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Metabolic profiling of the developing
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of large neutral amino acids in modulating
the neuronal metabolic state, excitability,
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SUMMARY

Little is known about the critical metabolic changes that neural cells have to undergo during development and
how temporary shifts in this program can influence brain circuitries and behavior. Inspired by the discovery
that mutations in SLC7A5, a transporter of metabolically essential large neutral amino acids (LNAAs), lead to
autism, we employed metabolomic profiling to study the metabolic states of the cerebral cortex across
different developmental stages. We found that the forebrain undergoes significant metabolic remodeling
throughout development, with certain groups of metabolites showing stage-specific changes, but what
are the consequences of perturbing this metabolic program? By manipulating Slc7a5 expression in neural
cells, we found that the metabolism of LNAAs and lipids are interconnected in the cortex. Deletion of
Slc7a5 in neurons affects the postnatal metabolic state, leading to a shift in lipid metabolism. Additionally,
it causes stage- and cell-type-specific alterations in neuronal activity patterns, resulting in a long-term circuit

dysfunction.

INTRODUCTION

Human cortical development entails the timely coordination of a
number of steps that are devised to generate a precise range of
correctly positioned and functionally integrated neuronal cells.
These steps are guided and regulated by a network of genes
whose mutations can underlie neurodevelopmental and neuro-
psychiatric disorders.’ Challenging environmental conditions
may also account for pathological variations of neurodevelop-
ment but the identification of such factors is complicated and
less understood.?™® Genetic conditions, however, offer tractable
entry points to isolate some of the extrinsic factors influencing
the assembly of the brain.

We recently identified mutations in the gene SLC7A5, encod-
ing alarge neutral amino acid (LNAA) transporter (LAT1), as arare
cause of autism spectrum disorders.® Most of the LNAAs are
essential; thus, their presence in the human body depends on
dietary intake. However, it remains largely unknown whether
and how the level of these amino acids (AAs) changes over
time in the brain and how fluctuations in their amount may influ-
ence the course of neurodevelopment. In fact, little is known
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about the metabolic program unfolding during brain develop-
ment and the specific nutrient dependencies that this entails.
For example, there are little data on how brain metabolism
changes immediately after birth. This period is interesting since
the brain undergoes a series of maturation processes while the
organism has to adapt to new feeding and environmental condi-
tions. Understanding how specific nutrients can influence brain
maturation may be key in preventing or correcting aspects of
certain neurodevelopmental conditions.

Here, we profiled the metabolome of the mouse cerebral cor-
tex at various developmental stages, thereby defining significant
longitudinal changes. Based on these results, we identified a
perinatal time window when the forebrain exhibits an increased
dependency on LNAAs. Thus, we studied the effect of perturbing
the perinatal metabolic state by limiting the amount of these
essential AAs in neural cells. In doing so, we identified a pivotal
and unexpected function of LNAAs during a temporal window
crucial for cortical network refinement. Precisely, we found that
altering the levels of LNAAs in cortical neurons changes their lipid
metabolism along with excitability and survival probability in
a cell-autonomous manner, specifically early after birth. Our
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Figure 1. Metabolome profiling of the forebrain across time highlights developmental stage-specific metabolic states

(A) Schematic description of ATP synthesis strategies in the cortex at different developmental stages. Top left: at E14.5, neural progenitor cells (NPCs) produce
intermediate progenitors and migrating immature excitatory neurons, generating the different cortical layers. Bottom left: for ATP synthesis, NPCs rely on
anaerobic glycolysis, a cytoplasmic biochemical process converting glucose into lactate. Top middle: perinatally, the cortical network, mainly consisting of
maturing excitatory and inhibitory neurons, undergoes significant refinement. Glial cells are detectable but immature. Bottom middle: the metabolic landscape of
maturing neurons is largely unknown. Top right: a mature cortical network, including pyramidal (green), inhibitory neurons (blue) and glial cells (astrocytes [purple],
oligodendrocytes [orange] and microglia [pink]). Bottom right: mature neurons utilize glucose to produce ATP via aerobic glycolysis. Since endogenous pyruvate
is insufficient to meet energy demand, neurons depend on metabolic support by glial cells (TCA, tricarboxylic acid cycle; OXPHOS, oxidative phosphorylation).

(legend continued on next page)
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results offer a model of how mammalian neurons coordinate the
expression of a nutrient-associated gene with the regulation of
neuronal activity to ensure proper brain development. Altering
these processes during a limited but critical time window results
in permanent cortical circuit defects.

RESULTS

Metabolome profiling reveals distinctive metabolic
states of the cerebral cortex across development

Little is known about the metabolic program adopted by the
maturing brain. For example, we know that neural progenitor
cells (NPCs) mainly rely on anaerobic glycolysis (Figure 1A
left).”® In contrast, mature neurons meet their ATP demand
through oxidative phosphorylation (OXPHOS) (Figure 1A right),
but due to their high energy requirement and their inability to
store glycogen,®'° they rely on astrocytes to provide metabolic
support.'"'? However, it is unknown how maturing neurons
meet their energy demand at intermediate developmental stages
when they lack full glial support (Figure 1A middle).

To gain an understanding of the metabolic states and transi-
tions occurring during brain maturation, we analyzed the metab-
olome of the wild-type mouse cerebral cortex obtained at three
different time points: embryonic day 14.5 (E14.5), postnatal
day 2 (P2), and postnatal day 40 (P40). These time points coin-
cide with different feeding strategies and are enriched for neural
cells in different states: NPCs and immature (E14.5), maturing
(P2), and mature (P40) neurons (Figure 1A). By employing two in-
dependent high-performance liquid chromatography (HPLC)
detection strategies (see STAR Methods), we quantified 346 me-
tabolites. Principal-component analysis (PCA) of the results
separated the samples based on sampling age (Figure 1B), indi-
cating that the cerebral cortex at each of these three time points
is in a distinct metabolic state. The metabolic reorganization of
the developing cortex is extensive, with the level of 273 out of
346 metabolites changing over time (Figures 1C and 1C’). The
variability across animals of the same age was small (Figure S1A),
indicating that the observed changes are tightly regulated.
Compared with E14.5, at P2, the level of 137 metabolites is
significantly decreased and that of 60 increased (Figure 1C). At
P40, 202 metabolites show a different level than at P2, with an
approximately equal number of metabolites showing increased
or decreased levels (Figure 1C’). Enrichment analysis revealed
an overrepresentation of purine- and pentose phosphate-related
metabolites among those increasing at P2 (compared with
E14.5) and enrichment of AA-related metabolites among those
decreasing (Figure 1D). At P40, we detected a substantial in-
crease in glutamine and glutamate-related metabolites and a
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decrease in a different set of AAs (Figure 1E), disclosing a
stage-specific regulation of AA metabolism. To better under-
stand the quality of these changes over time, we plotted the
developmental trajectories of the detected metabolites (Fig-
ure S2 gray trajectories; Data S1). Employing a Gaussian mixture
model (GMM), we clustered all measured metabolites based on
their time trajectories. Next, focusing on Kyoto Encyclopedia of
Genes and Genomes (KEGG)-annotated metabolites (n = 179)
(Figure 1F), we assessed whether different trajectory-related
groups were enriched for particular classes of metabolites (Fig-
ure 1G; Data S2). This analysis revealed a predictable enrich-
ment for neuroactive and cAMP signaling pathways in the cluster
representing metabolites with ascending trajectories over time
(cluster 1, Figures 1F and 1G), with the majority of the metabo-
lites steeply increasing between P2 and P40. Furthermore, we
found that cluster 5, comprising metabolites with declining tra-
jectories over time, is enriched for branched-chain AAs
(BCAAs) and BCAA-related metabolites (Figures 1F and 1G).
This cluster sparked our interest since BCAAs are substrates
of the SLC7A5 transporter. The decline over time of these and
a few other AAs (i.e., Figure S2; gray trajectories, metabolite
[M] 016, M017, M030, M062, and M086) could indicate either a
decreasing brain intake or an increasing utilization by neural cells
as they mature. Either way, this observation further suggests that
neural cells have distinctive AA demands at different develop-
mental stages. Finally, the only other cluster enriched for specific
classes of metabolites is cluster 3, which displays a drop in glyc-
erophospholipid (GPL)- and arginine-related metabolite levels,
specifically at P2 (Figures 1F and 1G).

Perturbation of LNAA uptake leads to perinatal
disruption of lipid metabolism

Knowing that the level of BCAAs and BCAA-related metabolites
changes during brain maturation, we investigated the conse-
quences of limiting BCAA supply to neural cells. Therefore, we
ablated Sic7a5, the main LNAA transporter, in these cells.
Indeed, although Slc7a5 has been described as a blood-brain
barrier (BBB) transporter,® we found that, in the cerebral cortex,
it is also expressed in excitatory neurons and glial cells of all
layers, particularly perinatally (Figures 2A-2C’, S1B, and S1C),
coinciding with the time window displaying a drop in BCAA levels
(Figures 1F and 1G cluster 5). In addition, while patients with
SLC7A5 mutations present with microcephaly, the deletion of
Slc7a5 from the BBB in mice (Slc7a5™";Tie2-Cre positive [+]
mice) does not lead to a reduction in brain size.® This suggests
a function of SLC7A5, and its substrates, in cell types other
than the endothelial cells of the BBB. Thus, we crossed floxed
Slc7a5 mice (Slc7a5™ with Emx1-Cre animals. Emx7-Cre mice

(B) Principal-component analysis of the metabolome of E14.5, P2, and P40 wild-type mouse cortices.
(C and C') Volcano plots showing differentially abundant metabolites across developmental stages.
(D and E) Metabolic pathway enrichment analysis of all significantly upregulated (red) or downregulated (blue) metabolites at P2 compared with E14.5 (D) and P40

compared with P2 (E).

(F) Clustering of all metabolites based on their trajectory over time; (x axis: age; y axis: scaled abundance).

(G) Metabolic pathway enrichment analysis (Data S2) revealed an overrepresentation of metabolites related to “cAMP signaling pathway” (p < 0.00075; adj-
p < 0.021), “B-alanine metabolism” (p < 0.059; adj-p < 0.4) and “neuroactive ligand-receptor pathway” (p < 0.016; adj-p < 0.22) in cluster 1. Cluster 3 is enriched
for “glycerophospholipid metabolism” (p < 0.013; adj-p < 0.24) and “arginine biosynthesis” (p < 0.037; adj-p < 0.25). Cluster 5 is enriched for “valine, leucine, and
isoleucine biosynthesis (p < 0.0035; adj-p < 0.22) and -degradation” (p < 0.035; adj-p < 0.89).

See also Figures S1 and S2.
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express the Cre recombinase in the radial glial cells of the dorsal
telencephalon from E9.5 onward,'® thereby inducing Sic7a5
deletion in NPCs and their progeny, including the excitatory
neurons of the neocortex and hippocampus as well as in the glial
cells of the pallium (Figures 2A and S1D), but not in the endothe-
lial cells of the BBB (Figure 2C’). Next, we analyzed the metabo-
lome of the cerebral cortex of Sic7a5™":Emx1-Cre+ mice over
time and compared it with that of wild-type animals. This
approach allowed us to resolve (1) the cause of the drop in
LNAAs (particularly BCAAs) observed in P2 wild-type cortical ly-
sates (Figure S2, gray trajectories M016, M017, M030, M062,
and M086) and (2) the impact of deregulating these AAs on the
metabolism of the cerebral cortex. The effect of Slc7a5 deletion
on the overall metabolite profile is relatively minimal (Figure S1E).
To investigate whether SLC7A5 mutations affect specific groups
of metabolites, we performed an enrichment analysis of the
KEGG-annotated metabolites showing divergent temporal tra-
jectories (r < 0.975) in mutants and controls (Figures 2D-2H
and S2; Data S1 and S2). As expected, this analysis identified
the pool of AAs transported by Slc7a5, grouped into the term
“aminoacyl-tRNA biosynthesis” (Figure 2G), as the major class
of affected metabolites in mutant animals. However, the deletion
of Slc7a5 alters the levels of these AAs in cortical tissue only at
P2 (Figure 2H), indicating a function of Slc7a5 in neonatal mice.

Furthermore, the level of these AAs is higher, not lower, in mu-
tants compared with controls (Figure 2H), suggesting that in the
absence of Slc7a5, the LNAAs accumulate in the extracellular
space and are not consumed by neural cells (Figure 2I). To test
this possibility, we quantified AAs in neural cells isolated from
P2 control and mutant cortices (Figure 2J), thereby measuring
their intracellular amount. Indeed, the levels of the primary
Slc7a5 substrates are significantly reduced in mutant cells. In
contrast, the level of histidine, the counter AA,'* is increased
(Figure 2K). Thus, the lack of Slc7a5 at P2 impairs the transport
of LNAAs into neural cells resulting in their net decreased con-
sumption. These results also indicate that the drop in AA levels
observed in P2 control samples (Figure 2H) reflects an increased
utilization by neural cells.

Although the BCAAs are a source of acetyl-CoA, an essential
compound for the tricarboxylic acid (TCA) cycle,'® we observed
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only a very mild reduction in the levels of some of the energy stor-
age- and transfer-related metabolites (Figures S3A-S3F), sug-
gesting compensatory mechanisms. Indeed, while a derailment
of energy homeostasis has been associated with increased levels
of oxidative stress, '®7'© the ratio between reduced and oxidized
glutathione was not altered in Slc7a5-mutant cells (Figure S3G).
Further, the decrease in intracellular LNAAs does not lead to de-
fects in AA sensing and protein synthesis pathways, such as the
mammalian target of rapamycin (mTOR), the adenosine-mono-
phosphate-activated protein kinase (AMPK), or the unfolded
protein response (UPR) signaling cascades (Figure S4).'924

However, we found that loss of Sic7a5 in neurons affects the
levels of metabolites related to “GPLs” (Figure 2G; Data S2).
Specifically, a PCA of all the detected lipid-related metabolites
disclosed that while at E14.5 and P40 mutant and control sam-
ples cluster together, P2 samples separate by genotype (Fig-
ure S3H), thereby suggesting a time-point-specific alteration in
lipid composition due to the loss of Sic7a5, but how are BCAA
and lipid metabolism linked? To better comprehend how a
change in BCAA levels can disrupt lipid metabolism, we first
identified the exact lipid classes affected by Slc7a5 deletion.
Thus, we performed a comparative untargeted lipidomic analysis
of P2 Sic7a5™™:Emx1-Cre+ and Slc7a5"";Emx1-Cre— cortical
tissue and dissociated cells (Data S3). These analyses revealed
a specific reduction of GPLs in mutant cortical cells, along with
an increase of triacylglycerols (TGs) in Sic7a5 deficient cortical
tissue (Figures 3A and 3B). Members of the GPLs are the main
components of the phospholipid bilayer of biological mem-
branes.?® TGs, on the other hand, account for the majority of di-
etary fats and represent a way to store energy.”® Sites of TG syn-
thesis and storage are the liver and adipose tissue,?”**® but they
can be mobilized rapidly in case of energy or fatty acid (FA) de-
mand by the brain.?®*° To determine whether detected alter-
ations are specific to any cell type, we compared our results
with a dataset of human cortical cell-type-specific lipids.®" Inter-
estingly, several of the lipids differentially abundant in Sic7a5
mutants are neuron enriched, while astrocyte-enriched lipids
are not affected in mutants (Figure 3C).

Next, to uncover the molecular mechanisms underlying the al-
terations in the cortical lipid profile, we performed a comparative

Figure 2. The neonatal metabolic state is dependent on Sic7a5 expression
(A) Slc7a5 expression in the cerebral cortex of wild-type (left), Sic7a5""; Tie2-Cre+ (middle), or Slc7a5™":Emx1-Cre+ (right) mice.

(B) Gapdh-normalized Slc7a5 levels in cortical samples obtained from Sic7a5™": Tie2-Cre + animals across development (n = 4 mice per genotype per time point;
*p < 0.05; **p < 0.01; unpaired two-tailed t test).

(C and C') Slc7a5 mRNA expression in P2 murine wild-type somatosensory cortex (SSCtx) (C and C’ [left]). In Sic7a5™":Emx1-Cre+ SSCtx (C’ [right]), Slc7a5
expression is preserved at the BBB (arrows) (scale bars, 100 um and 10 um).

(D-F) Ternary plot classification of metabolites in wild-type and mutant cortex. (D) The localization of each metabolite (dot) within the ternary plot is determined by
its previously determined cluster affiliation (Figure 1F) and its exact unscaled trajectory, defined as the ratio between the three time points. (E) Ternary plot of
KEGG-annotated metabolites in wild-type mice. (F) Compared with controls (gray dots), mutants display changes in the trajectory of some metabolites
(cyan dots).

(G) Metabolic pathway enrichment analysis of the KEGG-annotated metabolites displaying an altered trajectory in mutants (Data S2).

(H) Stage-specific accumulation of Sic7a5 substrates in Sic7a5"":Emx1-Cre+ cortical tissue (n = 4 animals per genotype per time point; Pearson’s coefficient:
Data S1; x axis: age; y axis: scaled abundance).

(l) Slc7a5 facilitates the flux of BCAAs and LNAAs across the neuronal membrane (top). Loss of Sic7a5 causes extracellular accumulation and intracellular
depletion of LNAAs (bottom).

(J) Experimental workflow of the targeted intracellular metabolomic analysis.

(K) Volcano plot of the AAs measured in Slc7a5 mutant and control cells. AAs showing significantly lower (blue) or higher (red) levels in Sic7a5~'~ cells are
indicated (n = 7 per genotype; FDR cutoff: 1%).

See also Figures S1 and S2.
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proteomic study of perinatal control and mutant cerebral
cortices (Figures 3D and S3l). We identified 1,202 proteins de-
regulated in mutant samples, comprising 954 upregulated and
248 downregulated proteins in the Sic7a5"":Emx1-Cre+ cortex
(Figure 3D). Gene ontology (GO) enrichment analysis returned
proteins involved in lipid metabolism as being the most signifi-
cant and numerous among the upregulated proteins (Figure 3E
right), while among the downregulated GO terms, we found an
enrichment for neuron projection and membrane-associated
proteins (Figure 3E left; Data S4). Those GO terms were repro-
ducible at the mRNA expression level (Figure S3J; Data S5)
and linked to the reduction of GPLs®* (Figures 3A and 3B). Impor-
tantly, we did not observe changes in the B1/B3 integrin
signaling cascade.*® Indeed, a co-immunoprecipitation experi-
ment of Slc7a5 from neural cells, while confirming its interaction
with Slc3a2,%* excluded interactions with components of the B1/
B3 integrin pathway (Data S6).

Finally, to identify the connection between BCAA and GPL
metabolism, we integrated the proteomic, lipidomic, and metab-
olomic results focusing on potential convergent pathways (Fig-
ure 3F). Via this integration, we recognized that Slc7a5 mutant
cells, probably due to the shortage of BCAAs, prioritize mito-
chondrial BCAA catabolism, part of the ATP production machin-
ery, over cytoplasmic BCAA catabolic reactions (i.e., Bcat2 vs.
Bcat1; Figure 3F). Most importantly, about half of the enzymes
involved in BCAA metabolism in the mitochondria are also
involved in FA B-oxidation, thereby disclosing a molecular over-
lap between BCAA and lipid catabolism (Figure 3F). The reduc-
tion of the intracellular BCAA levels leads to a compensatory up-
regulation of several of these shared enzymes (e.g., Acaa2,
Acadm, and Echs1), thereby increasing FA B-oxidation and
causing a drop in FAs. These results suggest that neurons at
the perinatal stage rely on BCAAs as substrates for ATP produc-
tion (Figure S3K). In their absence, FAs are redirected from GPL
synthesis into B-oxidation (Figure 3F). The observed increase in
tissue TGs reflects the increased demand for FAs to support
B-oxidation and ATP production. Indeed, the increase of TGs
in mutant cortical tissue is accompanied by the upregulation of
Gcn2 and Apob. Gen2 is a kinase acting as a sensor for intracel-
lular BCAA levels.®® Low levels of BCAAs induce Gcn2
autophosphorylation, resulting in the inhibition of its protein turn-
over.®5*" Interestingly, Gen2 has also been involved in the mobi-
lization of TGs from fat storage in response to brain energy
demand.*%® Apob constitutes the primary lipoprotein transport-
ing dietary lipids across tissues.®° Finally, Slc7a5 mutants also
show an increased level of Bckdk, a regulator of the BCAA cata-
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bolic pathway also implicated in the phosphorylation of cyto-
plasmic Acl, a key enzyme in citrate-based lipogenesis.*°

These findings suggest an increased perinatal dependency of
neural cells on LNAAs. Decreased availability of these AAs re-
veals a direct link between BCAAs and lipid metabolism in
the brain.

Lack of the AA transporter SLC7A5 leads to stage-
specific neuronal cell loss

Can the perinatal metabolic shift displayed by Sic7a5 mutant
neural cells explain some clinical issues reported in patients?
Slc7a5™":Emx1-Cre+ mice are born at Mendelian ratios, are
viable and at birth do not display obvious growth defects
compared with their wild-type littermates (i.e., Slc7a5™":Emx1-
Cre— or Slc7a5™*;Emx1-Cre+ mice) (Figure S5A). In agreement
with Sic7a5 expression profile (Figure S1B) and the AA profile,
which changes only postnatally, Sic7a5™"";Emx1-Cre+ mutants
are born with normal brain size (Figures S5B and S5C), indicating
that Sic7a5 is dispensable in the NPCs of the forebrain. Thus,
SLC7A5 mutations do not lead to microcephaly by hindering
the generation of an appropriate number of neurons. However,
by P40, the brain of Sic7a5"",Emx1-Cre+ mice is significantly
smaller than that of their control littermates (Figures 4A, 4A/,
and S5D). Histological analysis revealed a reduction in the thick-
ness of the cerebral cortex of P40 Sic7a5™":Emx1-Cre + animals
(Figures 4B and 4B’), with layers Il and Il being the drivers of this
difference (Figures S5E-S5G’). By monitoring the brain weight
over time, we found that the difference in brain size between con-
trol and Slc7a5 mutant animals appears during the first postnatal
week (Figure 4C) and remains stable from P10 onward, coin-
ciding with the increased Sic7a5 expression levels in neural cells
perinatally (Figures 2A and 2B). This time course supports a tem-
poral dependence of Sic7a5 function in postnatal neurodevelop-
ment. To test whether the phenotype reflects an increase in post-
natal neural cell death, we assessed the protein level of cleaved
(Cl)-caspase-3, a pro-apoptotic marker, on cortical samples ob-
tained from control and mutant mice across development.
Compared with controls, mutants show a significant increase
in Cl-caspase-3, specifically at P2 and P5 (Figure 4D). In line
with the reduction of layers lI-ll thickness (Figures S5E-S5G’),
most apoptotic cells are localized in the upper cortical layers
(Figures S5H and S5I). Importantly, the period affected by the
surge in Cl-caspase-3 levels corresponds to the phase of pro-
grammed cell death targeting cortical excitatory neurons. This
is an innate process required to refine the number of neurons
in the cerebral cortex.”’ Specifically, to obtain a calibrated

Figure 3. BCAA deprivation alters neuronal lipid metabolism

(A and B) Volcano plots of deregulated lipids in Slc7a5 mutant cortical tissue (A) and dissociated cells (B). Lipids showing significantly lower or higher levels are
color-coded according to their annotated class (PI, phosphatidylinositol; PE, phosphatidylethanolamine; PC, phosphatidylcholine; PS, phosphatidylserine; CL,
cardiolipin; TG, triacylglyerol; _pos, detected in positive mode; _neg, detected in negative mode; n = 5 per genotype; p value cutoff: 0.05; Data S3).

(C) Same plot as in (B) with neuron-enriched (blue) or astrocyte-enriched lipids (orange) highlighted (Data S3).

(D) Volcano plot of proteins deregulated (1% false discovery rate (FDR) cutoff) in the P5 Sic7a5™";Emx1-Cre+ cortex.

(E) GO-term enrichment analysis of up- and downregulated proteins at 2% FDR (Data S4).

(F) Integration of the proteomic, metabolomic, and lipidomic data of P2 cortical tissue and cells. The schematic depicts enzymes associated with the metabolic
pathways: “BCAA catabolism,” “FA degradation” (B-oxidation), “FA synthesis/elongation,” “glycolysis,” and “glycerophospholipid synthesis.” Changes in
expression or abundance due to Slc7a5 depletion are color-coded (blue: decreased; red: increased; *p < 0.05). Enzymes shared by the BCAA and FA pathways

are highlighted by a dashed rectangle.
See also Figures S3 and S4.
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(A) Pictures of adult Sic7a5™";Emx1-Cre+ and control brains. (A) Brain-to-body weight ratio of adult Sic7a5"";Emx1-Cre+ mice and littermate controls (means +

SEM; n = 15 mice per genotype; *p < 0.05; unpaired two-tailed t test).

(B and B') Representative images (B) and quantification (B’) of Nissl-stained coronal sections of P40 mutant and control SSCtx (means + SD; n = 3 littermates per

genotype; **p < 0.001; unpaired two-tailed t test; scale bar, 1,500 um).

(C) Slc7a5™";:Emx1-Cre+ mice develop postnatal microcephaly during the first 10 days after birth (means + SD; n > 3 littermates per genotype/time point;

*p < 0.05; ***p < 0.001; ****p < 0.0001; multiple unpaired two-tailed t test).

(D) Gapdh-normalized cleaved-caspase-3 expression in mutant and wild-type cortex across development (means + SD; n = 4 mice per genotype time point;

"*p > 0.05; ***p < 0.00001; multiple unpaired two-tailed t test).

(E and G) Frontal and lateral images of patient 130-1 and 130-2, diagnosed with SLC7A5 compound heterozygous pathogenic variants.
(F and H) Measurements of the head circumference of the two patients showing the progression of microcephaly.

See also Figure S5 and Table S1.

network, cortical neurons are generated in excess and subse-
quently eliminated by two waves of apoptosis, one of which oc-
curs early after birth. Additionally, previous studies have shown
that to obtain an optimal pyramidal/inhibitory neuron ratio, the
wave of apoptosis affecting cortical excitatory neurons around
P5 is followed by an adjustment in the number of inhibitory neu-
rons.> Thus, although Slc7a5"":Emx1-Cre+ mice only lack
Sic7a5 expression in the excitatory neurons of the forebrain,
the number of inhibitory cells might be indirectly affected.

Indeed, compared with their littermate controls, adult Sic7a5™"
f:Emx1-Cre+ animals have a significantly lower number of inhib-
itory neurons, particularly in the upper cortical layers
(Figures S5J and S5K). In contrast, non-neuronal cells are unaf-
fected (Figures S5L-S50), indicating that Sic7a5 is important
specifically for neuronal functions.

Next, we asked whether the critical temporal window identi-
fied in mice is also sensitive to the loss of SLC7A5 function in hu-
mans. Thus, having identified patients with mutations in
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SLC7A5, we measured their head size for several weeks from
birth on (Figures 4E-4H). Patients 130-1 and 130-2 are siblings
from a non-consanguineous family presenting with the clinical
feature of SLC7A5 deficiency (Figure S5P). Trio-whole exome
sequencing (WES) analysis of both siblings and their parents
identified compound heterozygous pathogenic variants in the
SLC7A5 gene: the previously described and functionally as-
sessed missense variant ¢.1124C>T, p.(Pro375Leu)® and a novel
intragenic deletion of exons 5 to 10. Parents are heterozygous
carriers. Patient 130-1 showed microcephaly at birth (—3 SD).
The microcephaly progressively worsened to —5 SD at the age
of 7 months (Figure 4F). The clinical history and presentation of
the younger sibling, patient 130-2, are essentially similar. A
mild microcephaly was diagnosed at birth (—2.5 SD), progres-
sively deteriorating to —4.5 SD at the age of 6-7 months (Fig-
ure 4H). The phenotypic comparison of published patients® re-
vealed that the constant features associated with biallelic
pathogenic SLC7A5 variants include microcephaly, develop-
mental and motor delay, seizures, and autistic features
(Table S1). Notably, the pathological variants identified in pa-
tients are mostly missense mutations that impact the transport
capacity, not the expression, of the transporter.® Thus, the hu-
man data indicate that the transport of SLC7A5 substrate is
key to the patient’s clinical presentation. Therefore, SLC7A5 mu-
tations likely result in decreased BCAA uptake and lead to micro-
cephaly during the period of cortical refinement and pro-
grammed cell death in mice and humans.

Pyramidal neuron loss is due to cell-autonomous
deficiency of Sic7a5

Next, we investigated whether Sic7a5-deficiency-linked
neuronal cell death is due to a cell-autonomous or non-cell-
autonomous effect. Assessing this was important, especially
since in the absence of Sic7a5 AAs accumulate in the extracel-
lular space, which could be harmful to the tissue. To perform a
quantitative assessment, we used the mosaic analysis with dou-
ble markers (MADM) system, which enables concurrent fluores-
cent labeling and gene knockout in sparse single-cell clones
in vivo.”*** Specifically, two reciprocally chimeric marker genes
(GT and TG alleles) are targeted to identical loci upstream of
Slc7a5. The marker genes are part of the so-called MADM
cassette (M8), which consists of split coding sequences for
eGFP and tdTomato fluorescent proteins interspaced by a loxP
site (Figure S6). Following Cre-recombinase-mediated interchro-
mosomal recombination, the sequence for eGFP and tdTomato
are reconstituted. Due to an innately low stochastic interchromo-
somal recombination rate, the green (eGFP+), red (tdTomato+),
and yellow (eGFP+/tdTomato+) labeling are confined to individ-
ual sparse clones. In our experimental setup, the Cre recombi-
nase expression is coupled with the Emx-1 promotor. This facil-
itates MADM labeling and deletion of Sic7a5 in single
telencephalic radial glia progenitors (RGPs) and their progeny
(Figure 5A), thereby generating cortex-specific genetic mosaics.
To analyze potential cell-autonomous effects of the loss of
Slc7a5 in the developing neocortex, we assessed the relative
abundance of green (eGFP, Slc7a5~'") and red (tdTomato,
Slc7a5%*) excitatory neurons at different time points of postnatal
development (PO, P5, and P40) in mosaic-MADM (MADM-8%"

1958 Cell 186, 1950-1967, April 27, 2023

Cell

TG,Sle7a5. Emx1-Cre+) and control-MADM (MADM-8%"7C:Emx1-
Cre+) animals (Figures 5B-5D’). While at PO we did not observe
significant changes in the ratio of green to red cells (Figures 5B
and 5B’), supporting that Sic7a5 deficiency does not affect the
proliferative phase of cortical development, by P5, there are
significantly fewer Sic7a5~'~ than Slc7a5** excitatory neurons
(Figures 5C and 5C’). Further, mosaic-MADM animals present
fewer Sic7a5~'~ (green) neurons in upper cortical layers (LIl
LIV) compared with control (red) cells, while neurons in the lower
layers (LV and LVI) are not affected by Sic7a5 deletion. The same
analysis done at P40 revealed a slightly more profound reduction
of mutant neuronal cells in mosaic-MADM cortices (Figures 5D
and 5D’). We concluded that the deletion of Sic7a5 leads to a
cell-autonomous increase in neuronal cell loss immediately after
birth.

LNAA-dependent metabolic reprogramming controls
neuronal excitability in neonatal mice

What mechanisms could underlie the stage- and cell-type-spe-
cific phenotype observed in Sic7a5"";Emx1-Cre+ mice?
Considering that neuronal excitability can determine the survival
of cortical pyramidal cells during the postnatal wave of pro-
grammed cell death,”'**> we hypothesized that abnormal AA
and lipid metabolism might ultimately lead to changes in excit-
ability. Indeed, alterations in neuronal lipid composition, espe-
cially in GPLs, can directly affect membrane formation and
structure.?® Furthermore, protein-lipid interactions and post-
translational modifications can modulate the clustering and
activity of many ion channels.**~*® In particular, palmitoylation,
a FA-dependent posttranslational modification mediated by pal-
mitoyltransferases, is an important regulatory mechanism in
neurons.**°" Indeed, we found that three palmitoyltransferases
are deregulated in Slc7a5 mutants (Figure S7A). These include
Zdhhc17, which specifically modifies proteins involved in
neuronal functions. Additionally, approximately half of the down-
regulated proteins associated with the GO-term “integral
component of the plasma membrane” (Figure 3E) are regulated
by palmitoylation. Among these, we found Ank2, which is palmi-
toylated to support membrane scaffolding of the voltage-gated
sodium channel Nav1.2°%; Kend2, a potassium channel involved
in the regulation of action potential (AP) backpropagation®®°*;
and Snap25, one of the top targets of Zdhhc17 involved in
various neuronal functions®>*° (Figure S7A). Thus, we assessed
the intrinsic excitability of layers Il and Ill pyramidal neurons from
the somatosensory cortex (SSCtx) of mutant and control animals
at P6-P7 by performing whole-cell current-clamp recordings
while applying a series of current steps to elicit APs. Recordings
from Slc7a5"":Emx1-Cre+, Slc7a5™"*:Emx1-Cre+ and wild-type
littermates revealed a substantial reduction in neuronal firing in
Slc7a5"":Emx1-Cre+animals (Figures 6A, S7B, and S7C). Since
both metabolic abnormalities and reduced neuronal survival in
Slc7a5™":Emx1-Cre+ mice are limited to the first days after birth,
we performed current-clamp recordings at P25-P26 to assess
whether the neuronal excitability defect is restricted to the
same time window. Indeed, at P25-P26 Sic7a5"":Emx1-Cre+
samples are indistinguishable from controls (Figures 6B and
S7D), underscoring the importance of Slc7a5 in modulating
neuronal excitability early after birth. While the transient nature
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A Figure 5. Loss of Sic7a5 leads to a cell-autonomous reduc-
tion of cortical upper-layer neurons
(A) Schematic representation and genotypes of cells of control-
MADM (MADM-8%"TC:Emx1-Cre+) and mosaic-MADM (MADM-
8CT/TG.Sle7a5.Emy1-Cre +) cortex.
(B) Coronal sections and (B) quantification of green/red cell ratio of
MADM-labeled neurons in the cortical plate of PO mosaic- and con-
trol-MADM littermates.
(C) Coronal sections and (C’) quantification of green/red cell ratio of
MADM-labeled upper layer (left) and lower layer (right) excitatory
control-MADM mosaic-MADM neurons in P5 mosaic- and control-MADM littermates.
(D) Coronal sections and (D') quantification of green/red cell ratio of
MADM-labeled upper layer (left) and lower layer (right) excitatory
neurons in P40 mosaic- and control-MADM littermates (PO: n = 4; P2
and P40: n = 5 [P2 and P40] animals per genotype; average of >5
slices per animal; "p > 0.05;**p < 0.001; Mann-Whitney test; scale
bars, 100 um).
See also Figure S6.
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Figure 6. Intracellular AA levels modulate neuronal excitability perinatally

(A and B) Current-clamp recordings from LII/LIII pyramidal neurons in (A) P6-P7 Sic7a5™":Emx1-Cre+ and Sic7a5™";Emx1-Cre— SSCtx (Slc7a5™";Emx1Cre—:
n = 22 cells/3 mice; Sic7a5™":Emx1-Cre+: n = 30 cells/3 mice; two-way ANOVA: genotype F(1,311) = 123.01 **p < 0.001, current step F(5,311) = 205.3
**p < 0.001, interaction F(5,311) = 16.75 ***p < 0.001) and (B) P25-P26 (Sic7a5™":Emx1Cre—: n = 5 cells/3 mice; Slc7a5"":Emx1-Cre+: n = 15 cells/3 mice; two-
way ANOVA: genotype F(1,139) = 1.84 "p > 0.5, current step F(6,139) = 34.87 "p > 0.5, interaction F(6,139) = 0.07 "*p > 0.5).

(C and D) Schematic (C) and results (D) of patch clamp recordings from green (Slc7a5~'") and red (Slc7a5"*) LII/LIII pyramidal neurons from the same P6-P7
mosaic-MADM animal (Slc7a5**: n = 5 cells; Slc7a5~~: n = 7 cells from 5 mice; two-way ANOVA: genotype F(1,65) = 116.05 ***p < 0.001, current step
F(5,65) = 79.22 ***p < 0.001, interaction F(5,65) = 11.16 ***p < 0.001).

(E) Representative action potential (AP) traces from the data shown in (A) and (B).

(F-H) The AP amplitude (F), AP rise time (G), and AP threshold (H) are transiently affected in Sic7a5 deficient LII/LIIl pyramidal neurons at P6-P7 (numbers as in A)
compared with age-matched littermates and P25-P26 time point (numbers as in B; two-way ANOVA for AP amplitude: genotype F(1,71) =23.15 **p < 0.001, time
point F(1,71) = 52.57 **p < 0.001, interaction F(1,71) = 3.24 "p > 0.5, Holm-Sidak post hoc ***p < 0.001). Two-way ANOVA for AP rise time: genotype
F(1,71) =7.32 **p < 0.001, time point F(1,71) = 101.21 ***p < 0.001, interaction F(1,71) = 6.4 *p < 0.05, Holm-Sidak post hoc ***p < 0.001. Two-way ANOVA for AP
threshold: genotype F(1,71) = 10.56 **p < 0.01, time point F(1,71) = 42.93 ***p < 0.001, interaction F(1,71) = 2.61 "p > 0.5, Holm-Sidak post hoc ***p < 0.001.
(I) AP plotted as voltage vs. time (top) and dV/dt vs. voltage (phase-plane plot, bottom). Phases of the AP are color-coded to highlight the initiation of the AP in the
axon initial segment (AlS; pink), the propagation in the somatodendritic compartment (blue), and the repolarization peak.

(J) Phase-plane plot of data shown in (A) reveals defects in the AIS and the somatodendritic compartment in LII/LIII pyramidal neurons of Sic7a5™";Emx1-Cre+
animals.

See also Figure S7.
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of the phenotype suggests a rather direct link between the meta-
bolic state of the neuron and its excitability, it remained a possi-
bility that the observed electrophysiological abnormalities were
due to plasticity effects associated with network properties.
However, should the reduced excitability directly be connected
to, or even cause Slc7a5-dependent neuronal cell loss, we ex-
pected this phenotype to be cell autonomous. Thus, we returned
to the mosaic-MADM mouse model (Figure 6C) and performed
current-clamp recordings from Slc7a5~'~ (green) and Slc7a5**
(red) excitatory neurons in the same animal. Indeed, the AP firing
rate is significantly reduced in LIl and LIll Sic7a5 '~ neurons from
the SSCitx at P6-P7 (Figure 6D), indicating that Sic7a5 expres-
sion controls neuronal excitability cell-autonomously at early
stages after birth. To understand the bases of the reduced firing
rate caused by Sic7a5 deletion, we analyzed the AP properties.
We inferred that Sic7a5 mutant neurons at P6-P7 do not fire less
because they are more immature than wild-type neurons since
they show AP features more comparable to those observed in
older (i.e., P25-P26) control neurons (Figure 6E). Indeed,
compared with controls, mutant neurons at P6-P7 display larger
amplitude (Figure 6F), faster rise time (Figure 6G), and more hy-
perpolarized AP threshold (Figure 6H), matching the AP features
observed in control neurons at P25-P26 and suggesting a
different modulation of the voltage-gated channels involved in
the initiation and rising phase of APs. In agreement, dendrites
of mutant layer Il and Ill pyramidal neurons present with a
more mature spine morphology compared with controls
(Figures S7E-ST7I), therefore excluding a maturation delay.
Nonetheless, other properties such as the resting membrane po-
tential, the inter-spike interval (1SI) ratio, the AP decay time and
half width are unchanged at P6-P7 (Figures S7J-S7M). We
further examined the AP waveform using the phase-plane plot
analysis (Figure 6l) to evaluate the dynamic changes of the mem-
brane potential over time (dV/dt; Figure 6J). Our analysis re-
vealed a striking increase in the velocity of the AP, highlighting
a potential defect at the axon initial segment (AIS) and a faster
AP backpropagation in the somatodendritic compartment of
mutant neurons (Figures 61 and 6J), linking to the reduction of
Kend2 protein level (Figure S7A). Accelerated AP backpropaga-
tion can also point toward defects in dendritic arborization.®’
Indeed, while the soma size is not affected (Figures S7N and
S70), we found a slight decrease in dendritic number and length
in Slc7a5™":Emx1-Cre+ mice perinatally (Figures S7P and S7Q).
However, these morphological alterations persist until adulthood
(Figures S7R and S7S) and, therefore, are not associated with
changes in excitability. Furthermore, while the unchanged
resting membrane potential would exclude a role of ATP-depen-
dent potassium channels, the electrophysiology data point to
changes in the properties of multiple channels, probably through
a different modulation and/or distribution of voltage-gated so-
dium (e.g., Nav1.2) and potassium channels (e.g., A-type),
potentially explained by the downregulation of the detected pal-
mitoylated proteins (Figure S7A).

Sic7a5 deficient animals show persistent behavioral
defects

To assess whether the alterations observed in Slc7a5 mutant
animals during the period of cortical circuit refinement lead to
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permanent behavioral abnormalities, we subjected adult
Slc7a5"":Emx1-Cre+ and control animals to behavioral tests.
In an open field, mutant animals present with increased horizon-
tal (Figures 7A-7B’) and vertical explorative behavior (Figure 7C)
but no anxiety-like behaviors (Figure 7D). Since SLC7A5 patients
present with severe motor deficits, we assessed locomotion fea-
tures in Slc7a5™":Emx1-Cre + mice. Indeed, mutant mice exhibit
moderate motor deficits (Figure 7E), such as decreased stride
and stance length (Figures 7F-7F"), as well as hind limb clasping
behavior (Figures 7G and 7G’). Next, we tested Sic7a5™":Emx1-
Cre+ mice for social interest and social-memory behaviors. We
found that Slc7a5™":Emx1-Cre + mice have indications of socia-
bility and social-memory impairments (Figures 7H-7K’). In sum-
mary, our analyses show that Sic7a5 deficiency in neurons
causes persistent behavioral dysfunctions.

DISCUSSION

Neurons are generated in large amounts early during embryonic
brain development, but a significant fraction of them are
removed at subsequent developmental stages.*®°° The removal
of these cells must be highly selective and therefore regulated by
tight mechanisms, possibly integrating both extrinsically and
intrinsically driven processes. While a complete view of the fac-
tors directing this process is still missing, the literature suggests
that neuronal activity might be used as a measure of neuronal
integration in the circuitry and therefore is a determinant of the
refinement of the perinatal network.*>°® However, the potential
upstream signaling and the pattern of neuronal activity deter-
mining this phenomenon remain unclear. ldentifying extrinsic
and intrinsic factors that can modulate neuronal properties at
this developmental stage is critical since disrupting the refine-
ment process can permanently affect brain circuits.

Here, we focused on the metabolic program of neural cells of
the cerebral cortex as a measure of the intrinsic fit of a neuron
and a determinant of its integration in the cortical circuit.
Although metabolism is a crucial element of cellular fitness, there
is no detailed description of how the levels of various metabolites
change in the forebrain over time. By obtaining a metabolomic
profile of the cortex at various developmental stages, we provide
a comprehensive view of the metabolites detected in this brain
region and their changes over the course of development. As
several metabolites are linked to neurodevelopmental condi-
tions, our data can be important to evaluate potential critical
time windows in the context of brain disorders. For example,
our analysis underscored a downward trajectory for essential
LNAAs, with their levels decreasing significantly in the cerebral
cortex at the perinatal period. By deleting Sic7a5, a LNAA trans-
porter whose mutations cause autism and microcephaly, we
tested the importance of regulating those AAs for the metabolic
and physiological state of neural cells. We found that SLC7A5
expression is a decisive factor in specifying cortical neurons’
metabolic state at perinatal stages. In this context, it is intriguing
to observe that Sic7a5 transcription in neurons is induced by
hypoxia,®""°> a physiological state fetuses experience during
and shortly after birth.°®> What happens if the typical levels of
SLC7A5 substrates are not met during this developmental win-
dow? We report that decreased levels of BCAAs are coupled
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Figure 7. Loss of Sic7a5 in cortical excitatory neurons causes persistent behavioral dysfunctions

(A-D) Sic7a5™":Emx1-Cre+ animals are hyperactive. (A) Representative traces of mutant and wild-type animals moving 20 min in an open field. (B) Quantification
of the total distance traveled, (B') velocity, (C) number of rearings, and (D) time spent in center during one open field session (n = 14 mice per genotype; two-tailed

unpaired t test).

(E-F"") Slc7a5™":Emx1-Cre + animals display a mild gait defect. (E) Representative control and mutant strides. Quantification of stride (F), stance (F'), and sway (F’)

length (n = 14 per genotype, *p < 0.05; two-tailed unpaired t test).

(G) Hind limb clasping observed in Slc7a5™":Emx1-Cre+ mice. (G) Scoring of hind limb clasping severity (from 0-1 [normal] to 3 [most severe] (n = 14 animals per

genotype; ****p < 0.00001; two-tailed unpaired t test).
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with a disturbance of lipid metabolism. Previous studies have
suggested a connection between BCAAs and lipids in some
cell types*®® 5% and pathological conditions.®”~°° While the
exact trigger of the molecular reprogramming we observed in
the absence of Slc7a5 remains to be investigated, our analysis
demonstrates that in neural cells, the two pathways are tightly
connected. Furthermore, our results indicate that neurons at
perinatal stages use BCAAs as a main source of ATP production.
This would explain the surge in Slc7a5 expression at this stage
and the dispensability of the mitochondrial pyruvate transporter
in immature neurons.’® Further, Slc7a5 deletion leads to a cell-
autonomous change in neuronal excitability, providing an
elegant example of coupling the fitness of a cell with its integra-
tion in the neuronal network. Our mosaic analysis further
suggests that intrinsic excitability can directly affect neuronal
survival probability at this developmental stage. The exact
mechanisms underlying the reduced neuronal excitability remain
unclear. Our transcriptomic analysis did not uncover changes in
ion channel expression in Sic7a5-deficient neurons. However,
our proteomics data indicate changes in membrane-associated
palmitoylated proteins in perinatal mutant mice. Thus, the most
plausible explanation is that the shift in lipid profile observed in
Slc7a5 deficient cells leads to a different clustering and modula-
tion of ion channels involved in neuronal excitability. In addition,
a shift in the ratio of specific GPL subclasses can affect mem-
brane properties such as its fluidity and curvature,®® which can
further modulate neuronal excitability.***""""

Altogether, our analysis highlights the importance of dietary-
obtained factors, such as essential AAs, for neurodevelopment.
The similar trajectory of the microcephaly onset observed in
mice and humans with SLC7A5 mutations suggests that
although our metabolic profile describes changes in the murine
brain, humans and mice may employ a similar metabolic
program across time. Furthermore, the stage and cell-type spec-
ificity of the observed phenotypes point to the importance of per-
forming longitudinal studies evaluating environmental, metabol-
ically relevant factors that can influence specific stages of brain
development and that may interact with genetic factors underly-
ing human neurodevelopmental conditions.

Limitations of the study

There is a minimal number of tools available to assess metabolic
pathways with the needed time and spatial resolution. Conse-
quently, our study describes tissue-wide metabolic states but
does not uncover cell-type-specific or short-lasting changes.
Gene knockouts represent a powerful tool for studying facets
of metabolism in specific cell populations in vivo, as done here
for Sic7a5. Yet, given the interconnection between different
arms of metabolism, establishing causality remains challenging.
In the future, it would be interesting to dissect the exact contribu-
tion of different signaling pathways and subsets of metabolites to
the phenotype observed in Sic7a5 mutant mice. Efforts to obtain
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metabolomic data under various conditions to implement
exhaustive models of metabolism may also represent one way
to address this challenge. Finally, although by comparing mice
and individuals with SLC7A5 mutations, we inferred similarities
between species, the described metabolic states presumably
also include mouse-specific changes. Studying mechanisms
regulating human-specific brain metabolism is still challenging
since most of the available tools involve in vitro systems. This
poses some problems since excessive amounts of micro- and
macronutrients in cell culture media can drive metabolism to
different programs than in vivo. Hence, to better understand hu-
man brain metabolism, a combination of diverse model systems
will be necessary.
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(H-K') Sic7a5™:Emx1-Cre + mice present defects in sociability. (H) Representative heatmaps of control (top) and mutant (bottom) behavior during the first round
of the three-chamber sociability test (TCST). (I) Quantification of time spent in the chamber and (I') time spent sniffing (n = 14 mice per genotype; ****p < 0.00001,
**p < 0.01; *p < 0.05; "°p > 0.05; one-way ANOVA and Sidak’s multiple comparison test). (J) Representative heat maps of control (top) and mutant (bottom)
behavior during the second round of the TCST. (K) Quantification of time spent in the chamber and (K’) time spent sniffing (n = 9 mice per genotype; females only;
***p < 0.0001, **p < 0.01; *p < 0.05; "°p > 0.05; one-way ANOVA and Sidak’s multiple comparison test).
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rat monoclonal Anti-Ctip2 Abcam Cat#ab18465; RRID:AB_2064130
Rabbit polyclonal Anti-Cux1 Santa Cruz Cat#sc-13024; RRID:AB_2261231

Rabbit polyclonal Anti-lba1l

Rabbit monoclonal Anti-Gfap

Mouse monoclonal Anti-Parvalbumin

Rabbit polyclonal Anti-Cleaved-Caspase-3
Rabbit polyclonal Anti Human LAT1 (SLC7A5)
Rabbit polyclonal Anti-Gapdh

Rabbit monoclonal Anti-S6 ribosomal protein

Rabbit monoclonal Anti-phosphoS6
ribosomal protein240-244

Rabbit polyclonal Anti-phosphoS6
ribosomal protein®3%-2%6

Rabbit monoclonal Anti-4eibp1

Rabbit monoclonal Anti-phospho4ebp1
Rabbit polyclonal Anti-Atf4

Rabbit polyclonal Anti-Lamp1

Rabbit polyclonal Anti-Lc3-I/11

Rabbit polyclonal Anti-Eif2a

Rabbit polyclonal Anti-phosphoEif2a
Rabbit polyclonal Anti-AMPK

Rabbit monoclonal Anti-phosphoAMPK
Rabbit normal IgG control

FUJIFILM Wako

Cell Signaling Technologies
Chemicon

Cell Signaling Technologies
Transgenic Inc.

Millipore Merck

Cell Signaling Technologies
Cell Signaling Technologies

Cell Signaling Technologies

Cell Signaling Technologies
Cell Signaling Technologies
Proteintech

Abcam

Millipore Merck

Cell Signaling Technologies
Cell Signaling Technologies
Cell Signaling Technologies
Cell Signaling Technologies
Cell Signaling Technologies

Cat#019 19741; RRID:AB_839504
Cat#12389; RRID:AB_2631098
Cat#MAB1572;RRID:AB_2174013
Cat#9661; RRID:AB_2341188
Cat#KE026; RRID:AB_1627093
Cat#ABS16; RRID:AB_10806772
Cat#2217; RRID:AB_331355
Cat#5364; RRID:AB_10694233

Cat#2211; RRID:AB_331679

Cat#9644; RRID:AB_2097841
Cat#2855; RRID:AB_560835
Cat#10835; RRID:AB_2058600
Cat#ab24170; RRID:AB_775978
Cat#ABC929; RRID: N/A
Cat#9722; RRID:AB_2230924
Cat#9721; RRID:AB_330951
Cat#2532; RRID:AB_330331
Cat#2535; RRID:AB_331250
Cat#2729; RRID:AB_1031062

Rabbit IgG HRP Linked Whole Ab Cytiva Cat#NA934; RRID:AB_772206
Donkey anti-Rabbit IgG (H+L) Highly Invitrogen™ Cat#A-21206; RRID:AB_2535792
Cross-Adsorbed Secondary Antibody,

Alexa Fluor™ 488

Goat anti-Rabbit IgG (H+L) Highly Invitrogen™ Cat#A-11037; RRID:AB_2534095
Cross-Adsorbed Secondary Antibody,

Alexa Fluor™ 594

Donkey anti-Rat IgG (H+L) Highly Invitrogen™ Cat#A-21209; RRID:AB_2535795
Cross-Adsorbed Secondary Antibody,

Alexa Fluor™ 594

Goat anti-Mouse 1gG (H+L) Highly Invitrogen™ Cat#A-32723; RRID:AB_2633275
Cross-Adsorbed Secondary Antibody,

Alexa Fluor™ Plus 488

Streptavidin, Alexa Fluor™ 488 Conjugate Invitrogen™ Cat#S32354; RRID:AB_2315383
Chemicals, peptides, and recombinant proteins

DAPI (4’,6-Diamidino-2-Phenylindole, Invitrogen™ D1306

Dihydrochloride)

Cresyl Violet acetate Sigma Aldrich C5042

ROTI®Histol Carl Roth 6640.1

Osmium tetroxide EM Science Services E19110

Uranyl acetate EM AL-Labortechnik 77870.02

Propylene oxide EM Sigma Aldrich 82320
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Durucupan Component A Sigma Aldrich 44611
Durucupan Component B Sigma Aldrich 44611
Durucupan Component C Sigma Aldrich 44611
Durucupan Component D Sigma Aldrich 44611
IGEPAL® CA-630 (NP-40) Sigma Aldrich 13021
PPi (Sodium pyrophosphate dibasic) Sigma Aldrich 71501
Sodium orthovanadate (Na3VO4) Sigma Aldrich S6508
Bromophenol Blue Sigma Aldrich B0126
Pierce™ DTT Thermo Scientific™ 20290
Methanol (hypergrade for LC-MS LiChrosolv®) Supelco 1.06035
Acetonitrile (hypergrade for LC-MS LiChrosolv®) Supelco 1.00029
Water (hypergrade for LC-MS LiChrosolv®) Supelco 1.15333
Isopropanol (hypergrade for LC-MS) EMD Millipore 1.02781
Formic acid (LC-MS LiChropur®) Supelco 533002
Acetic acid (HPLC LiChropur®) Supelco 543808
Ammonium hydroxide (25 %, w:v) Supelco 105432
EquiSPLASH™ LIPIDOMIX® Quantitative Avanti Polar Lipids 330731-1EA
Mass Spec Internal Standard
Metabolomics amino acid mix standard Cambridge Isotope MSK-A2-1.2
Laboratories
EBSS, no calcium, no magnesium, Gibco™ 14155063
no phenol red
Bovine Serum Albumin Sigma Aldrich A9647
TRIzoI™ Reagent Invitrogen™ 15596026
cOmplete™, Mini, EDTA-free Protease Roche 4693159001
Inhibitor Cocktail
Sodium chloride VWR (Merck) 1.06404.1000
Sodium bicarbonate VWR (Merck) 1.06329.1000
Potassium chloride VWR (Merck) 26764.232
D-glucose VWR (Merck) 1.08342.1000
Sucrose Sigma Aldrich 16104
Magnesium chloride Honeywell M9272-1KG
Calcium chloride VWR (Merck) 1.02382.0250
N-Methyl-D-glucamine Sigma Aldrich M2004-500G
HEPES Sigma Aldrich M3375-100G
di-Sodium hydrogen phosphate dihydrate VWR (Merck) 1.06580.0500
(+)-Sodium L-ascorbate Sigma Aldrich 11140-250G
Thiourea Sigma Aldrich T8656-50G
Sodium pyruvate Sigma Aldrich P2256-25G
Adenosine 5’-triphosphate magnesium salt Sigma Aldrich A9187-1G
Guanosine 5’-triphosphate sodium salt hydrate Sigma Aldrich G8877-100MG
EGTA Sigma Aldrich EO396-100G
Potassium D-gluconate Sigma Aldrich G4500-100G
Phosphocreatine disodium salt hydrate Sigma Aldrich P7936-5G
Critical commercial assays
TruSeq Exome Library Kit lllumina 20020614
Pierce™ ECL Western Blotting Substrate Thermo Scientific™ 32106
SuperSignal™ West Pico PLUS Thermo Scientific™ 34577

Chemiluminescent Substrate

(Continued on next page)
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Papain Dissociation Kit Worthington Biochemical LK003150
Corp.

Pierce™ BCA Protein Assay Kit Thermo Scientific™ 23227

QuantSeq FWD 3’ mRNA-Seq Library Prep
Kits — with unique dual indexing

Agilent RNA 6000 Nano Kit

Agilent High Sensitivity DNA Kit
TMT10plex™ Isobaric Label Reagent Set
iST-NHS kit

RNA Clean & Concentrator-5 kit

FD Rapid GolgiStain™ Kit

RNAscope® Intro Pack for Multiplex
Fluorescent Reagent Kit v2- Mm

Lexogen

Agilent

Agilent

Thermo Scientific™
PreOmics GmbH

Zymo Research
FDNeurotechnologies Inc.
ACD

113-115 & 129-131

5067-1511
5067-4626
90406
P.0.00026
R1013
PK401
323136

Deposited data

Metabolomics & Lipidomics data
Proteomics data

Bulk RNA sequencing data
Single cell RNA sequencing data

Code

This paper
This paper
This paper
Di Bella et al.”?; Yuan et al.”®

This paper

MetabolLights: MTBLS6578
iProX: PXD038454
GEO: GSE218713
GEO: GSM4635077,
GEO: GSM4635080,
GEO: GSM4635081,
GEO: GSM4635078,
GEO: GSM4635079,
GEO: GSM5277845,
GEO: GSE204759
zenodo:
https://doi.org/10.5281/
zenodo.7358062

Experimental models: Organisms/strains

Mouse: B6.129P2-Slc7a5tm1.1Daca/J
Mouse: B6.Cg-Tg(Tek-cre)1Ywa/J
Mouse: B6.129S2-Emx1tm1(cre)Krj/J

Mouse: Gt(ROSA)26Sortm4
(ACTB-tdTomato,-EGFP)Luo/J

The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory

027252; RRID:IMSR_JAX:027252
008863; RRID:IMSR_JAX:008863
005628; RRID:IMSR_JAX:005628
007576; RRID:IMSR_JAX:007576

Mouse: MADM-8-GT Contreras et al.** N/A
Mouse: MADM-8-TG Contreras et al.** N/A
Oligonucleotides

qPCR primer_human: Q_SLC7A5_In2-3F: This paper N/A
CGCTCATCAGATAGCCAGGAAA

qPCR primer_human: Q_SLC7A5_In2-3R: This paper N/A
TTGAAGCCAAACAGGAGACAGG

qPCR primer_human: Q_SLC7A5_In4-5F: This paper N/A
GTGTGTCCTTGAGCACGGTTTC

qPCR primer_human: Q_SLC7A5_In4-5R: This paper N/A
CCTGAGAAATGGGGATTCTTCG

qPCR primer_human: Q_SLC7A5_In5-6F: This paper N/A
CAGAGGAAGTGTCTGGGGATCA

gPCR primer_human: Q_SLC7A5_In5-6R: This paper N/A
CCACTCTGTGGCAGACTCCAAT

qPCR primer_human: Q_SLC7A5_In5-6F2: This paper N/A
AGTCCAGGGCAGAGGTCATTTTA

qPCR primer_human: Q_SLC7A5_In5-6R2: This paper N/A

GAGTCAGAGCTTGTTCAGTAGGAAGC
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qPCR primer_human: Q_SLC7A5_In7-8F This paper N/A
ACCACATTTGGGTTAAGGACAGG

qPCR primer_human: Q_SLC7A5_In7-8F This paper N/A
AGGTCCTGGCCCTTGCTTACTA

gPCR primer_human: Q_SLC7A5_3UTR_F: This paper N/A
CCAAGAAAGCAGGGCTTCCTAA

qPCR primer_human: Q_SLC7A5_3UTR_R: This paper N/A
GGTTTAATGTGCGTCTCCATGC

gPCR primer_human: Q_KLHDC4_In1-2F: This paper N/A
TGACCTTGGGGTTGAGTGTTCT

qPCR primer_human: Q_KLHDC4_In1-2R: This paper N/A
AGGGACAAAGGACTGTGGTCAA

qPCR primer_human: Q_KLHDC4_In4-5F: This paper N/A
AGTGAATGACCTGTGTGGTCAGTG

gPCR primer_human: Q_KLHDC4_In4-5R: This paper N/A
CTATGGGAGAAAAAGCCCTGGA

qPCR primer_human: Q_KLHDC4_In5-6F: This paper N/A
TGGAGTCTGTGGAACTGTGAAGTG

qPCR primer_human: Q_KLHDC4_In5-6R: This paper N/A
CCATGGAATGTCAACCAGAAGC

qPCR primer_human: Q_KLHDC4_In7-8F: This paper N/A
TGAGCAAGTAGAGGTGGCTTGG

qPCR primer_human: Q_KLHDC4_In7-8R: This paper N/A
GGTGAGCAGAAGGACAAGGACA

Genotyping primer — Slc7a5"; forward Sinclair et al.” N/A
CCA TCT CGG CAG TTC CAG GC

Genotyping primer — Slc7a5"; reverse Sinclair et al.” N/A
GGT GCT TTG CTG AAG GCA GGG

Genotyping primer — recombination of This paper N/A
floxed-exon1 (Slc7ab5); forward CAG CTC

CTT TCT CCA GTT AAG C

Genotyping primer — recombination of This paper N/A
floxed-exon1 (Slc7a5); reverse GAC AGC

CTG AAG TAA AAT TCC C

Genotyping primer — Cre recombinase; This paper N/A
forward GTC CAA TTT ACT GAC CGT ACA CC

Genotyping primer — Cre recombinase; This paper N/A
reverse GTT ATT CGG ATC ATC AGC TAC ACC

RNAscope® Probe - Mm-Sic7a5-E1 - ACD 472571
musculus solute carrier family 7

member 5 (Slc7a5) mRNA

RNAscope® Probe - Mm-Sic7a5 - Mus ACD 461031
musculus solute carrier family 7

member 5 (Slc7a5) mRNA

TSA Vivid650 Tocris 7536

Software and algorithms

VarSeq

ZEN Digital Imaging for
Light Microscopy

ImagedJ

Golden Helix Inc®

Zeiss

Schneider et al.”®

https://www.goldenhelix.com/
products/VarSeq/

http://www.zeiss.com/microscopy/
en_us/products/microscope-software/
zen.html#introduction

https://imagej.nih.gov/ij/

(Continued on next page)

Cell 186, 1950-1967.e1-e14, April 27, 2023 e4


https://www.goldenhelix.com/products/VarSeq/
https://www.goldenhelix.com/products/VarSeq/
http://www.zeiss.com/microscopy/en_us/products/microscope-software/zen.html#introduction
http://www.zeiss.com/microscopy/en_us/products/microscope-software/zen.html#introduction
http://www.zeiss.com/microscopy/en_us/products/microscope-software/zen.html#introduction
https://imagej.nih.gov/ij/

¢? CellPress

OPEN ACCESS

Cell

Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Graphpad Prism 9.0 Graphpad https://www.graphpad.com/

Imaris Microscopy Image
Analysis Software

MS-DIAL
TraceFinder

Compound Discoverer
Software 3.0

MaxQuant (1.6.17.0)
limma package v4.2
topGO v2.50.0
Rv4.1.2

Seurat v4.1.0
GenBinomApps v1.2

Origin 2018 (64 bit)
Clampfit v10.7

Clampex v10.7

NeuronStudio

Galaxy web platform
STAR v2.5.4

DESeq?2 v1.34.0
GOstats v2.36.0
FASTX toolkit v0.0.14
Huygens Professional software v15.0
EthoVision XT 11.5
Python 3.9.4
Scikit-learn 1.1.2
Pandas 1.3.5

numpy 1.22.4
statsmodels 0.13.1

Scipy 1.7.3
Seaborn 0.11.2

Oxford Instruments

Tsugawa et al.”®
Thermo Scientific™

Thermo Fisher Scientific™

Tyanova et al.””

Ritchie et al.”®
N/A

N/A

Hao et al.”®

N/A

Origin Lab
Molecular Devices

Molecular Devices

Wearne et al.?°

Afgan et al.®’

Dobin et al.®?
Love et al.**
Falcon et al.®*
Hannon Lab
Scientific Volume Imaging
Noldus

conda
Pedregosa et al.®®
McKinney et al.®®
Harris et al.®”
Seabold et al.®®

Virtanen et al.®®
Waskom et al.*°

scientific-software/prism/

https://imaris.oxinst.com/

N/A

https://www.thermofisher.com/
at/en/home/industrial/mass-spectrometry/
liquid-chromatography-mass-spectrometry-
Ic-ms/Ic-ms-software/lc-ms-data-acquisition-
software/tracefinder-software.html

https://www.thermofisher.com

https://www.maxquant.org/
http://www.bioconductor.org
http://www.bioconductor.org
https://www.r-project.org/
http://www.bioconductor.org

https://cran.r-project.org/
package=GenBinomApps

https://www.originlab.com/

https://support.moleculardevices.com/
s/article/Axon-pCLAMP-10-Electrophysiology-
Data-Acquisition-Analysis-Software-Download-Page

https://support.moleculardevices.com/s/article/
Axon-pCLAMP-10-Electrophysiology-Data-
Acquisition-Analysis-Software-Download-Page

N/A

https://usegalaxy.org/
https://github.com/alexdobin/STAR
http://www.bioconductor.org
http://www.bioconductor.org
http://hannonlab.cshl.edu/fastx_toolkit/
https://svi.nl/HomePage
https://www.noldus.com/ethovision-xt
https://www.python.org/
https://scikit-learn.org/stable/index.html
https://pandas.pydata.org/
https://numpy.org/

https://www.statsmodels.org/
stable/index.html

https://scipy.org/
https://seaborn.pydata.org/

Python-ternary 1.0.8 PyPI https://github.com/marcharper/
python-ternary

thefuzz 0.19.0 PyPI https://github.com/seatgeek/thefuzz

Python-levenshtein 0.12.2 PyPI https://github.com/ztane/python-Levenshtein/

Matplotlib 3.5.2 Hunter et al.®’ https://matplotlib.org/

Jupyterlab 3.5.0 PyPI https://jupyter.org/

Other

CFX Connect™ Real-Time Bio-Rad 1855201

PCR Detection System
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Immobilon®-P PVDF Membrane Millipore IPVHO0010
Tissue-Tek® O.C.T. Compound Sakura® Finetek 4583

DAKO fluorescent mounting medium Dako S3023

DPX Mountant for histology Sigma-Aldrich 06522
SuperFrost Plus™ Adhesion slides Epredia™ 10149870
ProLong™ Gold Antifade Mountant Invitrogen™ P36930
Disposable pestles Bel-Art® BAF199230001
iHILIC®-(P) Class