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SUMMARY

Adequate sleep (AS) is vital for physiological functions, yet a third of US adults sleep less than recommended.
While circadian rhythms regulate adult stem cell functions, the impact of insufficient sleep remains unclear.
We previously completed a clinical trial in healthy women in a randomized crossover design of 6-week pe-
riods with AS or mildly restricted sleep (RS; 1.5 h less). Here, we performed metabolomic and proteomic
profiling of plasma samples. RS induced a stress-like state, highlighted by ER stress, heat shock, ubiquitina-
tion proteins, and amino acid biosynthesis. RS was strongly linked to disrupted neural development. Treating
neural stem cells (NSCs) derived from human embryonic stem cells with RS-enriched metabolites disrupted
G1 cell cycle phase and impaired differentiation into neurons, astrocytes, and oligodendrocytes. Our findings
reveal how mild RS, mimicking “real-life” conditions, disrupts NSC divisions and differentiation, highlighting
the critical role of sleep in adult stem cell regulation and neural development.

INTRODUCTION

Despite sleep being an essential and non-negotiable bodily func-
tion, humans are the only species that voluntarily curtail it.
Adequate sleep (AS) of 7-9 h/night’? is necessary for most
adults to achieve optimal daytime performance and well-being.
Chronic insufficient sleep is associated with impaired mental,
cognitive, and behavioral health, an increased risk of metabolic,
cardiovascular, and immunological diseases,’ and a shortened
life span.*®

Longevity regulation is intricately linked to circadian rhythm
and stem cell pluripotency network.”® AS promotes a suitable
microenvironment for stem cells to proliferate, migrate, and
differentiate, thus maintaining homeostasis. Circadian rhythm
genes directly control various stem cells, including germline
stem cells in drosophila,® bone marrow mesenchymal,'® embry-
onic,"" epidermal,’®'® and neural’*'® stem cells in the mouse.
Sleep interruption modifies hematopoietic stem cell epigenome
and, thus, hematopoiesis in humans and mice.'®'® In mice,
sleep deprivation also leads to reduced hematopoietic stem
cell transplantation efficiency'® and hyperproliferation of corneal

)

Gheck for
Updates

epithelial progenitor cells, followed by scarcity after long-term
sleep deprivation.?® Patients with obstructive sleep apnea, char-
acterized by sleep fragmentation and deprivation, have a 3- to
4-fold reduction in bone marrow-derived endothelial progenitor
cells compared to healthy individuals.?'*? Similarly, sleep-regu-
lated molecules, such as hormones (e.g., melatonin, serotonin,
vasopressin, and growth hormone),?® lactate,’* and gluta-
mine®>*° are reported to control stem cell homeostasis. Howev-
er, the biomarkers of sleep deprivation, especially in humans, are
not clearly defined.

Several metabolomics and proteomics studies have
begun identifying key biomarkers of restricted sleep (RS) in
mice. However, such studies of metabolomics®®**~" and prote-
omics®® in humans are limited, and integrated multiomics ap-
proaches have only been applied in rodents.®**° Limitations of
existing human studies include the use of severe, short-term
sleep restriction interventions (1-10 days) that may not reflect
typical sleep patterns, small sample sizes (n < 10) (reviewed by
ref. 41), and the lack of sufficiently long, objectively monitored,
randomized sleep restriction intervention, as well as limited
experimental validations on the consequences of sleep
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restriction. Consequently, the direct effects of mild and chronic
sleep restriction, a sleep pattern practiced by a third of the adult
population in the United States, on adult stem cells remain unde-
fined. Thus, our understanding of the causal relationship be-
tween sleep restriction and stem cell homeostasis remains
obscure.

Sleep requirements may differ for different sexes. For
example, women may need longer sleep than men for optimal
daytime functioning.*>*> Women are more likely to suffer from
anxiety* and depression,*® which may also be related to a
40% greater prevalence of insomnia than men.““*® Further-
more, women have greater pro-inflammatory responses and a
more pronounced cardiovascular risk associated with insuffi-
cient sleep.*®"°2 Since sleep restriction affects women differently
and more severely than men, we previously conducted a clinical
trial focusing on women (ClinicalTrials.gov NCT02835261) and
discovered that sleep restriction increases endothelial inflamma-
tion, resulting in endothelial dysfunction in healthy women.%°*
Here, we aimed to identify sleep restriction biomarkers and un-
derstand their effects on restorative and regenerative functions
in women.

Using a randomized crossover design and metabolomic and
proteomic profiling of plasma collected from women after
6 weeks of objectively monitored AS or RS, the longest trial to
date, we identified key metabolites and proteins that are altered
with sleep restriction. Specifically, we found that essential bio-
molecules, i.e., glutamic acid and methionine, accumulated in
sleep-restricted women’s plasma and could negatively impact
neural stem cell (NSC) homeostasis and differentiation potential
when tested in vitro. We also identified endoplasmic reticulum
(ER) stress response pathway activation as the highly conserved
adaptive protection response to sleep restriction in women.
These findings suggest that chronic, insufficient sleep modifies
stress response pathways, inducing changes in NSC homeosta-
sis and a potentially increasing risk for neurodegenerative dis-
eases in the long term.

RESULTS

Plasma metabolomic profiles identified candidate
metabolites as potential biomarkers for adequate
versus restricted sleep

We used blood plasma samples collected from healthy women
(n = 20; mean + SD: age 27 + 4 years; BMI 25.2 + 2.7 kg/m?;
50% racial and ethnic minorities, Table S1) who participated in
our sleep restriction clinical trial (ClinicalTrials.gov NCT0283
5261). After completing a 2-week actigraphy screening to estab-
lish that their habitual sleep duration is adequate (7-9 h daily),
healthy women were randomized to a 6-week AS phase (sleep
duration between regular bedtime and wake-time determined
during actigraphy screening) or a 6-week RS phase (delaying
bedtime by 1.5 h and keeping wake-up time constant) followed
by a 6-week washout period and crossover to the alternate sleep
phase. Sleep duration was monitored objectively by actigraphy
during both study phases (Figure 1A; see STAR Methods for de-
tails). Using a combination of flow injection analysis-tandem
mass spectrometry (FIA-MS/MS; for lipids and hexoses) and
liquid chromatography-tandem mass spectrometry (LC-MS/
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MS; for small molecules), we studied 630 biochemicals repre-
senting 23 classes, including amino acids, bile acids, fatty acids,
acylcarnitines, cholesterol esters, di- and tri-glycerides by tar-
geted metabolomics (Figure S1A; Table S2). Partial least
squares-discriminant analysis (PLS-DA) of all data showed a
clear variation in the metabolomes of AS and RS samples
(Figure 1B), where lipids, amino acids, and bile acids were
among the main contributing factors to these differences
(Figure S1B). We also performed fold-change analysis and under
RS conditions identified 97 upregulated and 21 downregulated
(or upregulated in AS) metabolites (Figure 1C; Table S3), consist-
ing of triglycerols, unsaturated fatty acids, amino acids, and fatty
acyl carnitines among a range of classes (Figure S1C).

Next, we combined the results of both the PLS-DA (Figure 1B)
and fold-change (Figure 1C) analyses to shortlist the top 5 can-
didates based on the PLS-DA VIP (variable importance in projec-
tion) score and another top 5 based on fold-change (t-test)
(Figures 1D and S1D). We identified TG(20:1_32:3), a triglyceride,
and DG(16:0_18:1), a diglyceride, as the top candidates for AS
in both PLS-DA VIP and t-test-based analyses. In contrast,
the circulating levels of arachidonic acid, fatty acids (FA(18:1)
and FA(20:2)), amino acids (glutamic acid and methionine), and
LysoPC a C20:3 were increased under RS conditions
(Figures 1C and 1D). In summary, our study identified candidate
metabolites as potential biomarkers enriched or depleted af-
ter RS.

Plasma proteomic profiles identified protein folding and
stress signaling pathways after mild sleep restriction in
women

To better understand the molecular consequences of sleep re-
striction, we performed proteomics in parallel on the same
plasma samples (Figure S2A). Of the 1001 identified proteins
(Table S4), 253 were upregulated and 113 were downregulated
(absolute difference fold change 0.1) in RS compared to AS
(Figure 2A; Table S5). Among the 253 enriched proteins under
RS conditions, many of them significantly (p-value <1.0e-16)
interact with one another (Figure S2B). Many were involved in
actin cytoskeleton organization (n = 16), protein folding/stability
(n=10), stress response (n = 20), and G2/M cell cycle checkpoint
(n = 4), among other biological processes and Reactome path-
ways (Figure S2B; Table S6). Proteins associated with the above
four gene ontology (GO) terms were expressed significantly
higher in RS than in AS conditions (Figure S2C).

A comparative GO analysis of differentially expressed proteins
showed enrichment of terms such as “formation of cornified en-
velope” and “adaptive immune response” in AS compared to RS
(Figure 2B). In contrast, GO terms such as “protein stability (poly-
merization, folding, polyubiquitination),” “stress induced heat
shock proteins,” and ‘“signaling pathways (neurotrophin, FAS
ligand, and IkB/NF-kB)” were enriched in RS conditions, sug-
gesting that sleep restriction led to the activation of stress
response (Figure 2B). Furthermore, we have recently shown
that the nuclear NF-xB levels were indeed greater in the endothe-
lial cells obtained from women after RS compared to AS,* thus
corroborating our proteomics findings. Notably, interacting pro-
teins (Figure S2B), including heat shock proteins (e.g., HSPAS,
HSPA1A/B), ubiquitination proteins (e.g., UBE2V1), cell cycle
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Figure 1. The metabolic profile separated sleep restriction from adequate sleep samples

(A) Schematic representation of sleep restriction study (ClinicalTrials.gov NCT02835261°°°%). Plasma samples from women (n = 20) between 21 and 35 years of
age were selected for multiomics in the current study. The age of each participant is indicated. Plasma samples were obtained after both adequate and restricted
sleep phases. See STAR Methods and Table S1 for participants’ details.

(B) PLS-DA plot showing the separation of adequate (green) from restricted sleep (red) conditions. Each point represents one woman, and the dotted ellipses
represent 95% confidence intervals. The samples are from the crossover study and, therefore, are paired. Alphabets in green represent data from individuals who
received adequate sleep, while the corresponding alphabets with a dash in red represent data from the same woman after experiencing restricted sleep. See also
Table S2.

(C) Volcano plots showing the distribution of fold changes in metabolite concentrations between adequate and restricted sleep conditions with selected can-
didates highlighted. The vertical dashed lines represent the absolute log, fold change (>0.1) cut-off. The numbers of differentially enriched metabolites are
indicated at the top, and details are provided in Table S3.

(D) Heatmaps showing the top 5 regulated metabolites based on either VIP score from PLS-DA (upper panel) or t-test (lower panel) analyses in adequate and
restricted sleep conditions. See also Figure S1.

regulator (YWHAB), and cytoskeleton proteins (e.g., ACTB,
ACTBL2), were significantly upregulated in RS (Figures 2C
and 2D).

The enrichment of the “adaptive immune response” under AS
conditions (Figure 2B) aligns well with previous reports suggest-
ing the beneficial roles of AS before and after vaccination in
generating higher antibodly titers,® as well as a better secondary
antibody response®® and a higher fraction of interferon-y (IFN-
y)-positive immune cells.®® Previous work using proteomics in
mice also suggests that I-xB/NF-xB,°* protein folding,*%*:5°
and stress response®>*>® increase during sleep restriction,
highlighting species-level conservation of these response path-
ways to sleep restriction. Heat shock proteins, and HSPAS8 in

particular, have been reported to increase after sleep disrup-
tion.®"+33:66-68 Together, these results suggest that sleep restric-
tion may lead to the perturbation of cellular immunity, induction
of stress responses, protein ubiquitination, and homeostatic
imbalance.

The activation of the stress response after sleep
restriction is associated with ATF6/ER stress response
To explore the potential molecular mechanism underlying differ-
ential protein enrichment in RS versus AS in women, we focused
on transcription factors (TFs) due to their prominent roles in gene
regulation. The intersection of differentially upregulated proteins
under RS conditions (n = 253) with the list of publicly annotated
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Figure 2. Plasma proteomic profiles identified protein folding and stress signaling pathways associated with sleep-restricted women
(A) Volcano plot of differential protein expression between adequate and restricted sleep conditions using Perseus.”® The vertical dashed lines represent the
absolute difference (>0.1) cut-off, and selected candidates are highlighted. The numbers of differentially enriched proteins are indicated on the top, and details

are provided in Tables S4 and S5.
(B) GO analysis of 253 and 113 proteins from (A) using metascape.”® See also Table S6.

(C) Protein-protein interaction analysis maps drawn using differentially expressed proteins associated with GO terms in (B) with metascape.®®
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TFs (n = 2765)°7 identified ATF6 as the sole overlapping TF
(Figure 2E). ATF6 regulates organogenesis and tissue homeosta-
sis with established roles in protein folding, ER stress sensing,
and the activation of stress response pathways to establish a
protective cellular state.®® Notably, ATF6 signaling is also a
part of sleep fragmentation-induced ER stress.”® The prominent
enrichment of GO terms involving protein stability and folding
upon sleep restriction (Figure 2B) prompted us to test the hy-
pothesis that ATF6 may act as a major regulator of RS-induced
proteostasis by transcriptionally activating and/or physically in-
teracting with those factors enriched in sleep-restricted women.

By intersecting previously identified partners of ATF6°° with
proteins upregulated under RS conditions, we identified 13 over-
lapping proteins (Figure 2F), including ATF6, chaperones (PDIA3
and P4HB), cytoskeleton regulators (ACTB and CFL1), peptidyl-
prolyl cis-trans isomerase (PPIA), antioxidants (PRDX1/6), glyco-
lytic enzymes (ALDOA, GAPDH, and ENO1), heat shock protein
(HSPAB8), and immunoglobulin (IGLV1-47) (Figure S2D). ATF6 is a
TF that homodimerizes and binds to promoter regions of target
genes upon its activation following ER stress sensing.®® Interest-
ingly, when analyzing publicly available ATF6 ChIP-seq data in
HepG2 cells,”® we found that the promoters of almost all (except
IGLV1-47, which was not detected in the RefSeq database) of
the above 13 protein-coding genes contain a binding site for
ATF6 (Figure S2E), supporting the key role of ATF6 in transcrip-
tional activation of these genes in RS-induced proteostasis.
Consistently, ATF6 has been shown to activate PDIA3 in
zebrafish”" and human mesenchymal stem cells’® by binding
directly at the consensus ERSE (ER stress response element)
CCAATNgCCAC[GA]”® motif in the promoter region (Figure
S2E). ATF6 binding to its own promoter may suggest autoregu-
lation. ATF6-interacting and target proteins that were upregu-
lated after RS showed a significant protein-protein interaction
network (PPl enrichment p-value <1.0e-16) and were associated
with KEGG pathway terms such as “carbon metabolism,” “HIF-
1 signaling pathway,” “biosynthesis of amino acids,” “glycol-
ysis/gluconeogenesis,” “antigen processing and presentation,”
and “protein processing in the endoplasmic reticulum”
(Figure 2G). Together, our data highlight a close-knit stress
response circuit activated upon sleep restriction through ATF6
and its downstream pathway.

Derivation of FUCCI-hNSCs as a model system for
studying adult stem cell functions after sleep restriction
To better understand the functional interaction between metab-
olites and proteins after sleep restriction, we performed a joint
network analysis using differentially enriched top metabolites
(n = 25, absolute fold change >0.2) and proteins (n = 83; absolute
difference >0.2, Table S7). We observed “estrogen and neuro-
trophin signaling pathways,” “long-term depression/potentia-
tion,” “glutathione metabolism,” and “circadian entrainment”
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among the top 25 enriched GO terms, with “D-glutamine/D-
glutamate metabolism” and ‘“glutamatergic/dopaminergic
synapse” as additional enriched GO terms (Figure 3A). Corrobo-
rating our findings, enrichment of the GO term “long-term poten-
tiation” has been reported in a sleep-restricted rat hypothalamus
proteomic study.®® As numerous top enriched terms are related
to the nervous system and more than half of the candidate pro-
teins are expressed in the brain (Figure S3A), we examined how
sleep restriction affects adult stem cell homeostasis using a hu-
man neural stem cell (hNNSC) model.

We used the fluorescent, ubiquitination-based cell cycle indi-
cator (FUCCI) reporter system (Figure 3B), which utilizes two cell
cycle-specific proteins with red (CDT1-Kusabira orange 2) and
green (Geminin-Azami green 1) fluorescent proteins to visually
track different phases of the cell cycle in living cells.””"® We con-
verted FUCCI-hESCs (human embryonic stem cells) to FUCCI-
hNSCs using defined culture conditions (Figure S3B), which
was further confirmed by cell morphology (Figure S3C) and the
expression of lineage-specific markers measured by qRT-PCR
(Figure S3D). The FUCCI-hESCs underwent morphological
changes to become FUCCI-hNSCs within 7 days (passage 0),
which showed elongated cells on day 13 (passage 1) compared
to the compact, round colony morphology at day 0 (Figure S3C).
These NSCs show an immediate shutdown of pluripotency
markers (e.g., OCT4 and NANOG) and a gradual increase of
NSC markers (e.g., PAX6 and NESTIN) at mRNA levels
(Figure S3D). To further characterize these cells, we performed
live-cell imaging and FACS analysis. We found that FUCCI-
hESCs have only 7.67% cells in the G1 phase and a larger pop-
ulation (39.19%) in the S/G2/M phase of the cell cycle
(Figures 3B and 3C). In contrast, hNSCs have a larger population
in the G1 phase (27.83%) while only 19.23% in the S/G2/M
phases of the cell cycle, coinciding with a slower growth rate
of hNSCs than hESCs.”® Thus, we successfully established the
FUCCI reporter hNSCs model system for studying the conse-
quences of molecules accumulated under RS conditions.

Treatment with glutamic acid and methionine alters cell
proliferation and cell cycle profiles in hNSCs

To investigate the effects of sleep restriction, we subjected
FUCCI-hNSCs to treatment using pooled plasma samples from
women in corresponding groups with either AS or RS. The limited
availability of plasma samples restricted the treatment to a
maximum of 13 days, with plasma supplementation every other
day, from which RNA-seq analyses were performed. Compared
to untreated FUCCI-hNSCs, we observed transcriptional differ-
ences after both adequate (n = 99, log, fold change 1 and p-value
0.05) and restricted (n = 129, log, fold change 1 and p-value 0.05)
sleep plasma treatments (Figure S4A; Table S8). However,
comparing AS and RS plasma-treated FUCCI-hNSCs did not
reveal significant transcriptional differences after 13 days of

(D) Boxplots of significantly overexpressed protein candidates under sleep restriction conditions from the protein-protein interaction map in (C) under adequate
and restricted sleep conditions. The indicated p-values were calculated using the paired t-test (R function t-test).
(E and F) Venn diagram showing the intersection of proteins upregulated under sleep restriction conditions (from Figure 2A) with human TFs®’ (E) and the ATF6

interactome®® (F).

(G) Using STRING,***° a protein-protein interaction map of overlapping proteins (n = 13) was drawn in the ATF6 interactome and the sleep restriction condition.
Non-interacting proteins were removed, and line thickness represents the strength of the data support. See also Figure S2.
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Figure 3. Candidates identified from sleep restriction metabolomics and proteomics are associated with the regulation of the nervous

system

(A) Joint network analysis using MetaboAnalyst”*"® using the top protein (Proteins FC > 0.5 (n = 82) and metabolite FC > 0.2 (n = 25)) candidates (Table S7). The
node color is based on its p-value from the pathway enrichment analysis, and the node radius is determined based on their pathway impact values from the

pathway topology analysis.

(B) Overview of the FUCCI system based on the fusion of two cell cycle-specific proteins with red (CDT1-Kusabira orange 2) and green (Geminin-Azami green 1)
fluorescent proteins, respectively.’” Representative whole-well live cell scans from a 96-well plate using UV (Hoechst staining), green and red channels for
FUCCI-hESCs (top) and FUCCI-hNSCs (bottom) with a 10x objective lens. The scale bar is 0.5 mm.

(C) Flow cytometry analysis of the relative proportion of FUCCI-hESCs and FUCCI-hNSCs in each cell cycle phase. Percentages are indicated in each gate. See

also Figure S83.

treatment (Figure S4A). Consequently, we used a more targeted
approach by shortlisting amino acids (glutamic acid and methio-
nine) as primary metabolite candidates among those enriched af-
ter RS (Figures 1C and 1D), which allowed for a longer treatment of
FUCCI-hNSCs corresponding with women’s RS exposure in our
study. These metabolites were selected for the following reasons:
(1) Multiomics GO terms are associated with the nervous system
and glutamic acid-related biology (Figure 3A); (2) GO terms asso-
ciated with the ATF6 interactome proteins upregulated upon RS
were related to “amino acid biosynthesis” (Figure 2G), and it is re-
ported that ER stress is associated with amino acid biosyn-
thesis®’; (3) amino acids can cross the blood-brain barrier,®" mak-
ing them feasible candidates in RS plasma samples to affect NSC
functions in the brain; (4) glutamate, the ionized form of glutamic
acid, was reported to have high expression during the wake phase
and reduced expression during the sleep cycle.®*® In a metabo-
lomics study, methionine was reported to be enriched after sleep
restriction®®; and, finally, (5) amino acids are readily available
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commercially and amenable to drug development. However,
how these two candidate metabolites control NSC homeostasis
has not been studied.

Guided by the circulating maximum plasma concentration of
glutamic acid (178 pM) and methionine (33.7 pM) observed in hu-
man plasma samples (Table S2), we first treated FUCCI-hNSCs
for four days with glutamic acid (200 pM) and methionine (35 pM),
respectively, which did not cause any noticeable death of
FUCCI-hNSCs but instead showed a higher cell density than un-
treated cells (Figure S4B). Upon counting cells according to
Hoechst staining using live cell imaging (Figure 4A), we found
that treatment with glutamic acid and methionine significantly
increased cell count compared to the untreated hNSCs
(Figure 4B), suggesting increased self-renewal of treated
hNSCs. However, the sleep restriction in women was prolonged
in our study. Thus, we treated these cells for 30 days with fresh
supplementation of metabolites every other day (Figure 4C).
Further FACS analysis revealed a massive decrease in the red
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Figure 4. Long-term glutamic acid and methionine treatments cause cell cycle (G1-phase) dysregulation in FUCCI-hNSCs

(A and B) (A) Schematic representation for the short-term (four-days) treatment of FUCCI-hNSCs with metabolites (glutamic acid-200 pM or methionine-35 uM);
representative whole-well live cell scans (lower panel) from a 96-well plate using UV (Hoechst staining), green and red channels with a 10x objective lens and
(B) cell counts based on Hoechst staining signal (in the right panel) using CellProfiler.®* Each data point (n = 3 biological replicates, each with n = 3, technical
replicates) is shown with the mean as a plus symbol; indicated p-values were calculated using Student’s t test. The scale bar is 0.5 mm.

(C) Schematic representation for long-term (thirty days) treatment of FUCCI-hNSCs with metabolites (glutamic acid-200 pM or methionine-35 uM); see STAR

Methods for details.

(D and E) Flow cytometry (D) analysis and (E) quantification of the relative proportion of control and treated FUCCI-hNSCs in each cell-cycle phase. Percentages
are indicated in each gate. Each data point (n = 3 or 4 biological replicates) is shown in E.

(F) FUCCI-hNSCs proliferation rate determined using an MTT-based assay after a long-term (thirty days) treatment with glutamic acid and methionine. Each data
point (n = 3 biological replicates, each with n = 5, technical replicates) is shown with the mean as a square-cross symbol; indicated p-values were calculated using

Student’s t test. See also Figure S4.

populations (suggestive of a shortened G1 phase) and an in-
crease in yellow populations (suggestive of cells stuck at the
G1/S checkpoint) in glutamic acid and methionine treatment
conditions compared to the control NSCs (Figures 4D and 4E).
Importantly, long-term treatment of hNSCs with glutamic acid
and methionine maintained significantly higher proliferation rates
than untreated hNSCs (Figure 4F). The G1 phase is the main
determinant of stem cell differentiation,®® and a shortened G1
in NSCs is correlated with inhibited neurogenesis and increased
self-renewal proliferation.?® Together, our results suggest that

sleep restriction could compromise neurogenesis in women
owing to the dysregulated NSC homeostasis resulting from the
impact of accumulated glutamic acid and methionine.

Stemness decline and stress response increase in
metabolite-treated hNSCs converge at HSPA8 and ATF-
mediated ER stress response

To gain a molecular understanding of the effect of the long-term
treatment of glutamic acid and methionine on FUCCI-hNSCs,
we performed RNA-seq to scrutinize their transcriptional
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Figure 5. Long-term glutamic acid and methionine treatments reduce stemness and increase stress in hNSCs

(A) Volcano plots of differential gene expression of untreated versus glutamic acid (left panel) or methionine treated (right) with selected candidates highlighted.
The horizontal and vertical dashed lines represent the false discovery rate (FDR, 0.05) and log, fold change (+0.5) cut-offs, respectively. The numbers of
differentially expressed genes are indicated on the top corners, and details are provided in Tables S9 and S10.

(B) GO analysis using metascape®® for differentially expressed top 100 genes from untreated versus glutamic acid (left) or methionine (right) treated FUCCI-

hNSCs.

(C) Boxplots of RNA-seq signals of selected genes associated with indicated GO terms from heat maps in (B). “n” indicates the number of genes associated with

each GO term; p-values were determined using the Mann-Whitney Wilcoxon test.

(D) Heatmap shows the expression of selected neural stem cell markers for untreated versus glutamic acid or methionine-treated FUCCI-hNSCs. Data are

presented as Z score normalized counts.
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signatures. Treatments with glutamic acid (415 up and 631 down,
log, fold change >1 and g-value <0.05) or methionine (516 up and
803 down genes) led to a larger transcriptional difference than un-
treated FUCCI-hNSCs (Figure 5A; Tables S9 and S10). However,
the transcriptional profile was only subtly different between gluta-
mic acid and methionine treatments (25 up and 38 down,
Figures S5A and S5B; Table S11), suggesting that long-term
exposure to these two metabolites has overlapping effects in
hNSCs. Remarkably, the top 100 differentially expressed genes
(Figure S5C) from glutamic acid (Glu)- or methionine (Met)-treated
versus untreated hNSCs (NSC) are similarly enriched for the GO
terms like “brain development,” “diencephalon development,”
and “gliogenesis” (Figure 5B). However, Glu- and Met-treated
compared to untreated NSC cells also differ in their enrichment
of GO terms “cell fate commitment” and “stem cell proliferation,”
respectively (Figure 5B). Notably, the expression of gliogenesis-
related genes is downregulated. In contrast, the expression of
stem cell proliferation- and cell fate commitment-related genes
is upregulated in Glu- and Met-treated versus untreated NSCs
(Figures 5C, S5C, and S5D). Consistently, both treatments
showed a striking downregulation of NSC markers, including
PAX, POU, and SOX family members (Figures 5D and 5E), sug-
gesting that NSC stemness is compromised.

Next, upon intersecting the proteins upregulated after sleep
restriction in women (Figure 2A) with transcripts upregulated
following the two metabolite treatments (Figure 5A), HSPA8
emerged, alongside 13 other candidates, as a pivotal node or
convergence point in the signaling pathways influenced by sleep
restriction in vivo and metabolite effects in vitro (Figures 5F, S5E,
and S5F). Consistently, both HSPA8 mRNA and protein levels
were elevated in glutamic acid- and methionine-treated
compared to untreated NSCs (Figures 5G and 5H). HSPAS8 is
associated with ER stress response,®” which acts through three
molecular pathways (PERK, IREI, and ATF6) (Figure S5G). Since
sleep fragmentation-induced ER stress involves ATF6
signaling,”® and we had observed ATF6 overexpression in
sleep-restricted women (Figures 2A and 2E-2G), we wondered
if ATF6 expression could be altered in our ANSC models treated
with the two metabolites. However, we did not find increased
expression of ATF6 (Figure S5H); instead, we found higher
mRNA levels of ATF4 and EIF2a, ER stress response genes
downstream of the PERK pathway (Figure S5G), in metabolite-
treated than in untreated hNSCs (Figure S5H). Notably, phos-
phorylated EIF2a protein, but not the total EIF2a protein,
increases following metabolite treatments compared to un-
treated NSCs (Figure S5I). These data indicate that prolonged
treatment of hNSCs with glutamic acid and methionine accumu-
lated in sleep-restricted women resulted in stemness decline
due to significant transcriptional alterations of NSC markers
and genes associated with NSC proliferation and cell fate
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commitment, which converge at HSPA8 and the ER stress
response pathway.

Metabolite-treated hNSCs demonstrate a reduced
differentiation potential

The altered cell cycle profile (Figure 4) and the stemness decline
(Figure 5) of metabolite-treated hNSCs suggest that hNSCs sub-
jected to long-term glutamic acid and methionine treatment may
have lost their differentiation potential. Therefore, we subjected
FUCCI-hNSCs treated with metabolites for 30 days to further dif-
ferentiation into neuronal and glial (oligodendrocytes and astro-
cytes) cell types using commercially available media systems,
with metabolite supplementation every second day over an addi-
tional 10-day period (Figure 6A). Untreated hNSCs exhibited
morphological changes within the initial 10 days of differentiation
medium switch, particularly in neuronal and oligodendrocyte cells,
accompanied by slower growth than untreated hNSCs maintained
in neural expansion medium (NEM) (Figures 6B and S6A). Consis-
tently, FACS analysis revealed an increased cell fraction in the G1
phase (red bars) and a smaller fraction of cells in S/G2/M (green
bars) phases in untreated hNSC subjected to differentiation into
three cell types versus untreated hNSCs maintained in NEM
(Figures 6C and S6B). Furthermore, these differentiation cues
induced elevated expression of DCX, OLIG2, and GFAP mRNA
and proteins, serving as markers for neuronal, oligodendrocyte,
and astrocyte cells, respectively, in untreated hNSCs
(Figures 6D and 6E). In contrast, hNSCs under glutamic acid
and methionine treatments, when subjected to differentiation
into neuronal and oligodendrocyte cell types for 10 days, ex-
hibited minimal morphological differences compared to untreated
hNSCs. However, astrocyte differentiation in the presence of glu-
tamic acid showed a tremendous amount of cell death (Figures 6B
and S6A). Remarkably, the differentiated cells under glutamic acid
and methionine treatments displayed a substantially lower red
population (G1) and a markedly increased yellow population
(G1/S checkpoints) compared to untreated hNSCs (Figures 6C
and S6B). Regarding DCX, OLIG2, and GFAP gene expression,
while methionine treatment led to a slight increase in respective
cell type markers, consistent with morphological changes, gluta-
mic acid treatment demonstrated the most striking differences,
with marker levels significantly lower than those in untreated
hNSCs (Figures 6D and 6E). These findings indicate that the
long-term treatments with glutamic acid and methionine at con-
centrations observed in women after mild, prolonged sleep re-
striction impair hNSC differentiation potential.

DISCUSSION

More than a third of the adult population curtails their sleep
routinely, thinking that such behavior does not have biological

(E) gRT-PCR and western blot analysis of PAX6 expression in the indicated samples. For gRT-PCR, the expression was relative to untreated hNSCs, and GAPDH
was used as a housekeeping gene. For the western blot, VINCULIN was used as housekeeping control. See STAR Methods for primer sequences. P-values were

calculated using a t-test.

(F) Venn diagram shows an intersection of upregulated genes from glutamic acid and methionine-treated FUCCI-hNSCs from (A) with upregulated restricted
sleep proteomics candidates from (2A). Overlapping genes/proteins are indicated.

(G) Bar plot showing mRNA levels of HSPA8 using RNA-seq data.

(H) A bar plot represents a western blot showing HSPA8 protein levels in indicated samples and band quantifications. See also Figure S5.
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Figure 6. Long-term glutamic acid- and methionine-treated hNSCs show differentiation defects

(A) Schematic representation of differentiation of glutamic acid or methionine treated and untreated FUCCI-hNSC into neurons, astrocytes, and oligodendro-
cytes. Triangles represent time points (days) of fresh glutamic acid or methionine addition to the medium. NEM: neural expansion medium.

(B) Representative phase-contrast images of the untreated and glutamic acid or methionine-treated FUCCI-hNSC at day 10 of differentiation into indicated cell

types. The scale bar is 100 pm.

(C) Flow cytometry analysis-based quantification of the relative proportion of cell-cycle phases from control and treated FUCCI-hNSCs undergoing differentiation
into indicated cell types. Data points represent (n = 3 biological and 2 technical replicates) per sample.

(D and E) gRT-PCR analysis (D) and western blots (E) of neural (DCX), oligodendrocytes (OLIG2), and astrocytes (GFAP) markers at the indicated days of FUCCI-
hNSC differentiation. The expression is relative to hNSCs maintained in neural expansion medium, and GAPDH was used as a housekeeping gene. See STAR
Methods for primer sequences. p-values were calculated using a t-test. See also Figure S6.

consequences because they still appear “healthy”. Sleep pat-
terns and their health implications exhibit notable sex differ-
ences. Women generally require more sleep®>* and face higher
risks of sleep disorders, mood disturbances, and adverse health
outcomes from sleep deprivation compared to men,*44748:52
These disparities underscore the importance of sex-specific
considerations in sleep research and clinical approaches. Our
clinical trial was previously designed to address this health
disparity in women. Capitalizing on the randomized crossover
design and employing a multiomics approach, we established
a causal relationship between mild, “real-life” sleep restriction
and stress-like proteomic and metabolic profiles in plasma.

It is worth pointing out that no changes in diet habits or body
weight were observed across study phases during the trial and
that no significant differences in metabolic equivalents (METS),
Body Mass Index (BMI), blood pressure, cortisol levels, step
counts, or moderate to vigorous physical activity (MVPA) before

10 iScience 28, 112510, May 16, 2025

and after sleep restriction in the same participants.®>°* Thus, our
metabolomics findings directly reflect the effects of AS versus
RS in this population. Compared to AS, sleep restriction
increased proteins associated with protein folding, heat shock,
and ER stress (Figure 7A, left panel). ER stress is associated
with upregulated amino acid biosynthesis to cope with protein
expression demands.®>®® In particular, glutamic acid and methi-
onine were enriched after sleep restriction (Figure 7A, right
panel), consistent with previous reports.®>%2#% Long-term treat-
ment of these two amino acids resulted in nearly identical molec-
ular signatures involving a high proliferation rate of ANSCs and a
shortened G1 cell cycle concomitant with a pronounced decline
in hNSC stemness that toppled both their maintenance and dif-
ferentiation into neurons, oligodendrocytes, and astrocytes. This
suggests a possible role of enrichment of these amino acids
in cognitive decline associated with insufficient sleep.®*"
Whether and how an excessive production of amino acids during
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Figure 7. Summary models for this study
(A) Schematic representation of proteomics and
metabolomic experiments on plasma from AS
and RS women (left) and findings from glutamic
acid and methionine treatments on FUCCI-hNSCs
during their maintenance and differentiation
(right).

(B) A summary model depicting findings from
metabolomic and proteomic studies of AS and RS
women plasma (in vivo) and glutamic acid and
methionine treated hNSCs (in vitro) leading to
activation of ER stress and identification of HSPA8
protein as a key candidate bridging the in vivo and
in vitro studies.

make HSPAS8 a promising biomarker for
sleep restriction. We deem it a potential
therapeutic target for mitigating the
adverse effects of sleep deprivation on
cellular health, which warrants future
investigations.

Conserved ATF4/6 and ER stress
response in insufficient sleep

Our comprehensive multiomics approach
validates the conservation of ER stress
response activation following sleep re-
striction in women with findings reported

! o

in previous studies involving different
species, including fruit flies,”*°* birds,®
and rodents.”®®® Misfolded proteins,
known triggers for ER stress, activate

hNSC

Proteomics

° i
? @ B m-\_/lttro i
&
Metabolomics o~ lranscriptomics

insufficient sleep leads to aberration in protein synthesis and
stability or even triggers protein misfolding remains to be
addressed.

Role of HSPAS in restricted sleep-induced stress
response

HSPA8 provides the primary “handshake” between our
proteomics from sleep-restricted women and the RNA-seq
analysis of long-term metabolite-treated hNSCs (Figure 7A). As
a chaperone protein, HSPA8 plays a vital role in maintaining pro-
tein homeostasis, particularly under stress conditions, and is up-
regulated in RS conditions in birds,®® rodents,*"**7:°2 and hu-
mans.®® Our findings suggest that the upregulation of HSPA8
may represent a compensatory mechanism to counteract the
protein misfolding and aggregation induced by sleep restriction.
Our findings and the prior prediction of HSPA8 as a key blood
mRNA biomarker of chronic insufficient sleep in humans®®

Confirmed with this study

Literature based knowledge

ATF6, a central player in ER stress
response®® associated with amino acid
biosynthesis® (Figures 2G and 7B). Inter-
estingly, our in vitro glutamic acid
and methionine treatments also led to
increased expression of phosphory-
lated-elF2a and ATF4, representing addi-
tional facets of the ER stress (Figure 7B).
Our findings align well with numerous
studies exploring the impact of sleep restriction on the human
proteome.3>33:38:64.65 This convergence strengthens our in vivo
and in vitro findings and emphasizes the universality of the stress
response triggered by sleep restriction. Importantly, our multio-
mics approach identifying HSPA8/ATF6 from proteomics and
HSPA8/ATF4 from metabolite-treated hNSC transcriptomes
provides mechanistic insight into network alterations in sleep re-
striction. Well-known ATF6 targets and interacting proteins,
including antioxidants (PRDX1/6), heat shock protein (HSPA5/
8), chaperone protein (PDIA3), and HIF-1 signaling-related pro-
teins (ALDOA, ENO1, and GAPDH) were upregulated after RS
in women (Figures 2F and 2G). As ATF6 signaling is part of sleep
fragmentation-induced ER stress’® and is proposed to convey
adaptation to long-term chronic stress rather than being decisive
for cell fate determination,®®'% future studies are warranted to
dissect how ATF6 and its interacting proteins regulate target
genes in sleep restriction mechanistically.
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Additional pathways related to restricted sleep

After sleep restriction, NF-xkB pathway-associated proteins like
PPIA, NTRK2, MTPN, PARK7, and S100A8 were upregulated.
Our recent report of activated NF-kB in endothelial cells after
sleep restriction in women®*** and other reports in rat fore-
brain'®" and human peripheral blood mononuclear cells®*'%
corroborated this. The enrichment of proteins associated with
NF-kB activation and pathways like “cellular remodeling” and
“protein stability and ubiquitin pathway” in sleep-restricted con-
ditions indicates a potential for cellular remodeling through
stress-mediated pathways.

From metabolomics, we noticed an enrichment of trigonelline
and fatty acids while reducing tri and di-glycerides in RS condi-
tions (Figures 1C and 1D). Trigonelline, an arousal- and alert-
ness-inducing bioactive molecule from coffee beans,'®® was
reported to be upregulated in the human urine metabolome after
sleep deprivation.'® Similarly, non-esterified fatty acids were
increased,'%>'% while triglycerides were decreased,'®’ after
sleep restriction in young adult men, concordant with our obser-
vations in women. Whether and how induction or repression of
these proteins and metabolites may be associated with AS
versus RS warrants future studies.

Prolonged sleep restriction has been linked to aging-related
diseases (e.g., dementia) and a 12% higher risk of mortal-
ity.?%1°% We identified three proteins, CALML5, GAPDH, and
LRP1, associated with the GO term “Alzheimer’s disease”
based on altered proteins and metabolite levels upon sleep
restriction (Figure 3A). Further analysis revealed that LRP1
mRNA levels decreased significantly with glutamic acid and
methionine treatment, GAPDH was mildly activated, and
CALML5 was not expressed in NSCs (Figure S6C). LRP1 is
known to play a protective role against neurodegeneration,
with its reduced levels linked to blood-brain barrier break-
down, cognitive decline, Alzheimer’s disease, and ag-
ing."%"""2 While these findings suggest a potential link be-
tween mild sleep restriction and aging-related phenotypes,
we are mindful that such a functional link may not be direct
due to the following caveats. Based on NIH Toolbox Cognition
Domain assessments, no significant cognitive decline was
observed in the healthy, young participants (ages 21-35) of
our sleep restriction trial. Additionally, aging-related outcomes
typically manifest after years or decades of sleep curtailment,
which cannot be extrapolated from the 6-week study.

Similarly, we observed an enrichment of the GO term “Circa-
dian entrainment” in our joint network pathway analysis based
on altered protein and metabolite levels upon sleep restriction
(Figure 3A). We identified CALMLS5 as an altered protein and glu-
tamic acid and a diacylglycerol [DG(16:0/18:1(112)/0:0)] as me-
tabolites within the “Circadian entrainment” GO upon sleep re-
striction. Glutamic acid and diacylglycerols have been reported
to be under circadian rhythmic control for amino acid and lipid
metabolism. Glutamate (the ionic form of glutamic acid, one of
our leading tested candidates) conveys light information from
the retina to the SCN,'"® and significant 24-h oscillations of
extracellular glutamate have been observed in various brain re-
gions, including the hippocampus and suprachiasmatic nucleus
(SCN).""* However, neither CALML5 nor DG(16:0/18:1(112)/0:0)
has been previously reported in sleep restriction, and we did not
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detect any expression changes of CALMLS5 in glutamic acid-
treated NSC models. Although significant literature links circa-
dian rhythm disturbances, especially those caused by severe
sleep deprivation, with NSC functions and various neurological
diseases,''®""7 in vitro NSC models amenable to circadian
rhythm manipulations are currently unavailable to test these can-
didates from our mild sleep restriction studies.

Limitations of the study

While our findings are robust, they are limited by the focus on a
specific demographic (young women) and the in vitro 2D nature
of hNSC experiments. Future studies should explore these phe-
nomena in more diverse populations and through 3D organoids
and in vivo models. Additionally, investigating the long-term
neurological consequences of chronic sleep restriction would
be of significant interest. However, long (perhaps years) experi-
mental sleep restriction intervention is unethical and, therefore,
not feasible. Future studies should also expand beyond amino
acids to explore other metabolites and proteins affected by sleep
restriction. Our current focus is primarily on the upregulated me-
tabolites from RS and their negative impact on hNSCs. However,
in women with AS, there is a possibility that beneficial metabo-
lites and proteins are upregulated while harmful ones are down-
regulated. Conversely, in women experiencing RS, there is likely
a downregulation of beneficial metabolites and proteins. Investi-
gating additional proteomics and metabolomics candidates’
combinatorial effects by applying genetic manipulations (on pro-
teomics candidates) and prolonged treatment (on metabolomics
candidates) will deepen our understanding of sleep restriction’s
impact on health.

In conclusion, our study demonstrates that mild, prolonged
sleep restriction, practiced by a third of the adult population, in-
duces a stress-like metabolomic and proteomic profile in healthy
young women. Treatment of NSCs with candidate metabolites
enriched in sleep restriction altered NSC stemness, suggesting
that insufficient sleep may impair adult NSC differentiation and
emphasizing the need for adequate sleep to maintain health
and prevent neurological impairments.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-PAX6 antibody [EPR15858], rabbit Abcam Cat#ab195045; RRID: AB_2750924
Hsc70/HSPAS rabbit mAb Abclonal Cat#A0415; RRID: AB_2861461
Doublecortin/DCX antibody (E-6), mouse Santa Cruz Cat#sc-271390; RRID: AB_10610966

OLIG2 polyclonal antibody, rabbit

GFAP monoclonal antibody,
clone 4B2E10, mouse

anti-elF2a antibody Subunit 1, rabbit
Phospho-elF2a (Ser51) antibody, rabbit

Recombinant anti-vinculin antibody
[EPR8185], rabbit

GAPDH polyclonal antibody, rabbit
anti-rabbit 1IgG, HRP-conjugated
anti-mouse 1gG, HRP-linked

ProteinTech
ProteinTech

Abcam
Cell Signaling Technology
Abcam

ProteinTech
R&D system
Cell Signaling Technology

Cat#13999-1-AP; RRID: AB_2157541
Cat#60190-1-Ig; RRID: AB_10838694

Cat#ab137626; RRID: AB_2736873
Cat#9721; RRID: AB_330951
Cat#ab129002; RRID: AB_11144129

Cat#10494-1-AP; RRID: AB_2263076
Cat#HAF008; RRID: AB_357235
Cat#7076S; RRID: AB_330924

Biological samples

Human plasma from Adequate and restricted sleep Shah et al.>* ClinicalTrials.gov NCT02835261
Chemicals, peptides, and recombinant proteins

Matrigel® Corning Cat#354230
Accutase Sigma Cat#SCR005
PluriSTEM® medium Sigma Cat#SCM130
Rock inhibitor (Y27632) Selleckchem Cat#S1049

PSC neural induction medium Gibco Cat#A1647801
Neurobasal™ medium Gibco Cat#21103049
Advanced DMEM Gibco Cat#12491015
B-27™ serum-free supplement Gibco Cat#17504044
N-2 supplement Gibco Cat#17502048
GlutaMAX™-| supplement Gibco Cat#35050061
T3 (3,3',5-Triiodo-L-thyronine sodium salt) Sigma Cat#T6397

Fetal Bovine Serum HI regular, Corning Cat#35-011-CV
USDA Approved Origin

Dibutyryl cAMP Sigma Cat#D0627
Glutamic acid Sigma Cat#G5667-100G
Methionine Sigma Cat#M9625
NucBlue™ Live ReadyProbes™(Hoechst 33342) Invitrogen Cat#R37605
Live cell imaging solution ThermoFisher Scientific Cat#A14291DJ
GeneJET RNA purification kit ThermoFisher Scientific Cat#K0732
gScript™ XLT cDNA SuperMix QuantaBio Cat#95161-100
PowerUp™ SYBR™ green master mix ThermoFisher Scientific Cat#A25778
SYTOX™ red dead cell stain ThermoFisher Scientific Cat#S34859
RIPA lysis buffer Boston BioProducts Cat#NC9193720
Protease inhibitor cocktail Sigma Cat#P8340
Halt™ phosphatase inhibitor cocktail Thermo Fisher Scientific Cat#78428
1-Shot Digital-ECL substrate solution Kindle biosciences Cat#R1003
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SOURCE

IDENTIFIER

CellTiter 96® non-radioactive
cell proliferation assay (MTT) Kit

Promega

Cat#G4100

Critical commercial assays

MxP® Quant 500 kit

High Select™ Top 14 Depletion
Spin Columns

Biocrates
ThermoFisher Scientific

Product#21094.12
Cat#A36369

Deposited data

Raw and analyzed RNA-seq data This study GEO: GSE254828

Metabolomics data This study Table S2

Proteomics data This study Table S4

ATF6 ChlP-seq in HepG2 cells Encode project consortium®® GSM5214215
(https://www.encodeproject.org/
ENCBS4570KWY/)

ATF6 interactome Encode project consortium®® https://www.encodeproject.org/
ENCBS4570KW/

Human Transcription Factors annotation Lambert et al.®’

Experimental models: Cell lines

FUCCI-hESC Singh et al.””

FUCCI-NSCs This Study

Oligonucleotides

GAPDH fwd This Study TCTGCTCCTCCTGTTCGACA

GAPDH rev This Study AAAAGCAGCCCTGGTGACC

hPOU5F1/Oct4 fwd This Study TCGAGAACCGAGTGAGAGGC

hPOU5F1/Oct4 rev This Study CACACTCGGACCACATCCTTC

NANOG fwd This Study CCAACATCCTGAACCTCAGCTAC

NANOG rev This Study GCCTTCTGCGTCACACCATT

NESTIN fwd This Study CAGGAGAAACAGGGCCTACA

NESTIN rev This Study TGGGAGCAAAGATCCAAGAC

PAX6 fwd This Study CTTTGCTTGGGAAATCCGAG

PAX6 rev This Study AGCCAGGTTGCGAAGAACTC

DCX fwd This Study TTCAAGGGGATTGTGTACGCT

DCX rev This Study GTCAGACAGAGATCGCGTCAG

OLIG2 fwd This Study CCAGAGCCCGATGACCTTTTT

OLIG2 rev This Study CACTGCCTCCTAGCTTGTCC

GFAP fwd This Study AGGTCCATGTGGAGCTTGAC

GFAP rev This Study GCCATTGCCTCATACTGCGT

Software and algorithms

Biocrates MetIDQ™ software

MetaboAnalyst v5.0
Perseus

Spectronaut Pulsar X
CellProfiler v4.0.7

QuantStudio™ design and
analysis software v1.5.1

FCS Express software
STAR v2.7.6a

Biocrates Life Sciences AG,

Innsbruck, Austria
Peng et al.”®
Tyanova et al.>®
Bruderer, R. et al..”"®
Stirling et al.®*

Thermo Fisher Scientific

De Novo Software. (2025)

Dobin A, Davis CA,
Schlesinger F et al.’"®

https://biocrates.com/webidqg/

https://www.metaboanalyst.ca/
https://maxquant.net/perseus/
https://biognosys.com/
www.cellprofiler.org

https://www.thermofisher.com/us/
en/home/technical-resources/software-
downloads/quantstudio-3-5-real-
time-pcr-systems.html

https://denovosoftware.com/
https://github.com/alexdobin/STAR
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Cufflinks v2.2.1

Bowtie2 v2.3.5

IGV v2.10.2
Samtools v1.10

iDEP v2.0

R-Studio v 2023.06.0

Morpheus
Heat mapper
Inkscape v0.92.4

Trapnell et al. 2010
https://doi.org/10.1038/nbt.1621

Langmead B et al.’?®

Robinson J et al.'*’
Li, H. et al.’®
Ge, X. et al.'®®

Integrated Development for
R. RStudio, PBC, Boston, MA

Broad Institute
Babicki S et al.**
Inkscape Project. (n.d.). Inkscape

https://cole-trapnell-lab.github.io/cufflinks/

http://bowtie-bio.sourceforge.net/bowtie2/
https://software.broadinstitute.org/software/igv
http://www.htslib.org/
https://bioinformatics.sdstate.edu/idep/
https://cran.rstudio.com/

https://software.broadinstitute.org/morpheus
http://www.heatmapper.ca/expression/
https://inkscape.org/

Biorender https://www.biorender.com/

Metascape Zhou et al.*® https://metascape.org

Other

Xevo TQS triple quadrupole mass Waters https://www.waters.com/nextgen/en.html

spectrometer integrated with a

Waters Acquity UHPLC

timsTOF Pro Bruker https://www.bruker.com/en/products-
and-solutions/mass-spectrometry/
timstof/timstof-pro-2.html

Celldiscoverer 7 Zeiss https://www.zeiss.com/microscopy/
us/products/imaging-systems/
celldiscoverer-7.html

QuantStudio™ 5 real-time PCR system ThermoFisher Scientific Cat#A34322

Amersham ImageQuant 800 Cytiva Product#29399481

SpectraMax iD3 microplate reader Avantor Cat#75886-128

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Study participants, sleep restriction intervention, and plasma samples

The clinical trial details are provided here (ClinicalTrials.gov NCT02835261°%°%), Briefly, study participants (healthy women, i.e., per-
sons whose female sex was assigned at birth and hereafter referred to as women in the manuscript) with adequate habitual sleep
duration (7-9 h/night confirmed objectively by a 2-week actigraphy screening) were randomly assigned to a 6-week adequate sleep
phase or a 6-week sleep restriction phase followed by a 6-week washout period and crossover to the alternate sleep phase. The
adequate sleep phase was defined as the duration of sleep between the regular bed and wake times of the participant determined
during the actigraphy screening. The sleep restriction phase was defined as delaying bedtime by 1.5 hours while keeping the wake-
up time unchanged. Participants remained blind to their randomization sequence until the beginning of the study. The duration of
sleep was objectively assessed by actigraphy, a standard practice for the objective assessment of sleep duration in a free-living envi-
ronment. Detailed exclusion criteria were previously published,** and continuous electroencephalogram (EEG) monitoring for six
weeks per study phase (i.e., adequate vs. restricted sleep) was not feasible under the trial conditions. Briefly, participants were
free of any medical, neurological, or psychiatric condition, eating or sleeping disorder, and regular use of any medications or sup-
plements, including oral contraceptives. The Columbia University Institutional Review Board approved the study, and all participants
gave written informed consent. Blood was collected only once between 10-11 am in fasting conditions after completion of each sleep
phase, precluding assessment of changes in circadian rhythm. As previously reported, SR did not significantly affect weight, blood
pressure, daytime physical activity, or plasma cortisol levels.>* In the present study, we used blood plasma samples collected from
healthy young women (n = 20) between 21 and 35 years of age to minimize age-related hormonal changes (Figure 1A).

Cell culture of FUCCI-hESCs

WAO09 or H9 FUCCI-hESCs’” were grown on Matrigel (Cat. No. 354230, Corning) coated plates using PluriSTEM medium (Cat. No.
SCM130, Sigma). FUCCI-hESCs were passaged weekly using accutase (3-5 min, Cat. No. SCR005, Sigma) and seeded in PluriSTEM
medium supplemented with rock inhibitor (Y27632, cat. no. S1049, Selleckchem) for better survival of single cell hESCs. All cells were
cultured at 37°C with 5% CO..
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Differentiation of FUCCI-hESCs to FUCCI-NSCs

Following the manufacturer’s details, FUCCI-hESCs were differentiated into FUCCI-hNSCs using a commercially available PSC neu-
ral induction medium (Cat. No. A1647801, Gibco). Briefly, 250 x 10° FUCCI-hESCs were seeded in a 6-well plate in PluriSTEM me-
dium supplemented with rock inhibitor. The next day, PluriStem medium was replaced with 2 ml of neural induction medium (49 ml of
neurobasal medium + 1 ml of neural induction supplement) and cultured for 7 days with medium replacement every alternate day.
After neural induction, cells were cultured and maintained in a neural expansion medium (49 ml neurobasal + 49 ml advanced
DMEM + 2 ml neural induction supplement) with a medium change every alternate day and passaged using accutase (5-8 minutes)
without rock inhibitor.

Differentiation of FUCCI-NSCs to neural, oligodendrocytes, and astrocytes

FUCCI-hNSCs (2.5 ~ 5 x 10* cells/cm?) were seeded on matrigel-coated plates in neural expansion medium (49 ml neurobasal +
49 ml advanced DMEM + 2 ml neural induction supplement). After two days, the medium was switched to neural differentiation me-
dium (1x neurobasal medium, 2% B-27 serum-free supplement, and 2 mM GlutaMAX-I supplement) or oligodendrocyte differenti-
ation medium (1x neurobasal medium, 2% B-27 serum-free supplement, 2 mM GlutaMAX-Il, and 30 ng/mL T3 (Cat. No. T6397,
Sigma)) or astrocyte differentiation medium (1x DMEM, 1% N-2 supplement, 2 mM GlutaMAX-I supplement, and 1% FBS). Although
the manufacturers’ protocol suggested changing the medium every 3-4 days, we changed the medium every other day for the metab-
olite treatment experiments. Of note, dibutyryl cAMP (0.5 mM, Sigma, Cat. No. D0627) was added from day 7 for a duration of 3 days
for faster neural differentiation. The differentiation was carried out until days 9-10 before collecting the cells for gPCR and FACS
experiments.

METHOD DETAILS

Targeted metabolomics and data analysis

The samples were prepared and analyzed using the commercially available MxP® Quant 500 kit (Biocrates Innsbruck, Austria;
Figure S1A), strictly following their detailed protocol. The kit enables the quantification of up to 630 metabolites from 26 compound
classes (e.g., amino acids, amino acids related, biogenic amines, bile acids, fatty acids, phosphatidylcholines, ceramides, di- and tri-
glycerides). Lipids and hexoses were measured by flow injection analysis-tandem mass spectrometry (FIA-MS/MS), and small mol-
ecules were measured by liquid chromatography-tandem mass spectrometry (LC-MS/MS). The Q500 kit includes all the requisite
seven calibration standards and three levels of QC samples. The experimental metabolomics measurement technique is described
in detail by the patents EP1897014B1 and EP1875401B1. Briefly, a 96-well sample preparation device was used to analyze the
metabolite profile in the samples quantitatively. This device consists of inserts impregnated with internal standards, and 10 pL of hu-
man plasma sample was added. Next, a phenyl isothiocyanate (PITC) solution was added to derivatize some of the analytes (e.g.,
amino acids). After derivatization, the target analytes were extracted with 5 mM ammonium acetate in methanol, followed by a dilu-
tion step. The extracts were then analyzed using FIA-MS/MS and LC-MS/MS methods, using multiple reaction monitoring (MRM) to
detect the analytes. LCMS/MS analysis was performed using a platform comprising a Waters Xevo TQS triple quadrupole mass
spectrometer integrated with a Waters Acquity UHPLC (Waters, Milford, MA). Concentrations were calculated using appropriate
mass spectrometry software, and data were imported into Biocrates MetIDQ™ software for further analysis. Statistical data analysis
was performed using MetaboAnalyst v5.0.7“~"® LoD (limit of detection) values smaller than the limits were converted to NA; metab-
olites with more than 20% missing values across samples were removed; remaining missing values were replaced with LoDs (1/5 of
the minimum positive value for each metabolite). The data were logarithmically transformed prior to further analysis. Both fold-
change analysis and partial least square discriminant analysis (PLS-DA) were performed to shortlist candidates based on the
t-test and PLS-DA VIP (variable importance in projection) score, respectively. The joint pathway analysis feature of metaboanalyst
v5.0"4"® was used for GO analysis in Figure 3A using candidate proteins (n = 83; absolute difference > 0.2) and metabolites (n =
25, absolute log, fold change >0.2, Table S7).

Proteomics and data analysis

Plasma samples were depleted for the top 14 high abundance plasma proteins using High Select Top 14 resin slurry (Cat. No.
A36369, ThermoFisher Scientific). Briefly, 600 pL of High Select Top14 resin slurry was washed twice with 100 mM ammonium bi-
carbonate and mixed with 20 pL of neat plasma in a 96-well Agilent filter microplate. The microplate was incubated in a thermomixer
at 450 rpm at room temperature for 30 min. The depleted plasma was then collected in a new 96-well collection plate under the filter
plate by centrifugation at 100xg for 6 min. The depleted plasma samples were completely dried in a Speed-Vac vacuum concentrator
without heat and resuspended in 11 uL of LC/MS grade water. Protein concentrations were determined using a BCA protein assay.
Twenty (20) pg from each of these samples was resuspended in 20 pL of freshly prepared SDC lysis buffer (1% SDC, 10 mM TCEP,
40 mM CAA, and 100 mM Tris-HCI pH 8.5)'%° and boiled at 60°C for 20 min to denature, reduce and alkylate cysteines, followed by
sonication in a water bath, cooled to room temperature. Protein digestion was processed in a 96-well plate overnight by adding LysC
and trypsin in a 1:50 ratio (ng of enzyme to pg of protein) on a thermomixer at 37°C overnight at 500 rpm. The samples were acidified
with 20% trifluoroacetic acid to a final concentration of 1%. The digested peptides were desalted using MacroSpin C18 in a 96-well
plate format. The samples were dried in a Speed-Vac and resuspended in 10 pL of LC buffer (3% ACN/0.1% FA). Peptide
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concentrations were determined using NanoDrop, and 200 ng of each sample was used to analyze PASEF and diaPASEF in timsTOF-
Pro. Digested plasma samples were pooled and dried in Speed-Vac for spectral library generation, resuspended in 5% acetonitrile
and 10 mM ammonium bicarbonate, pH 8.0, and subjected to BPRP (basic pH reversed-phase) chromatography. The fractions were
collected in a 96-well plate and combined for a total of 24 fractions before desalting. The desalted peptides were dissolved in 10 pL of
3% acetonitrile/0.1% formic acid injected using PASEF. The peptides were separated within 90 min at a flow rate of 400 nL/min on a
reversed-phase C18 column with an integrated CaptiveSpray Emitter (25 cm x 75 um, 1.6 um, lonOpticks). Mobile phases A and B
were with 0.1% formic acid in water and 0.1% formic acid in ACN. The fraction of B was linearly increased from 2 to 25% within
60 min, followed by an increase to 35% within 10 min and a further increase to 80% before re-equilibration. The timsTOF Pro was
operated in PASEF mode'?® with the following settings: Mass range 100 to 1700 m/z, 1/KO Start 0.6 V-s/cm™, End 1.6 V-s/cm™,
Ramp time 100 ms, Lock Duty Cycle to 100%, Capillary Voltage 1600V, Dry Gas 3 I/min, Dry Temp 200°C, PASEF settings: 10
MS/MS frames (1.16 seconds duty cycle), charge range 0-5, active exclusion for 0.4 min, Target intensity 20000, Intensity threshold
2500, CID collision energy 59¢eV. A polygon filter was applied to the m/z and ion mobility planes to select features most likely repre-
senting peptide precursors rather than singly charged background ions. The diaPASEF'?® experiment was acquired at defined
32 x 50 Th isolation windows from m/z 100 to 1,700. To adapt the MS1 cycle time in diaPASEF, the repetitions were set to 2 in
the 16-scan diaPASEF scheme. The collision energy was ramped linearly as a function of the mobility from 59 eV at 1/K0 = 1.6
Vs cm™ to 20 eV at 1/KO0 = 0.6 Vs cm™. To generate the spectral libraries, we searched the acquired PASEF raw files and diaPASEF
raw files with the Pulsar search engine using the hybrid spectral library generation functionality of Spectromine with default settings.
The raw intensities for the proteins were calculated by summation of the peptide intensities. The diaPASEF data were analyzed with
Spectronaut Pulsar X,''® a software independent of the Mass Spectrometer vendor Biognosys. The default settings were used for the
targeted analysis of DIA data in Spectronaut, except that the decoy generation was set to mutated. The false discovery rate (FDR)
was estimated with the mProphet approach and set to 1% at the peptide precursor level and 1% at the protein level.

Metabolites treatment

To test the effect of metabolites on neuronal cells, FUCCI-hNSCs were seeded (2 x 10%/well in a 96-well plate for short-term treat-
ment or 10 x 10%in a 24-well plate for long-term treatment) with a neural expansion medium supplemented with 200 pM glutamic acid
(Cat. No. G5667-100G, Sigma) or 35 uM methionine (Cat. No. M9625-25G, Sigma). Both metabolites at these concentrations were
not toxic to cells (Figure S4B). Metabolites were replenished along with fresh medium every other day. Long-term treatment was car-
ried out until day 30, with passaging every 4-6 days.

Live cell imaging and cell proliferation analysis pipeline

As mentioned above, FUCCI-hNSCs (2.5 to 5 x 10%) were seeded per well of a 96-well plate and treated with metabolites. Cells were
stained with NucBlue Live ReadyProbes (Hoechst 33342, Cat. No. R37605, Invitrogen) for 30 minutes, washed once with PBS, and
imaged in live cell imaging solution (Cat. No. A14291DJ, ThermoFisher Scientific) using Celldiscoverer 7 (Zeiss). Cell counting was
performed using CellProfiler software v4.0.7%* with customized pipelines with the following settings Module 1: IdentifyPrimaryOb-
jects: threshold strategy-Adaptive, Threshold method-Otsu, three classes thresholding, method to distinguish clumped objects-In-
tensity, method to draw dividing lines between clumped objects-Intensity; Module 2: OverlayOutlines; Module 3: Savelmages; and
Module 4: ExportToSpreadsheet).

Quantitative real-time reverse transcription PCR

Cultured cells were washed once with PBS, and RNA was isolated using a GeneJET RNA purification kit (Cat. No. KO732, ThermoFisher
Scientific) according to the manufacturer’s instructions. cDNA synthesis was performed using gScript™ XLT cDNA SuperMix (Cat. No.
95161-100, QuantaBio). qRT-PCR reactions were performed using the QuantStudio™ 5 real-time PCR system (Cat. No. A34322,
ThermoFisher Scientific) and PowerUp ™ SYBR™ green master mix (Cat. No. A25778, ThermoFisher Scientific) in triplicate, with a tem-
plate amount of 5-10 ng of cDNA for each reaction. The AACt method'?” integrated into the QuantStudio™ design and analysis soft-
ware v1.5.1 was used to analyze the fold change with GAPDH as the reference gene and FUCCI-hESCs as calibrator samples.

Flow cytometry

FUCCI-hESCs and hNSCs were dissociated with accutase, collected by centrifugation at 300 x g for 5 min, and kept on ice hereafter
in polystyrene test tubes (Cat. No. 352058, Corning). Cells were resuspended in their respective medium, and 5 nM SYTOX™ red
dead cell stain (Cat. No. S34859, ThermoFisher Scientific) was added directly to cells for dead cell exclusion and incubated for
20-25 min in the dark on ice. The unbound stains were washed once with 1 ml of cold PBS. Cells were passed through a cell-strainer
cap on tubes (Cat. No. 352235, Corning) before analysis on the LSR Il flow cytometer (BD Biosciences). Cell cycle analysis was per-
formed using FCS Express software.

RNA-sequencing and data analysis

Total RNA from cultured cells was extracted using a GeneJET RNA purification kit (Cat. No. K0732) according to the manufacturer’s
protocol. RNA quality was evaluated by an Agilent 2100 BioAnalyzer. The preparation and sequencing of RNA-seq libraries were out-
sourced to BGI genomics. Libraries were sequenced on the NovaSeq 6000 platform with a 150-bp paired-end read length.
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For RNA-seq data processing, reads were aligned to the human genome hg38 using STAR (v2.7.6a) with the default settings. Tran-
script assembly and differential expression analyses were performed using Cufflinks (v2.2.1). Assembly of novel transcripts was not
allowed (-G). Other parameters of Cufflinks were the default setting. The summed FPKM (fragments per kilobase per million mapped
reads) of transcripts sharing each gene ID was calculated and exported by the Cuffdiff program.

Downstream analysis was performed using iDEP (v1.1'%%) and R packages. GO analysis was performed using metascape.°® Vol-
cano plots, bar plots, and box plots were plotted using R software. Expression heatmaps were drawn using Morpheus (https://
software.broadinstitute.org/morpheus) or heat mapper '>* online tools.

Western blotting

Whole-cell protein extracts were isolated from the cultured cells using RIPA lysis buffer (Boston BioProducts, Cat. No. NC9193720)
supplemented with protease inhibitor cocktail (Sigma, Cat. No. P8340) and phosphatase inhibitor cocktail (Thermo Fisher Scientific,
Cat. No. 78428). Blots were blocked using 5% skimmed milk powder/TBST at room temperature for 1-2 hours, and then they were
incubated with the corresponding antibodies in 5% skimmed milk powder/TBST at 4°C overnight. Secondary antibodies were anti-
rabbit 1I9G, HRP-linked antibody (1:5,000; R&D system, Cat. No. HAF008) and anti-mouse IgG, HRP-linked antibody (1:5,000; Cell
Signaling Technology, Cat. No. 7076S), which were incubated for 1 hour at room temperature while shaking. The bands were devel-
oped using 1-Shot Digital-ECL substrate Solution (Kindle biosciences, Cat. No. R1003) and the blots were imaged using Amersham
ImageQuant 800 (Cytiva).

Cell proliferation assay (MTT-based)

FUCCI-hNSCs were treated with glutamic acid or methionine for 26 days and then seeded into matrigel-coated microplates (tissue
culture grade, 96 wells, flat bottom) at a density of 2 x 10° cells/well. The metabolites treatments were continued in microplates for
4 days with medium change every other day with fresh glutamic acid and methionine supplementation. On day 30, the MTT assay was
performed using the CellTiter 96® non-radioactive cell proliferation assay (MTT) Kit (Promega, Cat. No. G4100), following the man-
ufacturer’s instructions. The absorbance was recorded at 570nm using a SpectraMax iD3 microplate reader.

Schematic representations
The illustrations in Figures 1A, 3B, 4A, 4C, 6A, 7, S1A, S2A, S3B, and S5G were drawn using Biorender (https://www.biorender.com).

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical analysis was performed with R (v4.1.0) scripts on the R-Studio platform (v2023.06.0). For metabolomic and proteomics
data software in-built statistical analysis was followed in metaboanalyst’*~"® and perseus,® respectively. The box and violin plots in
Figures S1D, 2D, S2C, 5C, and S5D, present the 251", median, and 75" quartiles, and the whiskers extend 1.5 of interquartile ranges,
and the p-value was calculated from the two-sided Mann-Whitney test. gPCR analysis was performed in technical triplicates, and the
error bars indicate standard deviation of the mean. p-values were calculated using a two-sided T-test. A two-sided p less than 0.05
was considered statistically significant. All the detailed statistical analyses can be located in the corresponding method details and
legend.

ADDITIONAL RESOURCES
Clinical trial registration and study details relevant to this paper are available at ClinicalTrials.gov under the identifier NCT02835261.

This registry provides comprehensive information on the study design, recruitment status, and outcome measures. https://
clinicaltrials.gov/ct2/show/NCT02835261.
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