between WT and R1812W NSPCs annotated with gene ontology consortium term
GO:0034976 in Table S3. Differentially expressed genes between WT and R1812W DG nuclei in Table S4 and differentially expressed
genes between WT and R1812W CA1 nuclei in Table S5.
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