UNIVERSITYOF
BIRMINGHAM

iversit}/]of iIrmingham
esearch at Birmingham

NAD depletion mediates cytotoxicity in human
neurons with autophagy deficiency

Sun, Congxin; Seranova, Elena; Cohen, Malkiel A.; Chipara, Miruna; Roberts, Jennie; Astulti,
Dewi; Palhegyi, Adina M.; Acharjee, Animesh; Sedlackova, Lucia; Kataura, Tetsushi; Otten,
Elsje G.; Panda, Prashanta K.; Lara-Reyna, Samuel; Korsgen, Miriam E.; Kauffman, Kevin J.;
Huerta-Uribe, Alejandro; Zatyka, Malgorzata; Silva, Luiz F.S.E.; Torresi, Jorge; Zhang,
Shupei

DOI:
10.1016/j.celrep.2023.112372

License:
Creative Commons: Attribution (CC BY)

Document Version
Publisher's PDF, also known as Version of record

Citation for published version (Harvard):

Sun, C, Seranova, E, Cohen, MA, Chipara, M, Roberts, J, Astuti, D, Palhegyi, AM, Acharjee, A, Sedlackova, L,
Kataura, T, Otten, EG, Panda, PK, Lara-Reyna, S, Korsgen, ME, Kauffman, KJ, Huerta-Uribe, A, Zatyka, M,
Silva, LFSE, Torresi, J, Zhang, S, Hughes, GW, Ward, C, Kuechler, ER, Cartwright, D, Trushin, S, Trushina, E,
Sahay, G, Buganim, Y, Lavery, GG, Gsponer, J, Anderson, DG, Frickel, EM, Rosenstock, TR, Barrett, T,
Maddocks, ODK, Tennant, DA, Wang, H, Jaenisch, R, Korolchuk, VI & Sarkar, S 2023, 'NAD depletion mediates
cytotoxicity in human neurons with autophagy deficiency', Cell Reports, vol. 42, no. 5, 112372.
https://doi.org/10.1016/j.celrep.2023.112372

Link to publication on Research at Birmingham portal

General rights

Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

*Users may freely distribute the URL that is used to identify this publication.

*Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.

*User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
*Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.

Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 19. Jul. 2023


https://doi.org/10.1016/j.celrep.2023.112372
https://doi.org/10.1016/j.celrep.2023.112372
https://birmingham.elsevierpure.com/en/publications/e8711907-b0c1-4bcc-9a8e-86a373987761

Cell Reports

NAD depletion mediates cytotoxicity in human
neurons with autophagy deficiency

Graphical abstract

“[1Aggresome

NAD
boosting
agents

A
1Cell death

Highlights
e Loss of autophagy in hESCs and neurons causes a metabolic
defect and cell death

e Depletion of NAD triggers cell death via mitochondrial
depolarization

e NAD exhaustion occurs due to hyperactivation of NAD-
consuming enzymes

e NAD-boosting agents rescue the viability of autophagy-
deficient human neurons

Sun et al., 2023, Cell Reports 42, 112372
May 30, 2023 © 2023 The Author(s).
https://doi.org/10.1016/j.celrep.2023.112372

Authors

Congxin Sun, Elena Seranova,
Malkiel A. Cohen, ..., Rudolf Jaenisch,
Viktor I. Korolchuk, Sovan Sarkar

Correspondence
viktor.korolchuk@newcastle.ac.uk

(V..K)),
s.sarkar@bham.ac.uk (S.S.)

In brief

Sun et al. establish human neurons with
loss of autophagy where depletion of
nicotinamide adenine dinucleotide (NAD)
mediates cytotoxicity. Boosting NAD
levels improves the viability of
autophagy-deficient human neurons by
restoring mitochondrial bioenergetics
and proteostasis, providing insights for
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SUMMARY

Autophagy is a homeostatic process critical for cellular survival, and its malfunction is implicated in human
diseases including neurodegeneration. Loss of autophagy contributes to cytotoxicity and tissue degenera-
tion, but the mechanistic understanding of this phenomenon remains elusive. Here, we generated auto-
phagy-deficient (ATG5 /) human embryonic stem cells (hESCs), from which we established a human
neuronal platform to investigate how loss of autophagy affects neuronal survival. ATG5/— neurons exhibit
basal cytotoxicity accompanied by metabolic defects. Depletion of nicotinamide adenine dinucleotide
(NAD) due to hyperactivation of NAD-consuming enzymes is found to trigger cell death via mitochondrial
depolarization in ATG5 7/~ neurons. Boosting intracellular NAD levels improves cell viability by restoring
mitochondrial bioenergetics and proteostasis in ATG5/— neurons. Our findings elucidate a mechanistic
link between autophagy deficiency and neuronal cell death that can be targeted for therapeutic interventions
in neurodegenerative and lysosomal storage diseases associated with autophagic defect.

INTRODUCTION their fusion with lysosomes where the autophagic cargo is

degraded. This process plays a fundamental role in cellular
Macroautophagy, herein referred to as autophagy, is a catabolic  and energy homeostasis via the clearance of undesirable macro-
process encompassing the formation of autophagosomes and molecules and organelles and via the utilization of the

':L Cell Reports 42, 112372, May 30, 2023 © 2023 The Author(s). 1
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breakdown products in metabolic pathways.' These functions
of autophagy are vital for cell survival and pertinent for post-
mitotic cells like neurons where the damaged cellular compo-
nents are not diluted by cell proliferation.” Genetic studies in
mouse models demonstrated that brain-specific abrogation of
basal autophagy by inducible knockout of essential autophagy
genes like Atg5 or Atg7 causes neurodegeneration,”® implying
that basal autophagy is essential for neuronal homeostasis.
Similarly in other organisms, suppression of autophagy by dele-
tion or downregulation of atg5 reduced the lifespan in Drosophila
melanogaster and the survival in Saccharomyces cerevisiae un-
der starvation conditions.”® Indeed, dysregulation of autophagy
has been reported in myriad human diseases including neurode-
generative and lysosomal storage disorders, where defective
autophagy is implicated as a contributing factor to the disease
pathology.®™"*

Despite the biomedical importance of autophagy in patholog-
ical contexts including neurodegeneration, it is not clear how mal-
function of autophagy causes cytotoxicity. In order to mechanis-
tically elucidate this causal link in a manner relevant to human
biology, we established human cellular platforms with autophagy
deficiency by utilizing human embryonic stem cells (hESCs). Un-
like immortalized cells, the hESCs provide a more physiologically
relevant in vitro experimental system because they are capable of
self-renewal and also, being pluripotent, are able to differentiate
into a range of human cell types like neurons.'>'®

RESULTS

Generation and characterization of autophagy-deficient
hESCs

Loss of autophagy can be achieved by knockout of ATG5, which
encodes for a key protein required for autophagosome forma-
tion."” We generated autophagy-deficient (ATG5~") hESCs by
knockout of ATG5 exon 3 via genome editing with transcription
activator-like effector nucleases (TALENs) (Figures 1A and
S1A). The correctly targeted clones were confirmed by southern
blot and Sanger sequencing. We obtained homozygous
(ATG5'7) and heterozygous (ATG5*") knockout clones (Fig-
ure S1B), which expressed pluripotency markers (Figures 1B
and S1C-S1E) and maintained proliferative capacity (Figures

2 Cell Reports 42, 112372, May 30, 2023

S1F and S1G) comparable to wild-type (WT; ATG5**) hESCs.
Since ATG5 protein normally exists in conjugation with
ATG12,"® immunoblotting analysis revealed complete or partial
loss of the ATG5-ATG12 conjugate in ATG5~~ and ATG5"/~
hESCs, respectively (Figures 1C and S1H). Loss of autophagy
was demonstrated under basal and starvation conditions in mul-
tiple clones of ATG5~~ hESCs via the absence of autophago-
somes (lack of LC3* puncta, LC3-Il levels, or autophagic vacu-
oles) and an accumulation of autophagy substrate (increased
p62/SQSTM1 levels) (Figures 1C, 1D, S1H, and S1l). Moreover,
starvation-induced autophagy was observed in WT, but not in
ATG5~'~, hESCs (Figures 1C, 1D, and S1H).

To further validate our genetic hESC model, we comple-
mented ATG5 '~ hESCs with human ATG5 mRNA via lipid nano-
particles (LNPs), formulated with the ionizable lipid C12-200,'° to
restore functional autophagic flux (Figure S1J). Introduction of
C12-200 LNP-encapsulated human ATG5 mRNA, but not GFP
mRNA, into ATG5~'~ hESCs generated the ATG5-ATG12 conju-
gate, thus enabling autophagosome formation (LC3 lipidation)
and p62 clearance (Figure 1E). Next, we analyzed whether loss
of autophagy in hESCs affected their survival. Increased
apoptosis in ATG5~'~ hESCs was evident from elevated levels
of cleaved caspase-3 and luminescence-based cytotoxicity
assay under normal growth conditions (Figures 1F and 1G), indi-
cating that autophagy deficiency impairs cell viability in hESCs.

Autophagy-deficient human neurons manifest with
elevated cell death

We further sought to establish human neurons with autophagy
deficiency to investigate whether and how loss of autophagy af-
fects neuronal survival. ATG5™* and multiple clones of ATG5 ™/~
hESCs were differentiated into neural precursors (NPs) via
“dual-SMAD inhibition method” followed by neuronal differentia-
tion (Figure S2A), as previously described.”® The NPs derived
via this method carry an anterior identity and commit to forebrain
fates when cultured in the presence of bFGF and EGF.?" The
cellular identity of hRESC-derived NPs and neurons was confirmed
by the expression of their cell-specific markers, which were com-
parable between the WT and ATG5 ™'~ cells (Figures 2A and S2B-
S2E). Autophagy deficiency was confirmed in ATG5~'~ NPs and
neurons via the lack of ATG5-ATG12 conjugate and LC3-lI
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Figure 1. Loss of autophagy and increased cell death in ATG5 '~ hESCs

(A) Targeting strategy for deleting exon 3 in human ATG5 gene by TALENSs.

(B-D) Immunofluorescence images of SOX2, SSEA4, OCT4, and TRA-1-60 (B), immunoblotting analyses of ATG5, LC3, and p62 (C), and immunofluorescence
images of LC3 puncta (D) in ATG5"*, ATG5*~_1, and multiple clones of ATG5 '~ hESCs, cultured in full growth medium (FM) (B-D) or starvation condition (HBSS

for 3 h) (C and D).

(E) Immunoblotting analyses of ATG5, LC3, p62, and GFP in ATG5"*, ATG5~/~_5, and ATG5~/~_6 hESCs, treated for 4 days with or without C12-200 lipid

nanoparticle (LNP)-containing 2 pg/mL GFP or ATG5 mRNA.

(F and G) Immunoblotting analysis of cleaved caspase-3 (F) and cytotoxicity assay (G) in ATG5**, ATG5~/~_5, and ATG5'~_6 hESCs.
Graphical data are mean + SEM of n = 3-11 biological replicates as indicated. p values were calculated by one-way ANOVA followed by multiple comparisons
with two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli on 3 independent experiments (C and E-G). ***p < 0.001; **p < 0.01; *p < 0.05. Scale

bars: 100 um (D) and 200 pum (B).
See also Figure S1.

levels/puncta and via p62 accumulation (Figures 2B-2D and S2F).
Further validation of the human neuronal platform was made by
LNP-mediated mRNA delivery (Figures 2E and S1J). Initial evalu-
ation of C12-200 LNPs for GFP mRNA delivery showed efficient
GFP expression in hESC-derived neurons (Figure S2G). As in
ATG5~/~ hESCs, C12-200 LNP-mediated delivery of human
ATG5 mRNA, but not GFP mRNA, restored functional autophagic
flux in ATG5~'~ neurons (Figures 2E and S2H).

To assess whether loss of autophagy in human neurons com-
promises cellular viability, we analyzed cell death at the popula-
tion and single-cell levels. ATG5 '~ NPs and neurons exhibited

elevation in cleaved caspase-3 levels under basal condition
compared with their WT counterparts (Figures 2F and S21). Addi-
tionally, TUJ1* ATG5~~ neurons displayed significantly more
TUNEL" apoptotic nuclei and DAPI-stained apoptotic nuclear
morphology compared with ATG5** neurons (Figures 2G, 2H,
S24, and S2K). Increased cytotoxicity was observed in ATG5™/~
neurons as early as at 2 weeks of neuronal differentiation, and
this was more substantial after 4 weeks (Figure 2I). Altogether,
the cell death phenotypes in autophagy-deficient hESCs and
NPs appear to become further pronounced following their differ-
entiation to neurons.

Cell Reports 42, 112372, May 30, 2023 3




¢? CellPress

OPEN ACCESS

Cell Reports

A B hesc-[¢ o1t @ mese[ s S50
g derived | & & & & derived| & & & &
< NPs| = = = & neurons| = & =&
B X X <X < «kpa < <X X < kpa
£ ATG5-ATG12 [ |-s5 ATG5ATG12 [== |55
2 LC3-Il -15 LC3-Il g
-70 —
@ p62 [~ e ——] pe2 [~ ememem]
GAPDH [==em—]- 35 GAPDH [ e e =] 55
@ = by * kK
3 2 800 e 2 1000 .
2 23 ” ko) .
2 5 & 600 . o & 800
] S ST 600
g e 400 S8 400
3 %é 200 %6 200
3 2 I
% <:£ 0 T = ea 2 0 T = o
oATes”™ 8 % 0§ OATGs” 8 5 &
OATGS” T 9 OATGS” T 9
D . N 0, ©, F hESC-  — 3007 _sxx
dhE_SCc; % \in o F derived 7 3 250{ *- »
@& erive © o o o neurons & < 200
g\l newensl < < < < e o 85150
8|k GFPMRNA — + — — + — — + — — + - $ aly! 85 100
= ATGEMRNA — — + — — + = — + = — + @E@ 3~ 50
2 ATG5-ATG12 | v ww - - |55 TT% oLt
g|o LC3-l [ Ceaved | wmwa]. ., Ty ly !
A 5 LC3-II - -15  caspase-3 -15 © 8 8
5| e o[ @m  w» @ = ] Tubin[seesalos <ER
< Actin|—--——-—---——|:§g
2 weeks 4 weeks
G H < 60im— I 30, % 607
+/+ /- /- — O\O KRk = * ® e
ATG5 ATG5”S TG 6 3 < g . S 28] 7. s0] %
2 g 40 2 20 40
° 2 30 2 15 30 .
~§g 435 2 2 101 [3|1 207+[e]]s
< g 2P 10 5 SiF 10 ﬁ
23 £ 0 © ol ol
w ¥ v o ¥ v o & O ©
< hESC- | 1o « l\' I hESC- | 1o « I\' : 1o« [\' !
derived (,2 8 8 derived ,9 8 8 (,E 8 8
< = <T kK <T kK
neurons << neurons << < <

Figure 2. Autophagy deficiency and increased cell death in ATG5~'~ NPs and neurons

(A-D) Immunofluorescence images of NESTIN, PAX6, MAP2, and TUJ1 (A), immunoblotting analyses of ATG5, LC3, and p62 (B and C), and immunofluorescence
images of LC3 puncta and TUJ1 (D) in ATG5™* and multiple clones of ATG5/~ hESC-derived NPs (A and B) and neurons (4 weeks) (A and C).

(E) Immunoblotting analyses of ATG5, LC3, and GFP in ATG5"* and multiple clones of ATG5 '~ hESC-derived neurons (4 weeks), treated for 4 days with or

without C12-200 LNP-containing 2 pg/mL GFP or ATG5 mRNA.

(F-I) Immunoblotting analysis of cleaved caspase-3 (F), immunofluorescence images of TUJ1 with TUNEL staining (G), and quantification of TUNEL" apoptotic
nuclei (H) and cytotoxicity assay () in ATG5**, ATG5~~_5, and ATG5~'~_6 hESC-derived neurons at 2 (l) or 4 weeks (F-I) of neuronal differentiation.

Graphical data are mean + SEM of n = 3-10 biological replicates as indicated.

p values were calculated by one-way ANOVA followed by multiple comparisons

with two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli on 3 independent experiments (B, C, F, H, and I). ***p < 0.001; **p < 0.01; *p < 0.05.

Scale bars: 10 um (D) and 100 um (A and G).
See also Figure S2.

Metabolic perturbations in autophagy-deficient human
neurons

We next endeavored to investigate what cellular mechanisms
underlying cell death are primarily affected due to autophagy
deficiency in human neurons. Since ATG5~'~ hESCs and
hESC-derived NPs and neurons exhibited cytotoxicity at basal

4 Cell Reports 42, 112372, May 30, 2023

state, we hypothesized that this might arise from a metabolic fail-
ure. Autophagy promotes metabolic homeostasis by recycling
cytoplasmic macromolecules and providing the breakdown
products as inputs to cellular anabolic processes, failure of
which could lead to metabolic stress.>*? Although depletion of
several metabolites, amino acids, and nucleotides associated
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with the loss of autophagy has been reported in immortalized
cells and mouse models,>?* the mechanistic link between these
metabolic defects and cell death is unclear.

To investigate any specific metabolic defect in our experi-
mental system, we performed an unbiased metabolomics
profiling of WT and ATG5~/~ hESC-derived neurons. Significant
depletion of several metabolites related to glycolysis and tricar-
boxylic acid (TCA) cycle, nucleotide energy carriers, and various
amino acids was detected in ATG5 '~ neurons (Figures 3A, S3A,
and S3B). By plotting the magnitude of change against the mea-
sure of significance, several nucleotides were found to be signif-
icantly depleted in ATG5~'~ neurons (Figure 3B). This is in accor-
dance with the nucleic acid recycling defect reported in
autophagy-deficient tumor-derived cell lines.? Alongside this,
some of the intermediates of glycolysis and TCA cycle were
also significantly lower in ATG5~'~ neurons (Figure 3B). These
findings suggest that autophagy-deficient human neurons are
associated with metabolic stress under normal growth condition.

Depletion of ATP and NAD(H) in autophagy-deficient
neurons despite compensatory increase in glucose
metabolism

Metabolomics data implied that glycolysis and TCA cycle are
affected because the steady-state levels of the respective start-
ing molecule, such as glucose and acetyl-coenzyme A (CoA), as
well as several other intermediates, were reduced in ATG5/~
neurons (Figures 3A, S3A, and S3C). However, glucose uptake
was significantly higher in ATG5~'~ neurons (Figures 3C and
S3D), suggesting that intracellular glucose could be rapidly
metabolized through the glycolytic pathway. We further em-
ployed [U-"3Cg]-Glucose tracer to elucidate the contribution of
glucose to glycolysis and TCA cycle (Figure 3D). Glycolysis
breaks the glucose carbon skeleton into three carbon units in
the form of pyruvate, which can then undergo several metabolic
transformations. These include lactate, alanine, oxaloacetate,
and the two-carbon unit acetyl-CoA that can enter the TCA cy-
cle, condensing with oxaloacetate to form citrate (Figure 3D).>*
The pattern of '2C and '3C carbons in each metabolite provides
information on the active metabolic pathways. Both lactate and
pyruvate were secreted into the medium with a higher fraction of
the M+3 isotopomer in ATG5~'~ neurons (Figure 3E), demon-
strating a greater contribution of glucose-derived carbons from
the glycolytic pathway. Likewise, intracellular alanine also had
an elevated fraction of the M+3 isotopomer in ATG5 '~ neurons
(Figure 3F). Labeling patterns of the TCA cycle intermediates
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such as citrate, a-ketoglutarate, succinate, fumarate, and malate
included both the M+2 and M+3 isotopomers, indicating that a
higher fraction of glucose-derived pyruvate was incorporated
via both acetyl CoA and oxaloacetate in ATG5 '~ neurons
(Figures 3D, 3F, and S3E). The amino acids aspartate and gluta-
mate also contained a glucose-derived '3C label that mirrored
the labeling of malate and citrate, respectively, indicating that
the synthesis of both these metabolites involved a greater contri-
bution from glucose in ATG5~~ neurons (Figures 3D and 3F).
Collectively, our data show a greater use of glucose in central
carbon metabolism in autophagy-deficient neurons as an
attempt to cope with their metabolic stress. However, despite
this compensation, the reduction in almost all TCA cycle metab-
olites suggests that this response is insufficient to ameliorate
the loss of autophagy-derived metabolites from the metabolic
network.

The overall yield from glycolysis and TCA cycle normally con-
stitutes ATP and NADH.?® Despite increased glucose contribu-
tion to these metabolic pathways, unbiased metabolomics
data revealed significant depletion of ATP, ADP, NAD*, and
NADH levels in ATG5/~ neurons (Figures 3A, 3B, S3A, S3F,
and S3G), which was further confirmed by specific lumines-
cence- and colorimetric-based assays (Figures 3G and 3H).
Since depletion of energy carriers like ATP and NADH could
trigger energetic deficit,” it is likely that the autophagy-deficient
neurons are attempting to restore their levels by utilizing more
glucose through glycolysis and TCA cycle. Interestingly,
ATG5~~ hESCs exhibited substantial elevation in ATP and
ADP levels, although they had lower NAD* and NADH levels
compared with WT hESCs (Figures S3H and S3I). This is likely
due to cell-specific metabolic requirements, since proliferating
hESCs rely on glycolysis for energy production and pluripotency
but, upon differentiation, switch to mitochondrial oxidative phos-
phorylation.”® These data indicate that among the major energy
carriers, NAD(H) depletion during loss of autophagy is common
in proliferating hESCs and post-mitotic neurons associated
with increased cytotoxicity.

Supplementation of L-tryptophan restores NAD(H) levels
and rescues viability of autophagy-deficient neurons
Apart from nucleotides and various intracellular metabolites,
unbiased metabolomics profiling also revealed significant
depletion of several amino acids in ATG5'~ neurons
(Figures 3A and S3A). By plotting the magnitude of change of
all the amino acids against their measure of significance,

Figure 3. Metabolic perturbations in ATG5~'~ neurons

(A and B) Metabolic profiling depicted as heatmap of log, (fold change) (A), and volcano plot representation of all analyzed metabolites (thresholds shown as
dashed orange lines) (B), in a pairwise comparison of ATG5 '~ _5 with ATG5*+ hESC-derived neurons (3 weeks).

(C) Measurement of glucose concentration in medium (fold change from day 0) of ATG5** and ATG5 '~ hESC-derived neurons (3 weeks).

(D) Schematic representation of carbon atom (circles) transitions from [U-'3Cg]-glucose tracer to determine the contribution of glucose to glycolysis and TCA

cycle.

(E and F) Mass isotopomer distribution from [U-"3C¢]-glucose in various glycolysis and TCA cycle intermediates as indicated, measured in the medium (E) or cell
extract (F) of ATG5** and ATG5 '~ hESC-derived neurons (3 weeks) by GC-MS.

(G and H) Measurements of ATP and ADP (G) and NAD* and NADH (H) levels in ATG5*"* and ATG5 /~ hESC-derived neurons (3 weeks).

Graphical data are mean + SEM of n = 3-7 biological replicates as indicated. p values were calculated by Student’s t test using Benjamini and Hochberg false
discovery rate (FDR) method (A and B) or one-way ANOVA followed by multiple comparisons with two-stage linear step-up procedure of Benjamini, Krieger, and
Yekutieli (C and E-H) on 3 independent experiments. **p < 0.001; **p < 0.01; *p < 0.05; ns (non-significant).

See also Figure S3 and Table S1.
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Figure 4. L-tryptophan supplementation rescues NAD(H) levels and cell viability in ATG5~'~ neurons

(A) Volcano plot representation of all amino acids in a pairwise comparison of ATG5 '~ with ATG5** hESC-derived neurons (3 weeks); thresholds shown as
dashed orange lines.

(B) Measurement of amino acid concentrations (fold change at day 3) in medium of ATG5** and ATG5 '~ hESC-derived neurons (3 weeks) by GC-MS.

(C) Cytotoxicity assay in ATG5*"* and ATG5 '~ hESC-derived neurons (3 weeks), where ATG5 '~ neurons were treated with or without 1 mM individual amino
acid as indicated for the last 6 days of neuronal differentiation period.

(D and E) Immunofluorescence images of TUJ1 with TUNEL staining (D) and quantification of TUNEL* apoptotic nuclei (E) in ATG5** and ATG5 /~_5 hESC-
derived neurons (3 weeks), where ATG5 '~ neurons were treated with or without 1 mM L-tryptophan (Trp) for the last 6 days of neuronal differentiation period.
(F) Schematic representation of NAD* de novo biosynthetic and salvage pathways where compounds used for modulating NAD(H) levels are indicated.

(G) Measurements of NAD* and NADH levels in ATG5 '~ hESC-derived neurons (3 weeks), treated with or without 1 mM L-Trp for the last 6 days of neuronal
differentiation period.

Graphical data are mean + SEM of n = 3-6 biological replicates as indicated. p values were calculated by Student’s t test using Benjamini and Hochberg FDR
method (A) or one-way ANOVA followed by multiple comparisons with two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli (B, C, E, and G) on
3 independent experiments. **p < 0.001; **p < 0.01; *p < 0.05; ns (non-significant). Scale bar: 100 um (D).

See also Figure S4.

glycine and L-tryptophan were found to be most significantly
depleted in ATG5~'~ neurons (Figure 4A). However, individual
amino acid uptake was not overtly different between ATG5~/~
and WT neurons as measured by the fold change of amino
acid concentrations in the medium, except for increased up-
take of L-aspartate and L-glutamate in ATG5~~ neurons
(Figures 4B and S4A-S4C), indicating higher reliance on these
amino acids. Both amino acids are excitatory neurotransmit-
ters,?” and their increased uptake in ATG5~~ neurons could

be due to higher metabolic demand in TCA cycle as revealed
by [U-"Cg]-glucose tracer (Figures 3D and 3F).

We next analyzed whether supplementation with each of the
12 amino acids, which were significantly depleted as per unbi-
ased metabolomics (Figures 3A and S3A), could rescue the
viability of ATG5~~ neurons. Interestingly, only supplementa-
tion of L-tryptophan, which was depleted in these cells
(Figures 3A, 4A, S3A, and S4D), significantly reduced cytotox-
icity in ATG5~'~ neurons (Figure 4C). The cytoprotective effect
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Figure 5. Modulation of NAD(H) levels affects cell viability in ATG5~'~ neurons

(A-J) Measurements of NAD* and NADH levels (A, C, and G), cytotoxicity assay (B, D, and J), immunofluorescence images of TUJ1 with TUNEL staining (E and H),
and quantification of TUNEL* apoptotic nuclei (F and I) in ATG5** and ATG5~/~_5 hESC-derived neurons (3 weeks), where ATG5 '~ neurons were treated with or
without 10 nM FK866 (A, B, D, and J), 1 mM NAM (C-F), 1 mM NR (G-J), or 1 mM NMN (G-J) as indicated for the last 6 days of neuronal differentiation period.
Graphical data are mean + SEM of n = 3-6 biological replicates as indicated. p values were calculated by one-way ANOVA followed by multiple comparisons with
two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli on 3 independent experiments (A-D, F, G, |, and J). **p < 0.001; **p < 0.01; *p < 0.05; ns

(non-significant). Scale bar: 100 um (E and H).
See also Figure S5.

of L-tryptophan supplementation was further confirmed by
reduction of TUNEL* apoptotic nuclei in TUJ1* ATG5~'~ neu-
rons (Figures 4D and 4E). L-tryptophan is required for the
de novo synthesis of NAD via the kynurenine pathway
(Figures 4F),?® and hence it could impact cell survival by modu-
lating NAD(H) levels that were depleted in ATG5~'~ neurons
(Figures 3A, 3B, 3H, and S3G). Concomitant to reducing cell
death, L-tryptophan supplementation significantly restored
NAD(H) levels in ATG5~'~ neurons (Figure 4G), raising the pos-
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sibility that NAD(H) levels could affect the viability of auto-
phagy-deficient human neurons.

Boosting intracellular NAD(H) improves viability of
autophagy-deficient neurons

We next investigated a potential role of NAD(H) in mediating
cytotoxicity in human neurons with autophagy deficiency.
NAD" (the oxidized form of NAD) was one of the most depleted
metabolites in ATG5~/~ neurons, whereas NADH (the reduced
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Figure 6. Hyperactivation of NADases mediates NAD(H) depletion in ATG5~'~ neurons
(A-D) Immunoblotting analyses of acetylated lysine (AcK) and poly(ADP-ribose) (PAR) (A), immunofluorescence images of TUJ1 with AcK (B) or PAR (C), and
enzymatic activity of SIRT1, SIRT2, PARP1, and PARP2 (D) in ATG5** and ATG5 '~ hESC-derived neurons (3 weeks).

(legend continued on next page)
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form of NAD) was also significantly lower, indicating exhaustion
of the total pool of NAD(H) (Figures 3A, 3B, 3H, S3A, and S3G).
We initially assessed whether preventing NAD production affects
cell viability by the inhibition of nicotinamide phosphoribosyl-
transferase (NAMPT), which is involved in NAD biosynthesis via
a salvage pathway, with FK866 (Figure 4F).?° The NAMPT inhib-
itor FK866 markedly lowered NAD(H) levels and compromised
the viability of ATG5'~ neurons (Figures 5A, 5B, S5A, and
S5B). Conversely, we assessed if boosting intracellular NAD(H)
levels can rescue cell viability. A well-known strategy is supple-
mentation with the bioavailable NAD precursor nicotinamide
(NAM) (Figures 4F),%°®" which substantially increased NAD(H)
levels and improved cell viability in ATG5~ neurons
(Figures 5C-5F). We also observed reduction in axonal length
in ATG5~'~ neurons compared with ATG5"* neurons, and this
morphological defect was concomitantly rescued by NAM
(Figures S5C and S5D). Similarly, NAM restored NAD(H) levels
and improved cell viability in ATG5~'~ hESCs (Figures S5E and
S5F). The cytoprotective effects of boosting NAD(H) in auto-
phagy-deficient cells were further supported with additional
NAD precursors, such as nicotinamide riboside (NR) and nicotin-
amide mononucleotide (NMN) (Figure 4F).***® Indeed, both NR
and NMN significantly restored NAD(H) levels and rescued cell
viability in ATG5~/~ neurons (Figures 5G-5J).

Since the NAD precursors elevated NAD(H) levels via the
salvage pathway, we analyzed their dependency on NAMPT
for conversion using FK866 (Figure 4F). The cytoprotective effect
of NAM in rescuing the viability of ATG5 /" neurons was
completely abolished by FK866 (Figure 5D); however, the effects
of NR or NMN were unaffected by FK866 treatment (Figure 5J).
This is likely because NAMPT is required for the conversion of
NAM to NAD*, whereas NR and NMN act downstream of
NAMPT (Figure 4F). Overall, these data suggest that modulating
NAD(H) levels affects cell viability and that boosting intracellular
NAD(H) improves the survival of autophagy-deficient human
neurons.

Increased NADase activity mediates NAD(H) depletionin
autophagy-deficient neurons

We further investigated the mechanism of NAD(H) depletion in
ATG5~'~ neurons. NAD* can be degraded by NAD* nucleosi-
dases (NADases) to maintain NAD* homeostasis.®**>> The two
main classes of NADases are deacetylases of the sirtuin family
(SIRTs) and poly-ADP-ribose polymerases (PARPSs), which utilize
NAD* as a substrate (Figure 4F).° Activities of SIRTs and PARPs
were elevated in ATG5~~ neurons and also in ATG5 '~ hESCs
and NPs, as evident from the reduction in protein acetylation
and increase in poly-ADP-ribosylation (PARylation) of acetylated
lysine and poly(ADP-ribose), respectively (Figures 6A-6C and

Cell Reports

S6A). We further measured the enzymatic activity of SIRT1,
SIRT2, PARP1, and PARP2, all of which were higher in ATG5/~
neurons compared with WT neurons (Figure 6D). These data
imply that hyperactivation of these NAD-consuming enzymes
during loss of autophagy could deplete NAD(H) and trigger cell
death. To test this possibility, we pharmacologically inhibited
SIRTs and PARPs with sirtinol and olaparib, respectively
(Figures 4F, S6B, and S6C). Both sirtinol and olaparib rescued
NAD(H) levels and the viability of ATG5~'~ neurons (Figures 6E,
6F, S6D, and S6E), suggesting that suppression of NAD(H)
exhaustion increases the survival of autophagy-deficient human
neurons. Simultaneous inhibition of SIRTs and PARPs in
ATG5 '~ neurons rescued NAD(H) levels and cell viability to a
greater extent than is achieved with the inhibition of either
enzyme alone (Figures 6E and 6F), thus implicating both classes
of NADases in NAD(H) depletion.

PARPs and SIRTs are activated in response to DNA damage
and oxidative stress, and both these NADases are involved in
the regulation of genomic stability.®” Lack of autophagy has
been shown to accumulate DNA damage and cause genomic
instability via impairment in DNA double-strand break repair
mechanisms and inefficient turnover of p62 and nuclear compo-
nents.®® Expectedly, increased DNA damage was found in
ATG5~'~ neurons as evident from significantly higher numbers
of yH2AX and 53BP1 foci compared with the WT neurons
(Figures 6G, 6H, S6F, and S6G). These data imply that persistent
DNA damage in autophagy-deficient neurons could contribute to
NAD(H) depletion via activation of NAD-consuming enzymes.

NAD(H) depletion triggers cell death via mitochondrial
depolarization in autophagy-deficient neurons

We next investigated the mechanistic link between NAD(H)
depletion and cell death in autophagy-deficient human neurons.
While NAD* was substantially decreased in the cytosolic frac-
tion, NADH was predominantly detected and found to be
depleted in the mitochondrial fraction of ATG5~~ neurons
(Figure 7A). Oxidation of NADH mediates the generation of mito-
chondrial membrane potential (A% ,,), in which the flow of elec-
trons (donated by NADH) through the mitochondrial electron
transport chain (ETC) coupled to proton pumping across the in-
ner mitochondrial membrane create an electrochemical proton
gradient, which eventually drives ATP production by the mito-
chondrial FoF;-ATP synthase.*® Depletion of NADH in auto-
phagy-deficient cells could thus dissipate AW,,, and mediate
cytotoxicity.*>*" Supporting this hypothesis, ATG5~'~ neurons
displayed a reduction in AW, as measured by TMRE fluores-
cence intensity (Figure 7B). Moreover, ATG5~'~ neurons had
elevation in reactive oxygen species (ROS) and mitochondrial
fragmentation (Figures 7C-7E, S7A, and S7B), and an increase

(E and F) Measurements of NAD* and NADH levels (E) and cytotoxicity assay (F) in ATG5"* and ATG5/~_5 hESC-derived neurons (3 weeks), where ATG5

neurons were treated with or without 20 uM sirtinol (SIRT inhibitor), 10 uM olaparib (PARP inhibitor), or both for the last 3 days of neuronal differentiation period.
(G and H) Immunofluorescence images of TUJ1 with 53BP1 (G) and quantification of 53BP1 foci (H) in ATG5** and ATG5 /~_6 hESC-derived neurons (3 weeks).
Graphical data are mean + SEM of n = 3-6 biological replicates as indicated (A and D-F) or displayed as violin plot (lines at median and quartiles) from ~200 cells
per condition of n = 3 biological replicates (H). p values were calculated by one-way ANOVA followed by multiple comparisons with two-stage linear step-up
procedure of Benjamini, Krieger, and Yekutieli (A, E, and F) or unpaired two-tailed Student’s t test (D and H) on 3 independent experiments. ***p < 0.001; *p < 0.05.

Scale bars: 10 pm (G) and 50 pm (B and C).
See also Figure S6.
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in oxidative stress could contribute to SIRT activation in
these cells (Figures 6A, 6B, and 6D).*' Similar mitochondrial
dysfunction phenotypes were also found in ATG5~'~ hESCs
(Figures S7C-S7F). Furthermore, loss of autophagy will lead to
inefficient mitophagy resulting in the accumulation of damaged
mitochondria,*® which was confirmed by the increase in mito-
chondrial load in ATG5~/~ neurons as assessed by elevated
Tom20 levels (Figure S7G). Collectively, our data raise the possi-
bility that the deficit in NADH links autophagy deficiency to cell
death via mitochondrial dysfunction and the loss of AW .

To test this hypothesis, we pharmacologically suppressed
mitochondrial NADH consumption with CP2, which reversibly in-
hibits mitochondrial ETC complex | and partially suppresses the
use of NADH as a substrate (Figure 4F).** CP2 increased NAD(H)
levels and rescued cell viability in ATG5~~ neurons (Figures 7F-
7H and S7H), and these cytoprotective effects were associated
with the rescue of AW,, in ATG5~~ neurons (Figure 71). We
further tested whether other NAD(H) boosting agents could
attenuate mitochondrial depolarization. NAM, NR, NMN, and
L-tryptophan, all of which improved NAD(H) levels and cell
viability in ATG5~'~ neurons (Figures 4D-4G and 5C-5J), also
rescued AW, in these cells (Figures 7l and 7J). Furthermore,
analysis of mitochondrial respiration by measuring the oxygen
consumption rate showed severe impairment in ATG5™/~
neurons compared with WT neurons, as seen by reduction in
basal respiration, maximal respiration, and ATP production
(Figures 7K and 7L). Boosting NAD(H) with NAM, NR, and
NMN restored these mitochondrial respiratory parameters in
ATG5~'~ neurons to the levels in WT neurons (Figures 7K and
7L). These data suggest that restoration of AW, and mitochon-
drial bioenergetics underlies the cytoprotective effects of
enhancing NAD(H) levels in ATG5~'~ neurons. This is particularly
important for differentiated cells like neurons, which have high
energy demand and are greatly reliant on mitochondrial oxida-
tive phosphorylation for energy production.**

Mitochondrial dysfunction perturbs proteostasis in
autophagy-deficient neurons

Since autophagy is the primary clearance route for aggregated
proteins, malfunction of this degradative process leads to
proteotoxic stress during aging and neurodegenerative dis-
eases.'”""*° Recent studies have demonstrated a crosstalk
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between mitochondrial and protein homeostasis, also involving
NAD homeostasis, wherein NAD(H) boosters enhanced mito-
chondrial function and attenuated amyloid accumulation in
aged worms and mice.***° We therefore studied this phenome-
non in autophagy-deficient human neurons using ProteoStat
staining, which can detect aggresomes (inclusion bodies)
of aggregated proteins.>® As expected, ATG5 '~ hESCs and
hESC-derived NPs and neurons displayed a substantial in-
crease in ProteoStat signal compared with the respective WT
cell types (Figures 7M, 7N, and S7I-S7L), indicating accumula-
tion of aggresomes in autophagy-deficient cells. Remarkably,
increasing NAD(H) levels with NAM, NR, and NMN markedly
reduced the ProteoStat signal in ATG5~~ cells (Figures 7M,
7N, and S71-S7L), suggesting that NAD(H) boosters improved
proteostasis, which is concomitant with restoring mitochondrial
function (Figures 71-7L). To further study this crosstalk, we used
trehalose, a non-reducing disaccharide that prevents protein ag-
gregation.®' Trehalose reduced the ProteoStat signal and also
restored AW, in ATG5 '~ neurons (Figures 7M, 7N, and S7M),
suggesting that suppression of aggresomes improved AW,,.
Overall, our data show that NAD(H) boosters could improve
cell survival by restoring mitochondrial and protein homeostasis
during loss of autophagy.

DISCUSSION

In summary, we have established a human neuronal platform
with autophagy deficiency by harnessing an hESC-based sys-
tem. This human-relevant genetic model was used to study a
fundamental question pertaining to how abrogation of auto-
phagy compromises cell survival. We initially showed a causal
link between loss of autophagy and cytotoxicity in human neu-
rons, consistent with the genetic studies in mice,>° implying
that dysfunctional autophagy in neurodegenerative disease pa-
tients contributes to disease pathology.'®"'%'* Next, we inves-
tigated possible cellular mechanisms behind this phenomenon.
ATG5~'~ neurons were associated with metabolic defects un-
derlying cell death at basal state. We found increased glucose
uptake and greater use of glucose in glycolysis and TCA cycle
in ATG5~~ neurons as an attempt to deal with their metabolic
stress, but this was inadequate to restore the depleted metabo-
lites in these metabolic networks. Our data suggest a specific

Figure 7. Boosting NAD(H) levels rescues mitochondrial function and proteostasis in ATG5 /™ neurons

(A-E) Measurements of NAD* and NADH levels in cytoplasmic (cyto) and mitochondrial (mito) fractions (A), TMRE A fluorescence intensity (pre- and post-FCCP
treatment) for AWm (B) and H,DCF-DA fluorescence intensity for ROS (C), immunofluorescence images of TUJ1 with MitoTracker staining (D), and analysis of
average mitochondrial rod length per image (E) in ATG5** and ATG5 '~ hESC-derived neurons (3 weeks).

(F-N) Measurements of NAD* and NADH levels (F); immunofluorescence images of TUJ1 with TUNEL staining (G); quantification of TUNEL* apoptotic nuclei (H);
measurement of TMRE A fluorescence intensity (I and J); post-mitochondrial stress test measurement of basal respiration, maximal respiration, ATP production
(K), and oxygen consumption rate (OCR) levels (L) after addition of oligomycin (Oligo), BAM15, and rotenone (Rot)/antimycin A (AA); fluorescence images of
ProteoStat staining for aggresome detection (M); and quantification of ProteoStat fluorescence intensity in arbitrary units (a.u.) (N) in ATG5** and ATG5~/~_5
hESC-derived neurons (3 weeks), where ATG5 '~ neurons were treated with or without 1 uM CP2 (F-I), 1 mM NAM (I and K-N), 1 mM NR (J-N), 1 mM NMN (J-N),
1 mM L-Trp (J), or 100 mM trehalose (Tre) (M and N) for the last 6 days of neuronal differentiation period.

(O) Schematic representation of cell death cascade mediated by NAD(H) depletion in human neurons with loss of autophagy, and the cytoprotective effects of
NAD(H) boosting agents.

Graphical data are mean + SEM of n = 3-28 biological replicates as indicated. p values were calculated by one-way ANOVA followed by multiple comparisons
with two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli (A-C, F, H-K, and N) or unpaired two-tailed Student’s t test (E) on 3 independent
experiments. ***p < 0.001; **p < 0.01; *p < 0.05; ns (non-significant). Scale bars: 10 pm (D), 20 pum (M), and 100 um (G). MFI, mean fluorescent intensity.

See also Figure S7.
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metabolic defect, attributed to NAD(H) depletion due to hyperac-
tivation of NADases like PARPs and SIRTs and the consequent
mitochondrial depolarization and bioenergetic deficit, as a po-
tential mechanism leading to cell death due to autophagy defi-
ciency (Figure 70). These observations are supported by our
results that boosting intracellular NAD(H) levels with bioavailable
NAD precursors or other pharmacological agents improved
mitochondrial function and cell viability in ATG5~~ neurons.
Moreover, loss of autophagy is associated with increased DNA
damage and ROS,***" which in turn can activate PARPs and
SIRTs to cause NAD(H) exhaustion in ATG5 /™ neurons. Interest-
ingly, NAD(H) boosters also reduced aggresomes that are accu-
mulated in autophagy-deficient cells, thereby supporting an
extensive crosstalk between mitochondrial and protein homeo-
stasis as reported in recent studies.*®™*°

We found the phenomenon of NAD(H) depletion and increased
cell death to be common in proliferating ATG5~'~ hESCs and
post-mitotic ATG5~~ human neurons. Importantly, our recent
study further supports an evolutionarily conserved role of auto-
phagy in maintaining NAD(H) levels where boosting NAD(H)
improved the survival of yeast, mouse cells, and neurodegener-
ative patient-derived neurons with loss or malfunction of auto-
phagy.”? Additionally, it is plausible that other metabolic
changes could also have detrimental effects,” such as nucleic
acid recycling defect in autophagy-deficient tumor-derived cell
lines,?® and hyperactivation of the stress responsive transcrip-
tion factor Nrf2 in autophagy-deficient mouse hepatocytes.*®
Despite the inability of maintaining the intracellular pools of
building blocks and energy carriers due to loss of autophagy,
complex metabolic alterations can also occur, such as metabolic
reprogramming in cancer cells via constitutive activation of
Nrf2,>*%5 which is induced by accumulation of p62 in auto-
phagy-deficient cells.®® Further studies are warranted to under-
stand how these and other mechanisms integrate with the critical
role of NAD(H) depletion during autophagy deficiency.

Aging and neurodegenerative diseases are associated with
impaired autophagic activity, accumulation of misfolded
protein aggregates, lower NAD* levels, and mitochondrial
dysfunction,’%%"34455657 \whereas supplementation with NAD*
precursors is beneficial in transgenic animal and patient-derived
induced pluripotent stem cell (iPSC) models.>>**°8 Moreover,
enhancing NAD* synthesis improves mitochondrial function and
reduces protein aggregation,””*° which we also observed in
ATG5~'~ neurons. Our data provide a mechanistic link between
loss of autophagy, NAD(H) depletion, and cell death and explain
how pharmacologically boosting NAD(H) levels can be cytoprotec-
tive in human neurons with autophagy deficiency by restoring
mitochondrial function and proteostasis (Figure 70). We further
showed that this approach was cytoprotective in patient iPSC-
derived neurons of Niemann-Pick type C1 (NPC1) disease,*” a
neurodegenerative lysosomal storage disorder associated with
severe impairment in autophagy,’®®° where NAD(H) was found
to be depleted in accordance with our data arising from human ge-
netic model of autophagy deficiency.®® This intervention could
have therapeutic relevance in a range of age-related, degenera-
tive, or lysosomal storage diseases linked to autophagy dysfunc-
tion,"®'* where autophagy induction strategy might not be
effective if the functionality of lysosomes is compromised or due
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to the diverse nature of autophagy defects at multiple stages of
the pathway.

Limitations of the study

In this study, the experiments were performed primarily in WT
and ATG5~'~ hESC-derived neurons, while certain key pheno-
types were confirmed in hESCs and hESC-derived NPs. We
demonstrated that loss of autophagy mediates cytotoxicity by
depletion of NAD(H) levels. We found that activation of SIRTs
and PARPs mediated NAD(H) depletion, as determined by using
chemical inhibitors and measuring the enzyme activity of SIRT1,
SIRT2, PARP1, and PARP2. However, it was not feasible to
confirm the role of these NADases by genetic approaches.
This is because gene knockdown in human neurons is techni-
cally challenging. Moreover, creating knockouts of the individual
NADases in hESCs containing ATG5 gene deletion and then
differentiating the respective double-knockout clones into neu-
rons will be extremely challenging. It is also unclear how this
additional genetic manipulation will impact the genome-edited
ATG5 '~ hESCs, which are already in stress, exhibiting higher
basal cytotoxicity. Future work should also analyze the role of
other NADases in various human cell types differentiated from
hESCs.
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Cati# 880150

Cat# 870296

Cat# 41966-029
Cat# 11320-074
Cat# 15575-038
Cat# A5256701
Cat# F8557
Cat# A1413302
Cat# 35050061
Cat# 15644530
Cat# 34860
Cat# 270733
Cat# 10828-028
Cat# L2020
Cat# A26802
Cat# A5006
Cat# G5667
Cat# 25030-024
Cat# G7126
Cat# H8000
Cat# L8000
Cat# L5501
Cat# M5308
Cat# W358512
Cat# P0380
Cat# S4500
Cat# T0254
Cat# 226904
Cat# M4287
Cat# M7512
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Nicotinamide riboside (NR) Provided by ChromaDex N/A

Non-essential amino acids

N2 supplement

Olaparib

Oligomycin

Penicillin/streptomycin
Pentanedioic-dg Acid (Dg-Glutaric acid)
Poly-L-Ornithine

ProLong Gold Antifade Mountant with DAPI
Protein A agarose

Puromycin

Recombinant Human Noggin

ROCK inhibitor Y-27632

Rotenone

SB431542

Sirtinol

StemFlex Basal Medium

StemFlex 10X Supplement

StemPro Accutase

Tetramethylrhodamine, Ethyl Ester,
Perchlorate (TMRE)

Trehalose
[U-13C®]-Glucose tracer

Gibco

Gibco

Cambridge Biosciences
Sigma-Aldrich

Gibco

CDN Isotopes
Sigma-Aldrich
Invitrogen

Invitrogen

Gibco

Peprotech

Stemgent
Sigma-Aldrich
Stemgent

Cambridge Biosciences
Gibco

Gibco

Gibco

Invitrogen

Sigma-Aldrich
Cambridge Isotope Laboratories

Cat# 11140-035
Cat# 17502-048
Cat# CAY10621
Cat# 495455
Cat# 15070063
Cat# D-5227
Cat# P4957
Cat# P36931
Cat# 15918-014
Cat# A1113803
Cat# 120-10C
Cat# 04-0012-02
Cat# R8875
Cat# 04-0010-10
Cat# CAY10523
Cat# A3349401
Cat# A3349201
Cat# A1110501
Cat# T669

Cat# T9531
Cat# CLM-1396

Critical commercial assays

ApoSENSOR ADP/ATP Ratio BioVision Cat# K255-200
Bioluminescent Assay Kit

Bio-Rad Protein Assay Kit Il Bio-Rad Cat# 5000002
CytoTox-Glo Cytotoxicity Assay Kit Promega Cat# G9290
CyQUANT Cell Proliferation Assay Thermo Fisher Scientific Cat# C7026
Click-iT Plus TUNEL Assay Kit Invitrogen Cat# C10617

HT Universal Colorimetric PARP Assay Kit R&D Systems Cat# 4677-096-K
Mitochondria Isolation Kit for Cultured Cells ThermoFisher Cat# 89874
NAD/NADH Quantitation Colorimetric Kit BioVision Cat# K337-100
PARP1/2 Activity Assay Kit R&D Systems Cat# 4677-096-K
PROTEOSTAT Aggresome Detection Kit Enzo Cat# ENZ-51035-K100
Quant-iT RiboGreen RNA Assay Invitrogen Cat# R11490
RNase-free DNase Set Qiagen Cat# 79254
Seahorse XF Cell Mito Stress Test Kit Agilent Cat# 103015-100
SIRT1 Activity Assay Kit Abcam Cat# ab156065
SIRT2 Activity Assay Kit Abcam Cat# ab156066
Deposited data

LC-MS metabolomics data This paper MassIVE:

MSV000091468; Table S1

Experimental models: Cell lines

ATG5*"* (WIBR3) hESCs
ATG5"~ (clone #1, #2) hESCs

Lengner et al.®”
This paper

N/A
N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
ATG5~/~ (clones #1, #3, #4, #5, #6) hESCs This paper N/A
Human fibroblasts (line C1) Hu et al.®® N/A
Inactivated mouse embryonic fibroblasts Lengner et al.®” N/A
Oligonucleotides

Primers for gPCR This paper Table S5
TALENS targeting ATG5 This paper N/A
Recombinant DNA

ATGS targeting donor vectors This paper N/A

Software and algorithms
GraphPad Prism v8.3.1

GraphPad Software https://www.graphpad.com/;

RRID: SCR_002798

Imaged v1.41 NIH https://imagej.net/ij/index.html;
RRID: SCR_003070
Magellan F50 Tecan https://lifesciences.tecan.com/

software-magellan; N/A

MetaboAnalyst 4.0 Xia and Wishart® https://www.metaboanalyst.ca/;

RRID: SCR_015539

MZMine 2.10 Pluskal et al.®® http://mzmine.github.io/;
RRID: SCR_012040
ProteoWizard Chambers et al.®® https://proteowizard.sourceforge.io/;

RRID: SCR_012056

RESOURCE AVAILABILITY

Lead contact
Further information and request for resources and reagents should be directed to and will be fulfilled by the lead contact, Sovan Sar-
kar (s.sarkar@bham.ac.uk).

Materials availability

Further information and request for resources and reagents listed in key resources table should be directed to the lead contact. The
parental hESC line (WIBR3 hESC), originally generated and published by Rudolf Jaenisch lab at the Whitehead Institute for Biomed-
ical Research, was used in this study by Sovan Sarkar lab at the University of Birmingham under material transfer agreements,
UBMTA 15-0593 and 15-0595.

Data and code availability
o Original data are available from the lead contact upon request. LC-MS based metabolomics data from this work is available in
Supplemental Information (Table S1), and the raw data is also available in the MassIVE repository (MassIVE: MSV000091468).
® This paper does not report original code.
® Any additional information required to reanalyze the data is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Culture of human embryonic stem cells

WIBR3 human embryonic stem cells (NESCs; ATG5*),°? and ATG5*'~ (clone #1) and ATG5 '~ (clones #1, #3, #4, #5 and #6) hESC lines
were cultured on a feeder layer or feeder-free. Briefly, hESCs were cultured on a feeder layer of inactivated mouse embryonic fibroblasts
(MEFs) in hESC medium consisting of DMEM/F12 (Gibco), 15% fetal bovine serum (HyClone), 5% KnockOut Serum Replacement
(Gibco), 1% penicillin/streptomycin (Gibco), 1% L-glutamine (Gibco), 1% non-essential amino acids (Gibco), 4 ng/mL human recombi-
nant basic fibroblast growth factor (bFGF; R&D Systems) and 0.1 mM B-mercaptoethanol (Sigma-Aldrich). For experimentation, the
hESCs were cultured feeder-free on Geltrex (Gibco) basement membrane matrix in StemFlex Basal Medium supplemented with
StemFlex 10X Supplement (Gibco) and 1% penicillin/streptomycin (Gibco), or on Matrigel (Stem Cell Technologies) basement mem-
brane matrix in mTeSR1 medium supplemented with mTeSR1 5X supplement (Stem Cell Technologies) and 1% penicillin/streptomycin
(Gibco). The hESCs were maintained on feeders or feeder-free in a humidified incubator with 5% CO, and 5% O, at 37°C. For
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starvation-induced autophagy, hESCs and hESC-derived neural precursors were cultured in Hank’s Balanced Salt Solution (HBSS;
Gibco) as indicated. See the key resources table for further information of the hESC lines, medium and reagents used in this study.

Culture of primary human fibroblasts and inactivated mouse embryonic fibroblasts

Primary fibroblasts from a 70-years-old healthy male individual, obtained from the European Collection of Cell Cultures and designated
as control 1 (C1),%® were cultured in Advanced DMEM medium, supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin
and 1% GlutaMAX (all from Gibco), in a humidified incubator with 5% CO, at 37°C. MEF feeder layer (for hESC culture) was prepared by
inactivating the MEFs with mitomycin C (Sigma-Aldrich),®® and then cultured in DMEM medium supplemented with 10% fetal bovine
serum, 1% penicillin/streptomycin, 1% L-glutamine and 1% non-essential amino acids (all from Gibco) in a humidified incubator
with 5% CO, at 37°C. See the key resources table for further information of cell lines, medium and reagents used in this study.

METHOD DETAILS

Design of TALEN and targeting vector for ATG5 gene knockout

A pair of TALENSs (transcription activator-like effector nucleases) targeting ATG5 gene was designed and constructed as per the
TALEN construct assembly guidelines.®” The sequence recognized by ATG5 TALEN F is GAAATGGTGAGTGAAT, and ATG5
TALEN R binds to AGTATATACTTAATGCT, with a 15 bp spacer sequence between these two binding sites. Targeting donor vector
was designed as PGK-Puro-pA or PGK-Neo-pA cassette flanked by ~700 bp homology arms lying upstream and downstream of
ATGS5 exon 3.

Gene targeting in hESCs

The WIBR3 hESC line was cultured in 10 uM ROCK inhibitor Y-27632 (Stemgent) for 24 h prior to electroporation. Cell were harvested
and resuspended in phosphate buffered saline (PBS), and then electroporated with 40 pg of donor plasmids together with 5 pg of
each TALEN-encoding plasmid via Gene Pulser Xcell System (Bio-Rad) at 250 V and 500 pF in 0.4 cm cuvettes. Cells were then plated
on DR4 MEF feeders in hESC medium supplemented with ROCK inhibitor. Individual colonies were picked and expanded after
0.5 pg/mL puromycin (Gibco) or 400 ng/mL G418 selection (Gibco) for 10 to 14 days following electroporation. The correctly targeted
clones were confirmed by Southern blot (Ndel digested) and Sanger sequencing.

Differentiation of hESCs into neural precursors and neurons

Differentiation of hRESCs into neural precursor cells (NPs) and terminally differentiated human neurons were performed via the ‘dual
SMAD inhibition’ method.?° The hESC colonies were collected using 1.5 mg/mL collagenase type IV (Thermo Fisher Scientific),
separated from the MEF feeder cells by gravity, and cultured in non-adherent suspension culture dishes (Corning) in NP medium
(NPM) comprising DMEM/F12 supplemented with 2% B27, 1% penicillin/streptomycin, 1% L-glutamine and 1% non-essential
amino acids (all from Gibco) supplemented with 500 ng/mL human recombinant Noggin (Peprotech) and 10 uM SB431542
(Stemgent) for the first 4 days. NPM supplemented with 500 ng/mL Noggin and 20 ng/mL bFGF (Invitrogen) was used sequentially
in the next 2 days (days 6-7), and NPM supplemented with only 20 ng/mL bFGF were used sequentially in the following 7 days
(days 7-14) for further NP differentiation. At day 14, NPs clusters were dissociated and plated onto 100 ug/mL poly-L-ornithine
(Sigma-Aldrich) and 14 pg/mL laminin (Sigma-Aldrich) pre-coated culture dishes in N2-B27 medium comprising DMEM/F12 sup-
plemented with 1% N2, 2% B27, 1% penicillin/streptomycin, 1% L-glutamine and 1% non-essential amino acids (all from Gibco)
supplemented with 20 ng/mL bFGF and 20 ng/mL EGF (Gibco). After 7 days in culture, neural rosette-bearing cultures were disso-
ciated using StemPro Accutase (Thermo Fisher Scientific) and subsequently expanded on poly-L-ornithine and laminin coated cell
culture dishes at the density of ~1.5x10° cells per well (of 6-well plate) in N2-B27 medium supplemented with 20 ng/mL bFGF and
20 ng/mL EGF. The NPs derived from hESCs via the dual SMAD inhibition method carry an anterior identity, and commit to fore-
brain fates when cultured in the presence of bFGF and EGF.?" Proliferating NPs were passaged up to 4 times before induction of
terminal differentiation into neurons by growth factor withdrawal in N2-B27 medium.*®®® Differentiated neurons were used for
analysis 3-4 weeks after differentiation. See the key resources table for further information of the medium and reagents used
for generation of NPs and neuronal differentiation.

Formulation and delivery of lipid nanoparticles with mRNA

C12-200 (courtesy of Alnylam Pharmaceuticals) was prepared®’ and mixed together with 1,2-dioleoyl-sn-glycero-3-phosphoetha-
nolamine (DOPE; Avanti Polar Lipids), cholesterol (Sigma) and 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(po-
lyethylene glycol)-2000] (ammonium salt) (PEG; Avanti) at a 50:20:20:10 weight ratio in ethanol. Then, an aqueous phase containing
human ATG5 or GFP mRNA (TriLink Biotechnologies) in 10 mM citrate buffer was prepared. Syringe pumps were used to mix the
ethanol and aqueous phases at a 1:3 ratio to generate C12-200 lipid nanoparticles (LNPs),'® which were then dialyzed against 1x
PBS in a 20k MWCO cassette at 4°C for 2 h. mRNA concentration was quantified using a modified Quant-iT RiboGreen RNA Assay
(Invitrogen).®® Cells (NESCs and hESC-derived neurons) were treated with 2 pg/mL C12-200 LNP containing human ATG5 or GFP
mRNA for 4 days with replenishment on day 2, or as indicated. See the key resources table for further information of the LNPs
used in this study.
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Compound treatment and amino acid supplementation

Compounds used for modulating cellular NAD(H) levels (Table S2): 1 mM Nicotinamide (NAM) (Sigma-Aldrich), 1 mM Nicotinamide
riboside (NR) (ChromaDex), 1 mM Nicotinamide mononucleotide (NMN) (NMN Bio), 10 nM FK866 (Sigma-Aldrich), 20 uM Sirtinol
(Cambridge Bioscience), 10 uM Olaparib (Cambridge Bioscience), 1 mM L-Tryptophan (Sigma-Aldrich) and 1 uM CP2 (from E. Trush-
ina). Other treatments include 100 mM trehalose, and amino acid supplementations with 1 mM of L-Alanine, L-Arginine, L-Glutamic
acid, L-Glycine, L-Histidine, L-Leucine, L-Lysine, L-Methionine, L-Phenylalanine, L-Proline and L-Serine (all from Sigma-Aldrich).
Compound treatment was done in hESCs and hESC-derived NPs for 2 days (with replenishment on day 1), and in hESC-derived neu-
rons for the last 6 days (with replenishment on day 3) of the 3 weeks neuronal differentiation period, or as indicated. See the key re-
sources table for further information of the compounds and amino acids used in this study.

Immunoblotting analysis

Cell lysates of hESCs and hESC-derived NPs and neurons were subjected to immunoblot analysis as per established methodol-
ogy.?%"%"" Cell pellets were lysed on ice in 2X Lysis Buffer comprising 20 mM Tris-HCI pH 6.8, 137 mM NaCl, 1 mM EGTA, 1% Triton
X-100, 10% glycerol and 25X Protease Inhibitor Cocktail (all from Sigma-Aldrich) (buffer made to 1X) for 30 min, boiled for 5-10 min at
100°C. Protein concentration of the lysates was measured by Bio-Rad Protein Assay (Bio-Rad), and equal amounts of protein (1040 pg)
per sample were subjected to SDS-PAGE and immunoblot analysis.””"" The blots were then incubated in Blocking Buffer (6% non-fat
milk powder in PBS-Tween 20) for 1 h at room temperature. For cleaved caspase-3 immunoblotting, cells were lysed with RIPA Lysis
Buffer comprising 50 mM Tris-HCI pH 8.0, 150 mM NaCl, 1 mM EDTA, 0.5% deoxycholate, 1% IGEPAL (all from Sigma-Aldrich), 0.1%
SDS (Bio-Rad) and Complete Protease Inhibitor Cocktail (Roche), sonicated and centrifuged at 14000 rpm for 30 min at 4°C. The sam-
ples were subjected to SDS-PAGE on a 16.5% gel, followed by wet transfer on nitrocellulose membrane, then membrane was blocked
in 1% glutaraldehyde solution (VWR Life Science) in TBS for 30 min and in Blocking Buffer for 1 h at room temperature. All the blots were
incubated overnight in primary antibodies (see Table S3 for the list and dilutions of primary antibodies and the cell types used upon) at
4°C on an orbital shaker. The immunoblots were then probed with appropriate secondary antibodies (see Table S3 for the list and di-
lutions of secondary antibodies) conjugated to horseradish peroxidase (HRP) for 1 h at room temperature on an orbital shaker. The
chemiluminescent signal was visualized using Amersham ECL or ECL Prime Western Blotting Detection Reagent and Amersham Hy-
perfilm ECL (GE Healthcare) via ECOMAX X-ray Film Processor (PROTEC). Densitometry analyses of immunoblots were done using
ImageJ v1.48 (NIH) software. The data was expressed as a percentage of the control condition.**¢%"%"" See the key resources table
for further information of the primary and secondary antibodies used for immunoblotting analysis.

Immunofluorescence

Immunofluorescence analysis was performed in hESCs and hESC-derived NPs and neurons as per established methodology.
Cells were washed in PBS, fixed with 4% formaldehyde (Thermo Fisher Scientific) at room temperature for 15 min, permeabilised with
0.5% Triton X-100 (Sigma-Aldrich) for 10 min (for all primary antibodies except LC3 antibody) or with pre-chilled methanol for 5 min
(for LC3 antibody), and incubated with Blocking Buffer (5% goat or donkey serum (Sigma-Aldrich) in PBS with or without 0.05%
Tween 20 depending on the antibody specifications) for 1 h at room temperature. Cells were then incubated overnight with primary
antibodies (see Table S4 for the list and dilutions of primary antibodies and the cell types used upon) at 4°C, followed by incubation
with appropriate Alexa Fluor conjugated secondary antibodies (see Table S4 for the list and dilutions of secondary antibodies) for 1 h
at room temperature. The coverslips were mounted on glass slides with ProLong Gold antifade reagent with DAPI (Invitrogen). See
the key resources table for further information of the primary and secondary antibodies used for immunofluorescence analysis.

60,70,71

Image acquisition of fixed cells

Fluorescence images of fixed cells were acquired using EVOS FL Cell Imaging System (Thermo Fisher Scientific) with AMG 10x
Plan FL and AMG 40x Plan FL lens, Leica DM6000 B (Leica Microsystems) with Leica DFC 350 FX R2 camera and with HC PL
APO 40x/1.25 or HC PL APO 100x/1.40 oil immersion lens with Leica Application Suite X software (Leica Microsystems), or with
PerkinElmer UltraView spinning disk confocal system (PerkinElmer) with an Orca-ER cooled—-CCD camera (Hamamatsu) on a Zeiss
Axiovert 200 (Carl Zeiss Inc.) with 63x 1.4NA plan-apochromat oil immersion lens using Volocity v6.1 software (Improvision).

Electron microscopy

Cells (hESCs) were fixed in 2.5% glutaraldehyde, 3% paraformaldehyde with 5% sucrose in 0.1 M sodium cacodylate buffer (pH 7.4)
(Sigma-Aldrich), pelleted, and post-fixed in 1% OsQ, in veronal-acetate buffer. The cell pellet was stained in block overnight with
0.5% uranyl acetate in veronal-acetate buffer (pH 6), then dehydrated and embedded in Embed-812 resin. Sections were cut on
Reichert Ultracut-E microtome with a Diatome diamond knife at 50 nm thickness setting, stained with uranyl acetate and lead citrate,
then examined using Tecnai Spirit TEM (FEI) at 80 kV and photographed with AMT CCD camera.®®

Image analysis of pluripotency markers

Cells (hESCs) immunostained with antibodies for the respective pluripotency markers were imaged and analyzed for their fluores-
cence intensity relative to the hESC colony area using the Imaged v1.41 software (NIH). The data was expressed relative to the control
(ATG5**) condition. Quantification was performed on ~25 colonies per sample.
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Gene expression analysis

Total RNA from cells (hESCs and hESC-derived NPs and neurons) was extracted using Trizol (Ambion) followed by DNase treatment
using the RNase-free DNase set (Qiagen).”” Reverse transcription PCR (RT-PCR) was performed using M-MLV Reverse Transcrip-
tase (Promega) and quantitative PCR (QPCR) was performed using the CFX Connect Real-Time System (Bio-Rad).”” 25 uM of primers
(primer sequences listed in Table S5) (Merck) were used in SYBR Green mastermix (Applied Biosystems) that was added to 5 ng of
cDNA. Results were analyzed using 272AC method and were normalised to the expression of the housekeeping gene GAPDH.

TUNEL assay for apoptotic cells

Cells (hnESC-derived neurons) were stained with Click-iT Plus TUNEL Assay for in situ apoptosis detection, Alexa Fluor 488 dye (In-
vitrogen) (see key resources table), according to manufacturer’s protocol. Cells were fixed with 4% formaldehyde (Thermo Fisher
Scientific) for 15 min, permeabilised with 0.25% Triton X-100 (Sigma-Aldrich) for 20 min at room temperature and then washed
with deionized water. Cells were incubated at 37°C for 10 min in TdT reaction buffer, followed by incubation with TdT reaction mixture
containing TdT reaction buffer, EQUTP, TdT enzyme for 60 min at 37°C, washed with 3% BSA, and finally incubated with Click-iT Plus
TUNEL reaction cocktail for 30 min at 37°C followed by washes with 3% BSA. For detection of TUNEL* apoptotic nuclei in neurons,
cells were subjected to immunofluorescence by blocking with 3% BSA (in PBS) followed by incubation with TUJ1 antibody (in 3%
BSA in PBS) overnight at 4°C, and thereafter incubated with Alexa Fluor 594 secondary antibody for 1 h at room temperature. Cov-
erslips were mounted on glass slides with ProLong Gold antifade reagent with DAPI (Invitrogen). The quantification of TUNEL™"
apoptotic nuclei in TUJ1* neuronal cells was performed via fluorescence microscopy.®® The percentage of TUNEL™ nuclei was calcu-
lated from the total number of TUJ1* cells analyzed (~200-300 cells per sample were analyzed).

Cytotoxicity assay

Cytotoxicity was measured with CytoTox-Glo Cytotoxicity Assay (Promega) (see key resources table), according to manufacturer’s
protocol. This luminescence-based cytotoxicity assay measures the extracellular activity of a distinct dead-cell protease when it is
released from membrane-compromised cells. Cells (hnESCs and hESC-derived neurons) were incubated with CytoTox-Glo Assay Re-
agent (comprising Assay Buffer and AAF-Glo Substrate) for 15 min at room temperature in the dark, then luminescence was
measured using EnSpire Multimode plate reader (PerkinElmer) and the readings obtained were attributed to the basal cytotoxicity
per well (first reading). To estimate cell population per well, cells were further incubated with Lysis Reagent (comprising Assay Buffer
and Digitonin) for 30 min at room temperature in the dark, after which luminescence was measured again (second reading). Cytotox-
icity data were normalised by dividing the first reading (basal cytotoxicity per well) to the second reading (indicative of cell population
per well) and expressed as a percentage.

DAPI staining for apoptotic nuclear morphology

For analyzing apoptotic nuclei morphology by DAPI staining in hRESC-derived neurons immunostained with TUJ1 antibody (neuronal
marker), the percentage of apoptotic nuclei was calculated from the total number of TUJ1* cells. Quantification was performed on
~150-200 cells per sample.

DNA damage analysis

Cells (hESC-derived neurons) were immunostained with phospho-Histone H2A. X139 or 53BP1 along with TUJ1 (neuronal marker),
and the frequency of yH2AX or 53BP1 puncta (DNA damage markers) was assessed by ImageJ v1.41 (NIH). Quantification was per-
formed on ~200 cells per condition.

Cell proliferation analysis

Cells (hESCs) immunostained with antibodies for Ki-67 (cell proliferation marker) and OCT4 (pluripotency marker) were imaged and
assessed for the percentage of Ki-67" cells in OCT4* hESCs using the ImagedJ v1.41 software (NIH). Quantification was performed on
~100 cells per sample.

Axonal length measurement in neurons

Cells (hESC-derived neurons) immunostained with TUJ1 antibody (neuronal marker) were imaged and analyzed for axonal length us-
ing the Analyze Skeleton plugin in the Imaged v1.41 (NIH). Quantification was performed on ~5 images per sample and 1000-1500
lines per image.

Proteostat aggresome assay

Analysis of aggresomes, which are inclusion bodies of aggregated proteins, was performed in cells (RESCs and hESC-derived NPs
and neurons) using ProteoStat Aggresome Detection Kit (Enzo) (see key resources table).*”-°° Cells were fixed with 4% formaldehyde
(Thermo Fisher Scientific) for 15 min at room temperature and then permeabilised with 0.5% Triton X-100 (Sigma-Aldrich) for 1 h. After
washing with DPBS, cells were stained with ProteoStat Aggresome Dye (1:2000 in 1X Assay Buffer) and Hoechst 33342 Nuclear Stain
(1:1000 in 1X Assay Buffer) overnight at 4°C. Cells were washed with DPBS followed by mounting the cover slips onto glass slides
with ProLong Gold antifade reagent (Invitrogen). Images were acquired using EVOS fluorescence microscope (Thermo Fisher
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Scientific) with a Texas Red filter for ProteoStat dye and a DAPI filter for nuclear signal. Quantification of ProteoStat fluorescence
intensity was done in ~150-200 cells per sample using ImagedJ v1.41 software (NIH).

Measurement of SIRT1, SIRT2, PARP1 and PARP2 enzyme activity

Cells (hESC-derived neurons) were lysed with Lysis Buffer (20 mM Tris-HCI pH 7.4, 135 mM NaCl, 1.5 mM MgCl,, 1 mM EGTA, 10%
glycerol, 0.1% IGEPAL) followed by immunoprecipitation (IP) of SIRT1, SIRT2, PARP1 or PARP2 with the respective anti-SIRT1 (Ab-
cam), anti-SIRT2 (Proteintech), anti-PARP1 or anti-PARP2 (Santa Cruz Biotechnology) antibody conjugated to Protein A Agarose
beads (Invitrogen) (see Table S6 for the list and concentrations of primary antibodies). For each IP reaction, the agarose beads
were washed with lysis buffer, then incubated with 6 pg of the primary antibody in lysis buffer for 4 h at 4 °C, after which the
beads-antibody complex was washed with lysis buffer and incubated with cell lysate (300 ug of total protein) overnight at 4 °C.
The immunoprecipitate was centrifuged and washed, then directly used for SIRT1 and SIRT2 activity assay using Fluorometric
SIRT1 or SIRT2 Activity Assay Kit (Abcam), or for PARP1 and PARP2 activity assay using HT Universal Colorimetric PARP Assay
Kit (R&D Systems), according to manufacturers’ instructions. For SIRT1 and SIRT2 activity, measurement of fluorescence readout
was performed for 30 min with 2 min interval to detect the saturating fluorescence reading by EnSpire Multimode microplate reader
(PerkinElmer). For PARP1 and PARP2 activity, measurement of absorbance was done using Infinite F50 microplate reader and data
was processed using Magellan F50 Software (Tecan). Data were obtained as relative fluorescence (for SIRTs) or absorbance (for
PARPSs) units, and expressed as fold change relative to the control condition. See the key resources table for further information
of the primary antibodies used for immunoprecipitation and the reagents used for enzyme activity assays.

NAD* and NADH measurements

NAD* and NADH measurements were done using NAD/NADH Quantitation Colorimetric Kit (BioVision) (see key resources table), ac-
cording to manufacturer’s instructions. Cells (hnESCs and hESC-derived neurons) were washed with cold PBS, then lysed with NADH/
NAD Extraction Buffer and immediately freeze-thawed twice on dry ice, centrifuged at 14000 rpm for 5 min at 4°C. Half of the super-
natant was incubated at 60°C for 30 min to decompose the NAD and detect the NADH. Both halves of the supernatants were then
cooled on ice, transferred into a 96-well plate, followed by incubation in Reaction Mix comprising NAD Cycling Buffer and NAD
Cycling Enzyme Mix for 5 min at room temperature. Then NADH Developer was added to each well and the reaction was left to cycle
for 1-2 h at room temperature. Measurements of optical density (OD) at 450 nm using the EnSpire Multimode plate reader
(PerkinElmer) were performed every 20-30 min to detect the saturating OD, then normalized to protein concentration via Bio-Rad
Protein Assay (Bio-Rad) to measure pmol/ug of NAD* and NADH.

ATP and ADP measurements

Measurements of ATP and ADP were done using ApoSENSOR ADP/ATP Ratio Bioluminescent Assay Kit (BioVision) (see key re-
sources table), as per manufacturer’s instructions. A Reaction Mix containing Nucleotide Releasing Buffer (NRB) and ATP monitoring
enzyme was added in the wells of a white-walled 96-well plate and kept at room temperature for a few hours to burn residual ATP
levels. Cells (hESCs and hESC-derived neurons) cultured in another 96-well plate were incubated with NRB for 5 min at room tem-
perature to release the ATP, and then the supernatant was transferred to appropriate wells of the white-walled 96-well plate. Lumi-
nescence was measured using EnSpire Multimode microplate reader (PerkinElmer) for determining ATP levels, and again measured
after adding ADP Converting Enzyme for determining ADP levels. Data were normalised to protein concentration via Bio-Rad Protein
Assay (Bio-Rad) and expressed as a percentage of the control condition.

Mitochondrial AW ,, and ROS measurements

Measurements of mitochondrial membrane potential (AW ,) and reactive oxygen species (ROS) were performed with TMRE (Invitro-
gen) and CM-H,DCFDA (Invitrogen), respectively.”*’* Briefly, cells (hESCs and hESC-derived neurons) were loaded with Microscopy
Medium comprising 120 mM NaCl, 3.5 mM KCl, 0.4 mM KH,PO,4, 5 mM NaHCO3, 1.2 mM NaSO,, 20 mM HEPES and 15 mM glucose
in dH>0 adjusted to pH 7.4 and supplemented with 1 mM CaCl, (all from Sigma-Aldrich), and incubated with 500 nM TMRE (for AW,
measurement) and 20 uM CM-H,DCFDA (for ROS measurement) for 1 h at 37°C. The fluorescence signals of TMRE and
CM-H,DCFDA were acquired using EnSpire Multimode microplate reader (PerkinElmer) for a period of 5 min to get basal fluores-
cence, and again for TMRE for another 5 min after the addition of 10 uM FCCP (fluorocarbonyl cyanide phenylhydrazone). The base-
line fluorescence was calculated as the mean of the last 5 fluorescence readings before the addition of FCCP (for TMRE and
CM-H,DCFDA), and the delta (A) fluorescence was calculated by subtracting the basal fluorescence from the average of first 5
fluorescence readings after FCCP treatment (for TMRE only).”*”* Data were obtained as relative fluorescence units, normalised
to protein concentration via Bio-Rad Protein Assay (Bio-Rad), and expressed as a percentage of the control condition. See the
key resources table for further information of the reagents used for mitochondrial AW, and ROS measurements.

Mitochondrial respiration measurement

Cells (hESC-derived NPs) were seeded into an initial density of 8 x 10 cells per well in XF96 cell-culture microplates previously coated
with PO-L. Neurons were generated from the NPs after differentiation for 4 weeks, amounting to ~6.5x10* cells per well in XF96 cell-
culture microplates. Prior to the experiment, the original culture medium was replaced with Seahorse XF DMEM medium without
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phenol red supplemented with 2.5 mM L-glutamine, 0.5 mM sodium pyruvate and 17.5 mM glucose (all from Agilent) (supplemented
to match the levels of these components in the DMEM/F-12 medium in which the neurons were cultured), and the cells were incu-
bated for 1 h in a non-CO, incubator. Preparation of all the regents was done while the cells were in the incubation period and
following the manufacturer’s instructions. Basal levels of oxygen consumption rates (OCR) were measured on an XFe96 Extracellular
Flux Analyzer (Agilent). Cells were stimulated with 2 uM oligomycin, 3 uM BAM15 and 1 uM rotenone/antimycin A (all from Sigma-
Aldrich), as per the instructions of XF Cell Mito Stress Test Kit (Agilent). A range of mitochondrial respiratory parameters were calcu-
lated, such as basal respiration, maximal respiration and ATP production, as per the equations below. CyQUANT Direct Cell
proliferation assay (Thermo Fisher Scientific) was used to normalise cell number as per manufacturer’s instructions. Fluorescence
was measured in a FLUOstar Omega Plate Reader (BMG Labtech). See the key resources table for further information of the reagents
used for mitochondrial respiration measurement.

Basal respiration = (measurement before oligomycin stimulation) — (rate measurement after rotenone/antimycin A stimulation);
Maximal respiration = (maximum rate measurement after BAM15 stimulation) — (minimum rate measurement after rotenone/anti-
mycin A stimulation);

ATP production = (basal respiration) — (minimum rate measurement after oligomycin stimulation).

MitoTracker staining and mitochondrial rod/branch length analysis

MitoTracker Red CMXRos (Invitrogen) (see key resources table) was used to label mitochondria as per manufacturer’s protocol. Cells
(hESCs and hESC-derived neurons) were incubated with 100 nM MitoTracker Red CMXRos for 45 min at 37°C, after which the cells
were either fixed and imaged for analysis or subjected to immunofluorescence with cell-specific markers. Mitochondrial rod/branch
length analysis (after MitoTracker staining or Tom20 immunofluorescence) was done per cell in hESCs (~40 cells per sample and
5-50 fragments per cell were analyzed) and per field of view in neurons (~4 images per sample and 200-4000 fragments per image
were analyzed) using the Analyze Skeleton plugin from the Mitochondrial Network Analysis (MiNA) toolset in ImagedJ v1.41 (NIH).”®

Mitochondrial and cytosolic fractionation

Mitochondrial and cytosolic fractions were prepared from cells (hESC-derived neurons) using Mitochondria Isolation Kit (Thermo
Fisher Scientific) (see key resources table), according to the manufacturer’s instructions. 2x107 cells were pelleted for each sample
from which cytoplasmic and mitochondrial fractions were separated by centrifugation at 13,000 g at 4°C for 20 min, after which these
subcellular fractions were immediately used for the measurements of NAD* and NADH.

Analysis of glucose concentration in the medium

Glucose concentrations in the medium of cells (hESC-derived neurons), and also in cell-free medium (blank), were measured using a
Contour XT meter. Medium (10 pL) was applied to the test strip and a reading taken after a 5 s equilibration period. Data were nor-
malised to the protein concentration of the samples (via Bio-Rad Protein Assay), and fold changes of different time-points (days 1, 2
and 3) were calculated relative to day 0. For cell-free medium, the concentration of glucose was shown at different time-points.

Analysis of amino acid concentrations in the medium by GC-MS

The medium of cells (hESC-derived neurons) and also in cell-free medium (blank) were collected for analysis of amino acid concen-
trations. Medium samples were extracted using a modified Bligh-Dyer procedure’® where equal volumes of MeOH/H,O/CHCl;
(Sigma-Aldrich; Honeywell Research Chemicals) were used to partition small molecule metabolites into a biphasic solution. The up-
per polar layer was removed and dried down for gas chromatography-mass spectrometry (GC-MS) analysis. Dried extracts were
derivatised using a two-step protocol. Samples are first treated with 2% methoxamine in pyridine (40 uL; 1 h at 60°C) (Sigma-
Aldrich), followed by addition of MTBSTFA (50 pL; 1 h at 60°C) (Restek). Samples were centrifuged and the solution was transferred
to glass vials for GC-MS analysis. GC-MS analysis was undertaken using an Agilent 7890B GC and 5977A MSD. 1 uL of sample was
injected in splitless mode with helium carrier gas at a rate of 1 mL/min. Initial oven temperature was held at 100°C for 1 min before
ramping to 180 °C at a rate of 20°C/min, followed by a ramp to 235 °C at a rate of 10°C/min, and a final ramp to 320 °C at a rate of
100°C/min with a 3 min hold. Compound detection was carried out in scan mode. Total ion count of each metabolite was normalised
to the internal standard Dg-Glutaric acid (CDN Isotopes). Data were normalised to the protein concentration of the samples (via Bio-
Rad Protein Assay), and fold changes of different time-points (days 1, 2 and 3) were calculated relative to day 0. For cell-free medium,
the concentrations of metabolites were shown at different time-points. See the key resources table for further information of the re-
agents used for analysis of amino acid concentrations.

[U-13C¢]-glucose tracer labeling and analysis of metabolites by GC-MS

After 3 weeks of neuronal differentiation as described in previous section, cells (hESC-derived neurons) were cultured in a custom-
ized DMEM/F-12 neuronal medium lacking D-Glucose and Phenol Red (Cell Culture Technologies), supplemented with [U-'3Cg]-
Glucose tracer (Cambridge Isotope Laboratories), for 24 h. Cell and medium samples of hESC-derived neurons were extracted using
a modified Bligh-Dyer procedure,”® and samples were prepared for GC-MS analysis, as described above. Samples were analyzed
using an Agilent 8890/5977B GC-MS. 1 uL of sample was injected in splitless mode with helium carrier gas at a rate of 1 mL/min.
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Initial oven temperature was held at 100°C for 1 min before ramping to 170 °C at a rate of 10°C/min, followed by a ramp to 220 °C at a
rate of 3°C/min and a final ramp to 300 °C at a rate of 10°C/min with a 5 min hold. Compound detection was carried out in scan mode.
Total ion counts of each metabolite were normalised to the internal standard D6-Glutaric acid. The *C tracer data was corrected for
natural abundance using in-house MATLAB scripts. Data were normalised to the protein concentration of the samples via Bio-Rad
Protein Assay (Bio-Rad). See the key resources table for further information of the reagents used for analysis of [U-'3Cg]-Glucose
tracer labeling.

LC-MS-based metabolomics

Liquid chromatography-mass spectrometry (LC-MS)-based metabolomics’” was performed in hRESC-derived neurons after 3 weeks
of neuronal differentiation. Briefly, cells were washed with cold PBS and lysed on ice at 2x10° cells/mL concentration in Metabolite
Extraction Buffer comprising 30% acetonitrile (Sigma-Aldrich), 50% methanol (Fisher Scientific) and 20% Milli-Q water. Samples
were vortexed for 45 s, centrifuged at 13000 rpm for 5 min at 4°C, and the supernatants subjected to LC-MS using an Accela
600 LC system and Exactive mass spectrometer (Thermo Scientific). For separation of metabolites, a Sequant ZIC-pHILIC column
(4.6 mm x 150 mm, 5 um; Merck) was used with the mobile phase mixed by A =20 mM ammonium carbonate in water and B = aceto-
nitrile. A gradient program starting at 20% of A and linearly increasing to 80% at 30 min was used, followed by washing (92% of A for
5 min) and re-equilibration (20% of A for 10 min), and the total run time of the method was 45 min. The LC stream was desolvated and
ionised in the HESI probe. The Exactive Mass Spectrometer was operated in full scan mode over a mass range of 70-1200 m/z at a
resolution of 50000 with polarity switching. The LC-MS raw data was converted into mzML files via ProteoWizard and imported to
MZMine 2.10 for peak extraction and sample alignment.®>°® A house-made database integrating KEGG, HMDB and LIPID MAPS
was used for the assignment of the LC-MS signals by searching the accurate mass, and the metabolites were confirmed by running
their commercial standards. Peak areas of different metabolites were normalised to the total ionic count (TIC) minus blank, and were
used for comparative quantification. See the key resources table for further information of the reagents and tools used for LC-MS-
based metabolomics.

Metabolomics data analysis

Multivariate statistical analysis on MS-based metabolomics was performed using MetaboAnalyst 4.0.5* Each of the metabolite peaks
was first normalized by auto-scaling (mean-centred and divided by SD of each variable) and then principal component analysis (PCA)
was applied. Metabolite fold change was calculated relative to ATG5™* (wild-type) cells, and then converted to Log, values. Each
metabolite was plotted on a heatmap, and all metabolites were also plotted on a heatmap with hierarchical clustering. Furthermore,
a univariate statistical test coupled with fold change of each metabolite or each amino acid were plotted on volcano plots. The sig-
nificance cut-off was set to an adjusted p value of 0.05 (-Log,o(P-adjusted) > 1.3) and a fold-change as indicated. Statistical signif-
icance was determined using the Student’s t-test with p value corrected with Benjamini and Hochberg false discovery rate (FDR)
method.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of data are described under various Methods sections where applicable. Graphical data are shown from n = 3 or
more biological replicates from two or three independent experiments, as indicated in the figure legends. Graphical data are
depicted by column graph scatter dot plot (mean + s.e.m.) or violin plot (lines at median and quartiles) using GraphPad Prism
v8.3.1 software (GraphPad). Statistical significance (p value) on all graphical data was determined by unpaired two-tailed Student’s
t-test with Welch correction or by one-way ANOVA followed by multiple comparisons with two-stage linear step-up procedure of
Benjamini, Krieger and Yekutieli using GraphPad Prism v8.3.1 software (GraphPad). For metabolomics data analysis, statistical
significance was determined by Student’s t-test using Benjamini and Hochberg FDR method. ***p < 0.001; **p < 0.01; *p < 0.05;
ns (non-significant).
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