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miR-124 coordinates metabolic
regulators acting at early stages of human
neurogenesis
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Metabolic dysregulation of neurons is associated with diverse human brain disorders. Metabolic
reprogramming occurs during neuronal differentiation, but it is not fully understood which molecules
regulate metabolic changes at the early stages of neurogenesis. Inthis study, we report that miR-124 is
a driver of metabolic change at the initiating stage of human neurogenesis. Proteome analysis has
shown the oxidative phosphorylation pathway to be the most significantly altered among the
differentially expressed proteins (DEPs) in the immature neurons after the knockdown of miR-124. In
agreement with these proteomics results, miR-124-depleted neurons display mitochondrial
dysfunctions, such as decreased mitochondrial membrane potential and cellular respiration.
Moreover, morphological analyses of mitochondria in early differentiated neurons after miR-124
knockdown result in smaller and less mature shapes. Lastly, we show the potential of identified DEPs
as novel metabolic regulators in early neuronal development by validating the effects of GSTK1 on
cellular respiration. GSTK1, which is upregulated most significantly in miR-124 knockdown neurons,
reduces the oxygen consumption rate of neural cells. Collectively, our data highlight the roles of miR-
124 in coordinating metabolic maturation at the early stages of neurogenesis and provide insights into
potential metabolic regulators associated with human brain disorders characterized by metabolic
dysfunctions.

Metabolic reprogramming is a common phenomenon in neuronal differ-
entiation. Studies have shown that metabolic reprogramming is essential for
efficient energy production in neurons'”. Neural progenitor cells (NPCs)
have immature mitochondria with spherical and condensed globular
structures and depend mainly on aerobic glycolysis for energy production.
As NPCs are differentiated into neurons, mitochondria simultaneously
become elongated and result in mature mitochondria with tubular and

(OXPHOS) as the major energy-producing machinery in this bioenergetic
shift. Neurons require a large amount of energy to function, with one cor-
tical neuron at a resting state using about 4.7 billion ATP molecules per
second’. Most ATPs are generated by OXPHOS occurring in mitochondria.
In contrast to the existing consensus about the mitochondrial dynamics in
neuronal differentiation, a recent study has reported that an immediate
fragmentation of mitochondria in NPCs after they exit the cell cycle is

cristae-rich  structures. Neurons utilize oxidative phosphorylation necessary to differentiate into neurons containing fused mitochondria of
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complex morphology’. In the end, the metabolic shift must be accompanied
by neuronal differentiation.

With regards to the gene expression changes in neurogenesis, multi-
omics studies show that only several days of neuronal differentiation are
required to detect differentially expressed genes (DEGs) of NPCs and
neurons”’. These changes also reflect metabolic reprogramming™”’. The
expression level of mitochondrial proteins required for OXPHOS protein
complexes is increased with neuronal differentiation. Moreover, the
expression levels of glycolytic and TCA cycle-related metabolic genes differ
between NPCs and differentiated neurons’. The reduction of NPC-enriched
metabolic genes such as LDHA and HK2 is essential for the survival of
developing neurons’. Several protein-coding genes that control metabolic
reprogramming during neurogenesis have been identified. For instance,
Western blot analyses detecting OXPHOS subunit proteins show an
increased level of protein expression in neurogenesis™. In addition, the
expression level of NADH dehydrogenase increased, supporting the
expanded surface area of the mitochondrial matrix’. The increased level of
proteins is required for a higher level of mitochondrial respiration. These
previous studies have shown the significant roles of ubiquitously expressed
metabolic regulators in neurogenesis. However, further investigation is
necessary to identify additional metabolic regulators that may be specifically
involved in neurogenesis beyond the well-established roles of ubiquitously
expressed metabolic regulators.

The expression level of proteins during neuronal development is lar-
gely regulated through the 3" untranslated region (UTR), which is extended
with neuronal differentiation’. The 3’ UTR contains various motifs reg-
ulating mRNA stability and translational efficiency’. One of the regulatory
motifs in the 3> UTR is a microRNA (miRNA) binding site. miRNAs are
small, noncoding elements regulating gene expression at the post-
transcriptional level by binding to the 3° UTR of target mRNAs. It is
known that mRNAs expressed in the brain possess much longer 3° UTR on
average than mRNAs expressed in other organs, and the extended 3> UTR of
mRNAs in the brain carries conserved miRNA binding sites. It is assumed
that miRNAs play essential roles in regulating metabolic gene expression
during neuronal development. Although many factors participate in the
regulation of intracellular bioenergetics, the regulation of metabolic gene
expression incorporating miRNAs in neurogenesis has not been studied
extensively.

miR-124, which is the most abundant miRNA in the brain, has been
demonstrated to be a key player in brain development and function. In
neuronal differentiation, expression of miR-124 is upregulated, as it is
known that miR-124 is enriched in neurons'*". A disrupted expression of
miR-124 results in the inhibition of neuronal development and survival >,
Alternatively, miR-124 suppression changes the cellular lineage of neural
stem cells into non-neuronal cells'>'*'*. In contrast, overexpression (OE) of
miR-124 enhances neuronal differentiation'*'. Targets of miR-124 reg-
ulating neurogenesis include proteins modulating neuronal gene expression
through transcriptional (LHX2, SOX9, and SCP1) and splicing (PTBP1)
regulations, post-transcriptional feedback (EFNB1), and chromatin remo-
deling (BAF53a)'>"*'". However, the major gene regulatory networks
controlled by miR-124 at the early stages of neuronal differentiation of
NPCs remain to be elucidated.

Here, we report a novel role for miR-124 driving metabolic repro-
gramming in human neurogenesis. Increasing its expression along with
neuronal differentiation'!, miR-124 is essential for the morphological and
electrical maturation of human neurons. For a systemic approach to ana-
lyzing the changes in neuronal differentiation by miR-124, we analyzed the
neuronal proteome after depleting miR-124 and obtained a list of differ-
entially expressed proteins (DEPs). DEPs indicated an association between
defective metabolism in developing neurons and miR-124 depletion.
Decreased mitochondrial membrane potential (MMP), mitochondrial
size, and cellular respiration validate the metabolic dysfunctions of
neurons resulting from the miR-124 knockdown. Furthermore, we show
the potential of DEPs as novel metabolic regulators by showing
that GSTK1 (also known as DsbA-L) - one of the upregulated proteins in

miR-124-depleted neurons - reduces cellular respiration, corresponding to
the results of miR-124 depletion. Our findings demonstrate an essential role
of miR-124 in coordinating metabolic reprogramming at the initiating
stages of neurogenesis.

Results

Impairment of human neurogenesis by miR-124 suppression

To investigate major signaling pathways affected by miR-124 in early
neuronal differentiation, we sought to suppress miR-124 during neuro-
genesis. To do so, we employed the miRNA sponge system to inhibit miR-
124 function’*”'. A miR-124 sponge construct was designed by inserting 12
tandem miR-124 binding motifs with mismatches in the middle (Fig. 1a).
The sponges were then inserted downstream of a reporter gene. The control
construct for the sponge, possesses four different nucleotides within the seed
sequences of miR-124; the remaining sequences were identical to the miR-
124 sponge (Fig. la). The luciferase activity from the miR-124 sponge
construct was significantly decreased compared to the control construct
when miR-124 was overexpressed, indicating the responsiveness of the miR-
124 sponge to miR-124 (Fig. 1b). Additionally, the miR-124 sponge was
responsive to a varying level of miR-124 expression (Fig. 1c).

Next, we produced a retrovirus expressing miR-124 sponge to deter-
mine whether the miR-124 sponge physiologically affected neuronal
development in vivo. In this case, the expression of RFP by retrovirus is
decreased along with miR-124 expression, although GFP is expressed
constitutively. On the other hand, both GFP and RFP are expressed together
with the retrovirus carrying the control sponge sequences. The retrovirus
was injected into the region where NPCs reside in the adult hippocampus of
the mouse brain. In the hippocampus where miR-124 sponge was intro-
duced 3 weeks post-injection, only GFP-positive cells were observed, in
contrast to control neurons that expressed both GFP and RFP. The GFP-
positive cells expressing miR-124 sponge were validated as neurons, as they
expressed neuronal markers (PROX1 and TU]J1) (Fig. Sla). Then, the
morphological changes of newborn neurons were analyzed. We measured
the dendritic length and complexity of newborn neurons using GFP signal
and found that the knockdown of miR-124 in vivo resulted in a significant
reduction in dendritic length and arborization (Fig. 1d-g, S1b). The results
showed that the miR-124 sponge adequately suppressed miR-124 in
developing neurons and impaired neuronal development.

To validate the expression pattern of miR-124 during human neuro-
genesis, we generated NPCs from human embryonic stem cells (hESCs) and
subsequently differentiated these NPCs into neurons (Fig. S2). Real-time
PCR results indicated that the expression level of miR-124 increased upon
neuronal differentiation (Fig. 2a, b). To confirm that the downregulation of
miR-124 hinders neuronal development in human, miR-124 was knocked
down in human NPCs and then the cells were induced to neuronal differ-
entiation. For a long-lasting inhibition of miR-124 expression during
human neurogenesis, the miR-124 sponge and control sequences were
inserted into lentiviruses. The miR-124 sponge successfully suppressed the
expression of miR-124 in developing human neurons (Fig. 2c) and sig-
nificantly reduced the expression levels of two neuronal genes, DCX and
MAP2, indicating that downregulation of miR-124 impairs neuronal dif-
ferentiation (Fig. 2d). Additionally, knockdown (KD) of miR-124 altered the
morphological and electrophysiological features of developing neurons
(Fig. 2e-k). In miR-124 KD neurons, total neurite length was slightly shorter
and mean neurite length was significantly reduced compared to control
neurons within one week of differentiation (Fig. 2f, g). Additionally,
although the shortest neurites were similar in length, the longest neurites of
miR-124 KD neurons were dramatically shorter than those of control
neurons (Fig. 2h, i). The number of spikes measured by a microelectrode
array (MEA) was significantly less in miR-124 KD neurons throughout the
period of 8-week neuronal differentiation (Fig. 2j). The number of network
bursts was also significantly reduced in the miR-124 KD group, shown by a
comparison of the raster plots at week-8 (Fig. 2k). Overall, results indicate
that miR-124 KD at the initial stage of neurogenesis leads to a delayed or
permanently dysregulated neuronal differentiation.
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Fig. 1 | The miRNA-124 sponge system successfully suppresses adult hippo-
campal neurogenesis. a The miRNA-124 sponge contains 12 repeats of the
sequences complementary to the miR-124 seed region (indicated in red) down-
stream of a reporter gene (Renilla luciferase or REP). For the control, four nucleo-
tides of the miR-124 sponge construct have been mutated (indicated in orange) to
mismatch the miR-124 seed-binding region. b Renilla luciferase activity of the miR-
124 sponge construct suppressed with miR-124 overexpression (OE) in

HEK293T cells. For both miR-124 sponge and control, the relative level of Renilla
luciferase activity to firefly luciferase activity was compared with or without miR-124
OE (n = 3, two-tailed paired t-test, **p-value = 0.0029, error bar = s.e.m.).

¢ Experiment conducted in panel 1b repeated with a higher level of miR-124 OE.
Substantial amounts of miR-124 OE led to further suppression of Renilla luciferase
activity, indicating a dose-dependent reaction (n = 4, two-tailed paired t-test,

*¥p =0.0018 (— vs. +), ¥¥*p = 0.0006 (— vs. ++), ***p = 0.0002 (+ vs. ++), error

bar = s.e.m.). d Retrovirus was infected to mouse hippocampus for Sholl analysis.
GFP is constantly expressed, but translation of RFP is suppressed when miR-124
binds to miR-124 sponge sequences. e Representative images of panels f and g. RFP
translation was not suppressed in the control, so co-expressed with GFP when
infected. Mouse hippocampus was imaged three weeks post-infection. Scale bar =
50 pm. f, g Sholl analysis results show significantly shorter dendritic length of miR-
124-depleted neurons and significantly less number of intersections in miR-124-
depleted neurons (Control n = 34 from 5 mice, Sponge # = 83 from 4 mice; error bar
= s.e.m,; two-tailed unpaired t-test (bar graphs), ****p-value < 0.0001; two-way
ANOVA Bonferroni’s multiple comparisons test (line graphs), dendritic length:
*Hk¥*adj p-value < 0.0001 and **adj p-value = 0.0065, intersections: ****adj p-
value < 0.0001, ***adj p-value = 0.0005, *adj p-value (80 um) = 0.0188, and *adj p-
value (100 pm) = 0.0494).
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Fig. 2 | miR-124 knockdown causes defects in neuronal differentiation of
human NPCs. a Scheme of neuronal differentiation using human embryonic stem
cell (hESC)-derived neural progenitor cells (NPCs) to study neurogenesis. b The
expression level of mature miR-124 relative to U6 increases during human neuro-
genesis (n = 3, Kruskal-Wallis one-way ANOVA, p-value = 0.0198, error bar =
s.e.m.). ¢ The miR-124 sponge decreases the expression level of mature miR-124.
Relative miR-124 level was measured by real time PCR in neurons differentiated for
6 days after miR-124 sponge infection (n = 3, two-tailed paired t-test, *p-value =
0.0233, error bar = s.e.m.). d The expression of neuronal genes, DCX and MAP2, is
decreased in miR-124-depleted day-6 neurons (n = 6, two-tailed unpaired t-test,
**p-value (DCX) = 0.0083, ***p-value (MAP2) = 0.0005, error bar = s.e.m.).

e Representative images of day-6 neurons with or without miR-124 function. miR-
124 KD reduces the neurite complexities of early differentiating neurons. f-i Neurite

length analyzed by using a FIJI plugin Neuron] (n = 3, two-tailed unpaired t-test,
error bar = s.e.m.). f Total length of neurites per neuron (24 Control neurons, 11
Sponge neurons, ns = non-significant, p-value = 0.0563). g Mean length of neurite in
a neuron (23 Control neurons, 12 Sponge neurons, *p-value = 0.0184). h Length of
the shortest neurite in a neuron (20 Control neurons, 11 Sponge neurons, ns = non-
significant, p-value = 0.6466). i Length of the longest neurite in a neuron (23 Control
neurons, 13 Sponge neurons, *p-value = 0.0283). j, k. miR-124 KD suppresses
electrophysiological maturation. Electrophysiological properties of neurons with or
without miR-124 were measured via microelectrode array for 8 weeks. j Number of
spikes from week-3 to -8 neurons (n = 4, two-way ANOVA, *p-value = 0.0423, error
bar = s.e.m.). k Representative raster plots presenting network bursts in neurons
differentiated for 8 weeks.

Metabolic dysfunctions of developing neurons by miR-124
suppression

To assess the intracellular changes resulting from miR-124 KD during
human neurogenesis, the proteome of miR-124 depleted neurons and
the control neurons were analyzed by performing a tandem mass
tag (TMT) liquid chromatography with tandem mass spectrometry
(LC-MS/MS) (Fig. 3a, Supplementary Table S1). Proteins detected from
the proteomic analysis of the biological duplicate were clustered by
their experimental conditions (Fig. 3b), indicating that the experiments
were well controlled. We identified 593 DEPs that are common between
both biological replicates of miR-124 KD and control neurons (Fig. 3c,
Supplementary Table S2). Then, with the list of DEPs, a gene ontology
(GO) analysis was carried out using the database for annotation,
visualization and integrated discovery (DAVID) bioinformatics
resource”>” (Supplementary Table S3). Through the DAVID GO analysis, it
was discovered that the top annotated term of the KEGG pathway analysis

was OXPHOS, a major metabolic pathway that neurons utilize to
produce energy (Fig. 3d). Interestingly, the annotated term relating to
metabolism such as ‘metabolic pathways’ was also identified sig-
nificant (Fig. 3d).

To validate the results from the proteome analyses, in view of metabolic
changes by miR-124 KD, the MMPs of miR-124-depleted neurons
were measured. Neurons were incubated with JC-1 dyes, which turn red
in hyperpolarized mitochondria with high MMP and green in depolarized
mitochondria with low MMP. The red-to-green ratio of the JC-1 dyes
in neurons, which is measured by flow cytometry, showed a significant
decrease in MMP in miR-124 KD neurons compared to the control neurons
(Fig. 4a). This result indicates that mitochondria in miR-124 KD neurons
are relatively depolarized compared to the control and implies that
the mitochondrial function, more specifically the OXPHOS (as indicated by
GO analysis) may be defective due to an improper formation of the proton
gradient across the inner mitochondrial membrane.
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Fig. 4 | Effects of miR-124 on the functional features of mitochondria on day-6
neurons. a miR-124 sponge neurons show depolarized mitochondria, indicated by
lower ratio of red-to-green JC-1 dyes representing lower MMP (n = 5, two-tailed
unpaired t-test, ****p-value < 0.0001, error bar = stdev). Gating strategy is provided
in Supplemental Information. b, ¢ Mitochondrial respiration of early neurons.
Seahorse Cell Mito Stress test was performed using neurons differentiated for six
days after miR-124 knockdown. b One representative result from three biological
experiments is depicted. Cellular respiration is decreased in miR-124 KD neurons

(27 wells for control, 33 wells for miR-124 KD, error bar = stdev). ¢ The parameters
of the Cell Mito Stress Test are presented as relative values between the control and
miR-124 KD, allowing for the integration of results from all three biological
experiments (n = 3, two-tailed unpaired t-test, *p-value (Basal) = 0.0428, *p-value
(ATP) = 0.0379, **p-value (Maximal) = 0.0022, **p-value (Spare) = 0.0096, p-value
(Proton) = 0.0661, ***p-value (Non-MT) = 0.0002, p-value (Coupling) = 0.6320, ns
= non-significant, error bar = stdev).

Next, the Cell Mito Stress Test was performed to further assess the
functionality of OXPHOS in mitochondria (Fig. 4b). Interestingly, the initial
oxygen consumption rate (OCR) measured was lower in miR-124 KD
neurons, indicative of a lower level of basal respiration (Fig. 4b, c). Next,
following the treatment of mitochondrial inhibitors, an overall decrease in

OCR exhibiting a reduced level of cell respiration was detected for miR-124
KD neurons (Fig. 4b, ¢). Among the mitochondrial respiration parameters,
coupling efficiencies comparing the ratio of the ATP synthase-coupled OCR
to the basal OCR were not different between miR-124 KD and control
neurons (Fig. 4c). This result, along with the reduced level of ATP synthase-
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Fig. 5 | Effects of miR-124 on the morphological
features of mitochondria on day-6 neurons.

a Timeline of experimental steps for analyzing
mitochondrial morphology in day-6 neurons from
control and miR-124 knockdown groups. b Repre-
sentative images of mitochondria along neurites.
c-g Details of analyzed parameters and quantifica-
tion using particle analysis plugin in FIJI (Control =
14, Sponge = 12, two-tailed unpaired ¢-test, error bar
=s.e.m.). d Number of mitochondria per 50 pm
neurite (*p-value = 0.0188). e Contents per 1 um
(***p-value = 0.0002). f Aspect Ratio (*p-value =
0.0128). g Average Size (ns = non-significant, p-
value = 0.0866). h Form Factor (ns = non-sig-
nificant, p-value = 0.1770).
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coupled OCR, can be used to deduce that the formation of proton gradient
by the electron transport chain is dysregulated with reduced miR-124
during neurogenesis.

Morphological changes of mitochondria in miR-124 KD neurons
To further validate the functional defects of mitochondria caused by miR-
124 KD, we examined mitochondrial morphologies in TUJ1-positive
immature neurons, differentiated for a week, because morphology and
function are highly correlated and tightly regulated together”** (Fig. 5). The
mitochondrial morphologies were analyzed by expressing mitochondrial
targeting sequence fused GFP (mitoGFP) in neurons differentiated for 6
days (Fig. 5a, b). The longer and shorter sides of the imaged mitochondria
were first designated as the major and minor axes, respectively, then the
lengths of both axes were measured (Fig. 5¢). Afterwards, a number of
mitochondria per 50 um neurites were counted to analyze the mitochon-
drial content (Fig. 5d, €). The number and content of mitochondria within
the specified unit of neurite were both decreased in miR-124 KD neurons
relative to control neurons (Fig. 5d, e). Next, the ratio of the major axis to the
minor axis (aspect ratio) and the reciprocal of the value for circularity (form
factor) were analyzed to demonstrate the length and branching of mito-
chondria (Fig. 5¢). In miR-124 KD neurons, the aspect ratio of mitochondria

was significantly decreased, indicating shorter and rounder mitochondria
(Fig. 5¢, f). Although the average size and form factor of mitochondria were
only comparable between miR-124 KD and control neurons, some
decreasing trends in these parameters could be noted (Fig. 5¢, g, and h). All
of these data indicate that miR-124 KD impairs mitochondrial functions in
developing neurons.

Novel metabolic regulators in the initiating stages of neuronal
differentiation

To identify novel players regulating mitochondrial metabolic function with
miR-124 in the initial stages of neuronal differentiation, the list of DEPs was
revisited. Among the 593 DEPs, 50 significantly down-regulated proteins
and 43 significantly up-regulated proteins were selected for further inves-
tigation (Fig. 6a). These selected 93 proteins were juxtaposed with the list of
annotated mitochondrial proteins from all databases (IMPI, MitoCarta 2.0,
and GO) on MitoMiner v4.0 (Fig. 6b), and 11 DEPs were identified that may
regulate cellular metabolism through mitochondria during neuronal
development (Fig. 6¢). Of the 11 DEPs, four proteins (ATP5MG for ATP
synthase, UQCR10 for complex III, and NDUFS2 and NDUFS5 for NADH
dehydrogenase) are subunits of the OXPHOS protein complex. Two are
mitochondrial ribosomal proteins (MRPL32 and MRPS35), which
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Fig. 6 | Proteomics analysis of miR-124 KD day-6 neurons. a Volcano plot indicating
statistically significant 43 upregulated proteins (red) and 50 downregulated proteins
(blue) in miR-124 KD day-6 neurons (—1.3 < FC < +1.3 and p-value < 0.05). b Proteins
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MitoCarta (2.0) Accession Symbol (p-value) (Fold Change)
Q9Y2Q3 GSTK1 2.22 0.53
Q8TD30 GPT2 2.16 -0.47
Q96A26  FAM162A 1.86 0.46
075964 ATP5MG 1.6 -0.51
Q9BYC8 MRPL32 1.54 0.56
P82673 MRPS35 1.47 0.56
Q9H3K2 GHITM 1.4 0.48
Q9UDW1  UQCRT10 1.39 0.47
075306 NDUFS2 1.39 0.55
043920 NDUFS5 1.38 -0.69
Q9Y696 CLIC4 1.31 0.46

predicted to be ‘mitochondrial’ in all databases (IMPI, MitoCarta 2.0, and GO) of Mito-
Miner v4.0. ¢ List of DEPs predicted to be ‘mitochondrial’.

evidently affect the expression of OXPHOS subunit proteins produced from
the mitochondrial genome. Since these six proteins are evidently involved in
OXPHOS, we focused on the other five proteins - GSTK1, GPT2,
FAM162A, GHITM, and CLIC4, to explore their function in metabolic shift
during neuronal differentiation (Fig. 6¢c).

GSTKI was primarily examined as a potential metabolic regulator of
neurogenesis since GSTK1 was the most significantly altered protein. In
addition, GSTKI was verified as a target of miR-124 through a luciferase
assay (Fig. S3). First, the upregulation of GSTK1 in miR-124 KD neurons
from the proteomic findings was validated by performing a Western blot
analysis (Fig. 7a, S5a). Next, we verified whether the increase of GSTK1
affected cellular metabolism similar to miR-124 depletion during neuro-
genesis. GSTKI1 is a kappa family member of glutathione S transferase
(GST)™"", but the biological roles of GSTK1 in neuronal differentiation have
not yet been investigated.

In human NPCs and neurons, at least two different GSTK1 isoforms
are expressed among four transcript isoforms annotated in the RefSeq
database (Fig. S4). Thus, GSTK1 expression level was upregulated by
applying a CRISPR activation (CRISPRa) system rather than introducing
individual GSTKI ¢DNA produced from each isoform. Two different
sgRNAs targeting different regions of the GSTKI promoter successfully
increased GSTKI1 protein levels in NPCs (Fig. 7b). The effects of GSTK1
upregulation by CRISPRa on mitochondrial cellular respiration were
examined through the Cell Mito Stress Test in neurons and the decrease in
OCR was also statistically significant (Fig. 7c,d). Overexpressing the GSTKI
coding sequence (CDS) of the major isoform also led to a significant
decrease in OCR of developing neurons (Fig. S5b-d). Both GSTK1 upre-
gulation and GSTK1 CDS overexpression result in decreased OCR, which
are comparable to the cell respirometry results observed with miR-124 KD
(Fig. 4b, c).

Discussion

miR-124 expression is gradually increased upon neuronal differentiation of
the NPCs. The major pool of mRNAs that miR-124 can target presumably
differs depending on the developmental stages of neurons, given the sub-
stantial changes in the RNA transcriptome during this period™”. Here, we
explored biological processes regulated by miR-124 during early neuro-
genesis. By performing a proteome analysis after suppressing miR-124 in
NPCs followed by an immediate neuronal differentiation, we found that
miR-124 alters proteins involved in cellular metabolism, such as OXPHOS,
in differentiating neurons (Fig. 3). Similar to these proteome results,
depleting miR-124 in early differentiated neurons resulted in decreased
cellular respiration and smaller, less mature mitochondria (Figs. 4, 5). Lastly,
through regulating GSTK1, we showed the metabolism-regulating func-
tions of the DEPs in differentiating neurons (Figs. 6, 7, S3, S5). Our data
demonstrate that miR-124 is essential for the cooperating proteins required

for an effective metabolic shift in the early neuronal differentiation of
human NPCs.

When neural stem cells differentiate into other neural cell types, energy
metabolism is changed to support metabolic states of differentiated cells'. A
few protein components required for the metabolic shift during neuro-
genesis have been reported™, but not all proteins are known. Our proteome
results show novel candidates of metabolic regulators in the early stages of
neurogenesis. We highlight five potential metabolic proteins that are altered
in their expression level by miR-124: GSTK1, GPT2, FAM162A, GHITM,
and CLIC4. Among the five proteins, only GPT2, working in gluconeo-
genesis and amino acid metabolism™, is known to be associated with brain
developmental defects and neurodegenerative diseases in addition to
metabolic dysfunctions™*'. FAM162A, GHITM, and CLIC4 are proteins
involved in apoptosis”™, but further investigations will be needed to
understand their metabolic function in brain development and diseases.

Here, we show that GSTK1 suppresses mitochondrial OCRs for neu-
rons (Fig. 7¢, d). Unlike most GST family proteins localized in the cytosol,
GSTK1 is localized in mitochondria and has also been found in other
organelles such as peroxisomes and endoplasmic reticulum (ER)**". Until
now, the biological roles of GSTK1 have been investigated in non-neuronal
cells. GSTK1 regulates adiponectin multimerization, modulates
mitochondria-associated membrane integrity, and inhibits the release of
mtDNA*", As neural cells do not express adiponectin, GSTK1 is assumed
to work mainly by regulating mitochondria in human neural cells. Although
the precise functions of GSTK1 and molecular mechanisms relating to
mitochondrial respiration have yet to be identified, GSTK1 deficiency is
known to be associated with various pathologic conditions” . The poly-
morphisms on GSTKI identified in the human genome may be linked to
brain disorders related to neural cell metabolism™.

Mitochondria are the key organelles regulating cellular metabolism.
Perturbing mitochondrial changes affects cell fate determination during
development because morphological and molecular features of mitochondria
differ among cell types™”. A mouse study showed that expressional change of a
single neuron-enriched mitochondrial gene is sufficient to convert glial cells
into neurons in vivo®. However, we did not observe cell fate changes in miR-
124 KD neurons although miR-124 KD resulted in smaller and less mature
mitochondria (Figs. Sla, 2d, 5). This outcome may be due to the limited
differentiation potentials of human NPCs and mouse adult hippocampal NPCs
used in our study, which are committed to differentiate into neuronal cells.
Given these characteristics, the metabolic changes induced by miR-124 KD
may not be substantial enough to lead to detectable alterations in cell fate.
Furthermore, our method of miR-124 KD, utilizing a microRNA sponge in
human NPCs and differentiating neurons, may not have been potent enough to
significantly alter cellular metabolism to induce a cell fate switch. However,
miR-124 KD might influence neuronal subtype differentiation; for instance,
induced neurons (iNs) converted directly from induced pluripotent stem cells
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Fig. 7 | Upregulation of GSTK1 suppresses mitochondrial respiration. a Protein
expression of GSTK1 increased in miR-124 KD day-6 neurons, confirming pro-
teomics analysis. GSTK1 was used for validation (n = 4, two-tailed unpaired t-test,
normalized by loading controls, *p-value = 0.0118, error bar = s.e.m.). b Using
CRISPRa (dCas9-VPR) to upregulate GSTK1 in NPCs. Western blot analysis
showing successful upregulation of GSTK1 (n = 3, two-tailed unpaired t-test, *p-
value = 0.0243, **p-value = 0.0068, error bar = stdev). ¢, d Seahorse Cell Mito Stress
test of day-6 neurons after upregulating GSTK1 via CRISPRa. ¢ Three biological
experiments were performed and one representative experimental result is depicted.
Cellular respiration decreased in GSTK1 upregulated neurons (22 wells for sgRNA
scramble, 25 wells for GSTK1-sgRNA1, 25 wells for GSTK1-sgRNA2, error bar =

stdev). d The parameters of the Cell Mito Stress Test are presented as relative values
among control and GSTK1 upregulated neurons, allowing for the integration of
results from all three biological experiments (1 = 3, one-way ANOVA, Dunnett’s
multiple comparisons test, *adj p-value (Basal) = 0.0221, **adj p-value (Basal) =
0.0068, *adj p-value (ATP) = 0.0256, **adj p-value (ATP) = 0.0070, *adj p-value
(Maximal) = 0.0218, **adj p-value (Maximal) = 0.0053, *adj p-value (Spare) =
0.0257, **adj p-value (Spare) = 0.0046, adj p-value (Proton) = 0.0588, *adj p-value
(Proton) = 0.0266, *adj p-value (Non-MT) = 0.0203, **adj p-value (Non-MT) =
0.0018, adj p-value (Coupling - sgRNA1) = 0.7291, adj p-value
(Coupling-sgRNA2) = 0.4564, ns = non-significant, error bar = stdev).

(iPSCs) typically express genes of the amygdaloid complex, whereas iNs from
miR-124 knockout iPSCs express genes of the striatal neurons along with
differential metabolism". Considering the varied metabolic rates across dif-
ferent brain regions, further exploration into the impact of miR-124 on neu-
ronal subtype differentiation could be critical®"*.

Our data show that the effects of miR-124 KD on neurites seem to be
greater in mouse adult hippocampal neurogenesis than in human neuro-
genesis in vitro (Fig. 1, 2). Effects of the differentiation factors added to
culture hESC-derived neurons in vitro might be very powerful that the
effects of miR-124 KD may be counteracted, perturbing neuronal devel-
opment. Alternatively, different phenotypic outcomes can be caused by
species specificity. The biological roles of miR-124 in a metabolic shift
during mouse neurogenesis are potentially conserved as miR-124 and
metabolic reprogramming in neuronal differentiation are necessary for
both mouse and human™**. However, the temporal regulation of
metabolism is thought to regulate the timing of species-specific neuronal
development®**~"". In addition, the protein composition and abundance of
proteins in the brain differ among species””. Thus, miR-124 and DEPs

affected by miR-124 KD may have different impacts on metabolic changes
in the neurogenesis of human and mouse. Modeling Leigh syndrome using
human brain organoids and mice is a good example showing the species
specificity’”’. A human brain organoid model with a SURFI mutation suc-
cessfully recapitulated the phenotypes observed in human Leigh syndrome
patients, whereas modeling Leigh syndrome using mouse models has not
been successful”.

Although we focused on the metabolic regulation mediated by miR-
124 during neuronal differentiation in this study, it is noteworthy that half of
the terms in the KEGG pathway results suggest a link between miR-124 and
neurodegeneration (Fig. 3d). Consistent with previous research demon-
strating an association between miR-124 and neurodegenerative
diseases’*, our proteome data indicate that miR-124 influences DEPs
associated with Parkinson’s disease, Alzheimer’s disease, amyotrophic lat-
eral sclerosis, and Huntington’s disease. Intriguingly, 11 out of 15 proteins
within the OXPHOS pathway in KEGG that showed significant differential
expression are also implicated in all these neurodegenerative diseases. This
overlap underscores the potential of miR-124 to modulate key metabolic
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functions commonly disrupted in these disorders. As more studies suggest
metabolic dysfunction as a primary cause of these conditions, further
investigation is necessary to determine whether metabolic proteins regu-
lated by miR-124 during early neurogenesis contribute to neurodegenera-
tive diseases”™™ ™. A long-term suppression of miR-124 in adult
hippocampal neurons of mice led to alterations in OXPHOS gene
expression””. It would be interesting to compare these OXPHOS genes that
we found in the early stages of human neuronal differentiation with those
from the mouse study. Analyzing the OXPHOS genes regulated by miR-124
in both early-stage neurogenesis and mature neurons could help identify key
molecules involved in neurodegenerative diseases. Notably, modulating
miR-124 in animal models of neurodegeneration have shown promising
reductions in disease symptoms, reinforcing its potential as a therapeutic
molecule. These findings collectively suggest that miR-124 could sig-
nificantly contribute to the development of new treatments by targeting
metabolic dysfunctions integral to neurodegenerative processes.

Methods

Cell culture

HEK293T cells were grown in DMEM (Welgene LM001-07) supplemented
with 10% fetal bovine serum (FBS; Young-in Frontier US-FBS-500, Gibco
12483-020). HuES6 (Harvard Stem Cell Institute iPS Core) hESCs were
maintained on mitotically inactivated mouse embryonic fibroblasts (MEFs)
in hESC media: 1% MEM-NEAA (Gibco 11140050), 1.2 mg/ml sodium
bicarbonate (Sigma S5761), 100 uM 2-mercaptoethanol (Merck M3148),
146.14 yg/ml L-glutamine (Sigma G8541), and NaOH (Intron Bio-
technology IBS-BS017) to pH 7.4 containing DMEM/F12 (Gibco 12400024)
with 20% KnockOut Serum Replacement (Gibco 10828028) and 10 ng/ml
FGF2 (R&D systems 4114-TC-01M). hESCs were detached with Col-
lagenase IV (10 pg/ml, Gibco 17104019) and transferred to non-attaching
90 mm Petri dishes (SPL 10090) for embryoid body (EB) formations via
dual-SMAD inhibition with LDN-193189 (0.1 pM, Selleckchem S2618) and
SB-431542 (10 puM, Cayman CAY-13031) in DMEM/F12+Glutamax
(Gibco 10565042) media with N2 (Gibco 17502048) and B27 (Gibco
12587010) supplements. After a week, EBs are attached to 10 pg/ml poly-L-
ornithine (PLO) (Sigma P3655) and 5 pg/ml Natural mouse Laminin (Lam)
(Invitrogen 23017-015) coated surfaces for neural rosette formations.
Depending on size, attachment, and morphology, parts of neural rosettes are
detached by pipetting up and collected together to be dissociated into single
cells with Accutase (Innovative Cell Technologies AT104). Dissociated cells
are plated onto PLO/Lam coated dishes and grown in FGF2 (20 ng/ml, R&D
systems 4114-TC-01M) added DMEM/F12+Glutamax media with N2 and
B27 supplements for NPC derivation and proliferation cultures. For neu-
ronal differentiation, BDNF (20 ng/ml, Peprotech 450-02), GDNF (20 ng/
ml, Peprotech 450-10), dibutyryl cAMP (500 ng/ml; Tocris 1141, Sigma
D0627, Selleckchem S7858), ascorbic acid (200 nM, Sigma A4544), and Lam
(1 pg/ml) were added to DMEM/F12+-Glutamax media supplemented with
N2 and B27. All cells were maintained in 37 °C, 5% CQO, incubator. Pro-
tocols describing the use of human ESCs were approved in accordance with
the ethical requirements and regulations of the Institutional Review Board of
KAIST (IRB # KH2021-069).

MEF isolation and mitotic inactivation for use as a feeder

cell layer

To isolate MEFs, a pregnant female E13.5 CF-1 (Crl: CF1) mouse was
obtained from LARRC of KRIBB and euthanized before dissecting the
uterus out to disengage embryos. Head and red tissues of the embryo were
removed and the remaining tissue was fully dissociated into single cells with
0.25% Trypsin/EDTA (Welgene LS015-10). Dissociated MEFs are grown
MEF media: 1% MEM-NEAA, 100 uM 2-mercaptoethanol, and 15% FBS
added DMEM. MEF are mitotically inactivated with 10 pg/ml mitomycin C
(AG Scientific M-1108) for 2 hours and cryopreserved for use as a feeder cell
layer. Mitotically inactive MEFs are plated on 0.1% gelatin (Sigma G1890)
coated surfaces a day before plating hESCs. Isolation and use of MEFs were

performed in accordance with guidelines and protocols approved by the
Institutional Animal Care and Use Committees of KAIST (KA2020-37).

Plasmids and oligonucleotides

To generate the control and miR-124 sponge, oligonucleotides including
miR-124 binding sites were annealed as dsDNA and cloned to lenti- or
retroviral vectors containing sequences of RFP or Renilla luciferase. For
overexpression of miR-124, rat pri-miR-124 was amplified using forward
primer 5-TCCCATCCTTCCTTCTTCCGATC-3" and reverse primer 5-
GTTGTGCTGAGTCGATCCTTCCG-3’ and subcloned into pcDNA3.1.
For mitoGFP expression in neurons using lentivirus (LV), mitoGFP from
PACGFP-1 Mito (Clontech 632432) was subcloned into a lentiviral con-
struct. For CRISPRa of GSTK1, two single guide RNA (sgRNA) sequences
were designed using CRISPICK (BROAD institute): sgRNAl - 5-
CCGGAGGTGGACCTCTACCA-3’ and sgRNA2 - 5-GAGGTCCACCT
CCGGCGCAG-3’. For the control, previously reported scrambled sgRNA
sequences were used’’. Annealed sgRNA oligonucleotides were ligated into
BsmBI digested Lentiguide Puro (Addgene 52963) vector, resulting in the
production of Lentiguide puro-scrambled sgRNA, -GSTK1 sgRNA1, and
-GSTK1 sgRNA2. To produce a lentiviral construct expressing dCas9-VPR
and a blasticidin resistance gene (BSD), dCas9-VPR (Addgene 63798) was
subcloned first into the lentiviral construct having a CAG promoter; then
P2A-BSD (Addgene 52962) was subcloned, resulting in the production of
pBOB-CAG-dCas9-VPR-P2A-BSD. For the luciferase assay, 3> UTR of
GSTK1 was amplified by PCR using cDNA from human neurons and
ligated into a pGEM T easy vector (Promega A1360) first, then subcloned to
afirefly luciferase construct expressed by a CAG promoter. To amplify the 3’
UTR of GSTKI, the following primers were used: 5- AATAATTCTA-
GACTCGAGCCGTGAATGCCAGACTTTAA-3 and 5- TGGAATT
CTGCAGATATCTACAGACACAGAAATGTTTT-3". To generate a
firefly luciferase plasmid with a mutated miR-124 binding site in the 3’ UTR
of GSTK1, synthesized oligonucleotides (Bionics) were subcloned into the
same backbone, which expresses firefly luciferase under a CAG promoter.
For the detection of expressed GSTKI transcript variants in human NPCs
and neurons, the coding sequence (CDS) of GSTK1 was amplified by PCR
using the following primers: GSTK1-CDS-F 5-ACTGCTCTTCCGG
AGCCT-3" and GSTK1-CDS-R 5-TTAAAGTCTGGCATTCAC-3’. To
overexpress GSTKI CDS, the major isoform was PCR-amplified using
GSTK1-CDS-F and -R primers, then subcloned into a lentiviral vector
expressing the transgene and an IRES-puromycin resistance gene (PuroR)
under a CAG promoter, resulting in the production of pBOB-CAG-GSTK1
CDS-IRES-PuroR.

PEI transfection for transient protein expression and virus
production

Polyethylenimine (PEL Polysciences 23966) was used to deliver plasmids
into HEK293T. Cells were plated a day before transfection, then the media
was changed four hours post-transfection. For transient transfections, 2 pg
of plasmid DNA were delivered to 5 x 10° cells of HEK293T. Cells were
harvested two to three days after transfection depending on experimental
purposes. For retrovirus (RV) production, RV plasmid of interest and RV
packaging plasmids (VSVG, Gag-Pol) were transfected. For LV production,
LV plasmid of interest and LV packaging plasmids (MDL, RSV-Rev, and
VSVG) were transfected. Culture media for RV production were harvested
on days two and three post-transfection, and for LV production were har-
vested on day three. Both RV and LV were concentrated by ultra-
centrifugation, with RV undergoing an additional ultracentrifugation step
before animal brain injections.

Preparation of NPCs expressing dCas9-VPR

To upregulate GSTK1 using CRISPRa, NPCs expressing dCas9-VPR were
produced. For this, NPCs were transduced with LVs produced using the
plasmid pBOB-CAG-dCas9-VPR-P2A-BSD (MOI = ~1) and selected with
10 pg/ml blasticidin (invivogen ant-bl-05) for five days. NPCs that survived
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after blasticidin selection were either used directly for experiments or
cryopreserved for future uses.

Animals and stereotaxic injection

Retrovirus was delivered to the brain of six- to seven-week-old female
C57BL/6 mice as described before'. Briefly, 1-1.5 pl of virus at 1-5 x 10*/ml
was infused into the hemisphere using the following coordinates in refer-
ence from Bregma: —2 a/p, £1.5m/], and —2.3 d/v for the dentate gyrus.
Mice were sacrificed three weeks post-injection of retrovirus for immuno-
histochemistry. All animal procedures were performed in accordance with
guidelines and protocols approved by the Institutional Animal Care and Use
Committees of KAIST (KA2023-144-v1) and the Salk Institute for Biolo-
gical Studies. We have complied with all relevant ethical regulations for
animal use.

Immunocytochemistry

hESC-derived NPCs and neurons were fixed for 10-30 minutes at room
temperature (RT) with 4% paraformaldehyde (Pierce 28906). After a single
rinse and three washes with PBS-T (0.1% Tween-20 in PBS), cells were
permeabilized with 0.1% Triton X-100 (Promega H5141) in PBS for
10-30 minutes at RT. Then, the permeabilized cells were blocked for one
hour at RT using 5% normal donkey serum (Abcam AB7475) in PBS-T.
After blocking, cells were incubated overnight at 4 °C with primary anti-
bodies diluted 1:1000 in 5% normal donkey serum. Next, cells were rinsed
once and washed three times with PBS-T (0.1% Tween-20 in PBS), then
incubated with 1:1000 diluted secondary antibodies for 1hour at RT.
Finally, cells were incubated with DAPI (1 ug/ml, Sigma D9542) for
5 minutes at RT and mounted on slides with fluorescence mounting med-
ium (DAKO S§3023). Primary antibodies anti-NESTIN (Millipore
MAB5326) and anti-SOX2 (Cell signaling 3579S) were used to validate
human NPCs, when anti-TUJ1 (Abcam ab52623) and anti-MAP2 (Abcam
ab11267) were used to validate human neurons.

Immunohistochemistry

Mouse brains were dissected after fixation by cardiac perfusion using 4%
paraformaldehyde (PFA) at 4 °C, followed by overnight post-fixation with
4% PFA at 4 °C. Post-fixed brains were transferred to 30% sucrose solution
and stored at 4 °C until brains sank. Then, brains were embedded in O.C.T.
compound (Sakura 4583) and frozen at —80 °C. Once frozen, the embedded
brains were cryo-sectioned into 40 um slices, immediately immersed in
tissue-collecting solution (50% glycerol in PBS), and stored at —20 °C until
used for immunostaining. Free-floating slices were washed with PBS to
remove residual tissue-collecting solution and incubated for an hour at RT
with a blocking buffer (3% Normal Donkey Serum or Bovine Serum
Albumin with 0.3% Triton X-100 in PBS) for permeabilization and block-
ing. Primary antibodies were incubated overnight at 4 °C in the blocking
buffer. Primary antibodies against GFP (1:1000, Aves labs GFP-1020), TUJ1
(1:100, Abcam ab52623), PROX1 (1:200, ReliaTech 102-PA32), SOX2
(1:400, SCBT sc-365823), OLIG2 (1:100, Abcam ab109186), GFAP (1:4000,
Dako Z0334), and IBA1 (1:200, Wako 019-19741) were used. Subsequently,
secondary antibodies (1:1000; Abcam ab150169, ab150107, ab150075) and
DAPI (1 pg/ml, Sigma D9542) were applied for staining before mounting
onto glass slides with coverslips for imaging.

Neurite analysis

For analyzing dendrites of adult mouse-born neurons, images were acquired
with the 20x objective using confocal microscopes (Zeiss LSM780 and
LSM980) and reconstructed using the Neurolucida software (MBF
Bioscience). A two-tailed unpaired t-test and two-way ANOVA with Bon-
ferroni’s multiple comparisons test were used to compare the quantification
results between the two groups. For analyzing neurites of human neurons
cultured in vitro, NPCs infected with either control or miR-124 sponge LVs
were co-infected with GFP-expressing LVs and differentiated into neurons.
Neurites were imaged with a confocal microscope (Zeiss LSM800) and

processed with Zen Blue and Black (Zeiss) software. Neurite tracing and
quantification were conducted using a FIJI plugin — NeuronJ. Traced neu-
rons were analyzed and visualized with R and GraphPad Prism.

Microelectrode array (MEA)

A CytoView MEA 96-White plate (Axion Biosystems M768-tMEA-96W-5)
with or without pre-coating of 0.1% PEI was coated with 50 pg/ml Poly
L-ornithine and 5 pg/ml Laminin before plating 13,000 NPCs per well. On
the following day, control and miR-124 sponge LV's were infected. The next
day, LV-infected NPCs were differentiated into neurons. Maestro Pro
(Axion Biosystems) was utilized for MEA measurements. A neural metric
tool (Axion Biosystems) and Excel (Microsoft) were utilized for quantifi-
cation and obtaining the raster plot. GraphPad Prism was used for bar
graphs.

RNA extraction, cDNA synthesis, and Real-Time PCR

Total RNA was extracted with TRIzol (Invitrogen 15596018), chloroform
(Junsei 28560-0350), isopropanol (Merck 109634.1011), and ethanol
(Merck 100983.1011) under RNase-free conditions. cDNA was synthesized
with RevertAid Reverse Transcriptase (Thermo Scientific EP0442) using
Oligo d(T)20 primers. Real-Time PCR was performed with a CFX96 Real-
Time PCR Detection System with Power SYBR Green PCR Master Mix
(Invitrogen 4368706). The following primers were used for the analysis:
human DCX (5-CGAAGCAAGTCTCCAGCTGACTC-3’ and 5-
AGGACTGGTGGGCGTAGAGATG-3),  human  MAP2  (5-
TGCTGAGGCTGTAGCAGTCCT-3 and 5-TGGAGAAGGAGGCA-
GATTAGCTG-3), human ACTB (5-GCCAACCGCGAGAAGATGAC-
3’ and 5-GAGGCGTACAGGGATAGCACAG-3’), and human GAPDH
(5-CCACTCCTCCACCTTTGAC-3 and 5-CACCCTGTTGCTG-
TAGCCA -3°). For mature miRNA quantification, Tagman microRNA
assay was performed following the manufacturer’s instructions (Applied
Biosystems 4427975, 4366597, 4440040).

Dual luciferase assay

Cells were plated one day before transfection. Luciferase activity was
measured using a Dual-Luciferase Reporter System (Promega E1980)
two days after transfection, following the manufacturer’s instructions.
For miR-124 sponge test, Renilla luciferase plasmid containing the
miR-124 sponge or control was transfected with firefly luciferase plasmid in
9:1 (w/w) ratio to HEK293T. Firefly activity was used for normalization
for the miR-124 sponge test. For the test of a miR-124 binding motif on
GSTK1 3’ UTR, firefly luciferase plasmid containing the wildtype GSTK1 3’
UTR, GSTKI 3’ UTR with a mutated miR-124 binding site, or a null control
was transfected with Renilla luciferase plasmid in 3:1 (w/w) ratio to NPCs.
Here, Renilla luciferase activity was used for normalization. Luciferase
activities of firefly with or without miR-124 were quantified compared to the
control.

Western blot analysis

Cells were rinsed once with Dulbecco’s phosphate-buffered saline (DPBS),
detached, and centrifuged at 6000 rpm for 5 minutes at 4 °C. The super-
natant was discarded, and the cell pellet was lysed using RIPA buffer
(Biosesang R2002). After centrifuging the lysates at 20,000 x g for 15 min-
utes at 4 °C, protein concentrations were measured using a BCA protein
assay kit (Pierce 23225) following the manufacturer’s instructions. Proteins
separated via SDS-PAGE were transferred to nitrocellulose (NC) mem-
branes (Amersham 10600002). SDS-PAGE and membrane transfer were
performed with a Surecast gel electrophoresis kit (Invitrogen HC1000SR).
GSTKI1 was detected using anti-GSTK1 antibody (1:1000, SCBT sc-515580)
and HRP-linked anti-mouse IgG (1:5000, Cell signaling 7076S). Actin-HRP
(1:1000, SCBT sc-1615) or GAPDH-HRP (1:1000, SCBT sc-47724) were
used to detect loading controls. Then, bands for each protein were imaged
with enhanced chemiluminescence (WBKLS0500) using Chemidoc XRS+
(Biorad) and iBright (Invitrogen) imaging systems.
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Preparation of samples for a quantitative mass spectrometry
(MS) analysis

To analyze the total proteome of day-6 neurons after either control or miR-
124 sponge LVs, one PLO/Lam-coated 35 mm cell culture dish was plated
with 5 x 10° NPCs per experiment, a day before infection. A day after
infection, infected NPCs were differentiated into neurons for six days. Cell
pellets were obtained by rinsing once with DPBS, then carefully detached in
DPBS before being centrifuged at 6000 rpm for 5 minutes, when the
supernatant was discarded and only the cell pellet was frozen until pre-
paration of samples for LC-MS/MS. Cell pellets were then resuspended with
8 M urea (Sigma U5378) in 50 mM ammonium bicarbonate (ABC) (Sigma
09830) buffer (pH 8.5). Protein quantities were determined using a BCA
protein assay kit (Thermo Scientific 23227). Samples were first reduced by
10 mM DTT (Sigma 43815) for 1 hour at 37 °C followed by alkylation with
40 mM iodoacetamide (Sigma 11149) for 1 hour at 37 °C in the dark. The
samples were diluted with 50 mM ABC to make the final concentration of
urea to be less than 1 M. Then, trypsin protease (Thermo Scientific 90057)
was added to 2% (w/w) and incubated at 37 °C overnight. The samples were
acidified by 0.4% TFA (Sigma 80457) and desalted by a C18 SPE cartridge
(Sigma 52601-U). After desalting, peptide samples were reconstituted with
50 mM HEPES (pH 7.5) buffer (Sigma 54457), and peptide amount was
obtained based on BCA protein assay and equal amount of peptides were
labeled with TMTpro 16plex label reagents (Thermo Scientific A44521)
according to the manufacturer’s protocol. TMT labeled samples were
combined and desalted by a C18 SPE cartridge (Sigma 52601-U). The
cleaned-up sample was dried and reconstituted in 10 mM ABC buffer.
Fractionation was done with the micro-scale fractionation system as pre-
viously described”. High-pH reverse phase fractionation was performed
using a capillary column, 320 um inner diameter (i.d.) x 55 cm in-house
packed with Jupiter 3 pm C18 beads (Phenomenex 04A-4263). A linear
gradient of solvent A (10 mM ABC in water) and solvent B (10 mM ABCin
90% acetonitrile (ACN; Sigma 100029)) was used for the fractionation; 2%
solvent B isocratic for initial 14 minutes, 2-10% solvent B for following
2 minutes, 10-40% solvent B for next 100 minutes. The fractionated sam-
ples were automatically concatenated into 24 fractions which were dried and
reconstituted with 25 mM ABC buffer for LC-MS/MS analysis.

LC-MS/MS analysis

Oribitrap Fusion Eclipse (Thermo Scientific) coupled to the nanoAcquity
UPLC system (Waters) was utilized for peptide separation and mass spec-
trometry analysis. In-house packed, with Jupiter 3 um C18 beads (Phe-
nomenex 04A-4263), analytical capillary column (100 cm x 75 um i.d.) and
the trap column (3 cm x 150 um i.d.) were utilized for liquid chromato-
graphy. The analytical capillary column was heated at 45 °C with the column
heater (Analytical Sales and Services H-2004C) during the peptide separa-
tion. UPLC system was operated at 300 nL/min flow rate. A linear gradient
of solvent A (H,O (Sigma 1153334000) with 0.1% formic acid (Thermo
Scientific 28905)) and solvent B (100% ACN with 0.1% formic acid); solvent
B was raised from 5-10% for the initial 10 minutes, 10-40% solvent B for the
next 200 minutes. Total runtime of SPS-MS3 was 220 minutes and fol-
lowing setup was used for MS acquisition; MS1 was acquired with 60 K
resolution, 400 K AGC target value, 30% RF and maximum injection time
was set at auto; MS2 was acquired with 15 K resolution, 50 K AGC target
value, HCD collision energy of 30% and maximum injection time set at auto;
MS3 was acquired with 30 K orbitrap resolution, 250 K AGC target value,
HCD collision energy of 55% and 54 ms maximum injection time. The mass
spectrometry proteomics data have been deposited to the Proteo-
meXchange Consortium via the PRIDE™ partner repository with the dataset
identifier PXD042371.

Proteomics data analysis

Proteome Discoverer (PD) platform, version 2.1 (Thermo Fisher Scientific),
was used for the protein identification and quantitative analysis using
UniProt human reference proteome UP000005640 (last modified on

November 25, 2020) based on the default processing workflow for TMTpro
SPS MS3 analysis and consensus workflow for MS3 reporter quantification.
Protein identification and TMT reporter ion intensity values obtained from
the PD search were utilized for all following analyses. The TMT reporter ion
intensity values of the control and miR-124 sponge neurons were first each
used to cluster with Pearson correlation distance using a plot_heatmap in R.
Then, the fold change of the identified proteins in the same biological group
was calculated by dividing the TMT reporter ion intensity values of miR-124
sponge neurons by those of control neurons using Excel (Microsoft). The list
of proteins with Log2(FC) > 0.4 and Log2(FC) < -0.4 were used to depict a
heatmap with flaski (https:/flaski.age.mpg.de/) that clustered DEPs
depending on the experimental variable - miR-124 function. This list was
used to perform the Database for Annotation, Visualization and Integrated
Discovery (DAVID) gene ontology (GO) analysis with DAVID Knowl-
edgebase v2022q2. Identified GO terms under KEGG pathway with statis-
tical significance of p-value <0.05 were obtained. To further examine
OXPHOS- or metabolism-related proteins, the fold change of DEPs used for
DAVID GO analysis was imported into Perseus software to narrow down
the list into DEPs with statistical significance of p-value < 0.05 and to draw a
volcano plot showing the statistically significant up(red)- and down(blue)-
regulated DEPs. The volcano plot was further processed with Adobe Illus-
trator. The 93 identified statistically significant DEPs were juxtaposed to
commonly predicted mitochondrial proteins in MitoMiner v4.0 (http://
mitominer.mrc-mbu.cam.ac.uk/) - a database that summarizes IMPI (Q2
2018), MitoCarta (2.0), and Gene Ontology (mitochondrion), resulting in
11 proteins.

Mitochondrial membrane potential (MMP) analysis

MMPs of miR-124-depleted neurons were measured through the JC-1
assay. Neurons were incubated with JC-1 dyes (Molecular Probes) at 37 °C
for 15-30 minutes. The cells dissociated using Accutase were resuspended
in warm PBS. Red and green fluorescence of JC-1 dyes were measured with
flow cytometry (BD FACS Cantoll). Histogram plots of red and green
fluorescence were generated using FlowJo 10 (TreeStar) and the red-to-
green ratio was then calculated in Microsoft Excel. Bar graph drawn with
GraphPad Prism. Gating strategy is provided in Supplementary
Information.

Cell respirometry-Seahorse Mitostress Test

For measuring cell respirometry of neurons, 6000 NPCs (for miR-124
experiments) and 9000 NPCs (for GSTKI experiments) were seeded onto
each well of the Seahorse XFe 96 well plate (Agilent 101085-004) coated with
PLO/Lam. For GSTK1 upregulation via CRISPRa, NPCs expressing dCas9-
VPR were plated. A day after seeding NPCs, LVs (miR-124 sponge and
relative control, GSTK1 CDS and relative control, and sgRNAs-GSTK1 1,2
and scrambled) were added to the culture media to manipulate gene
expression (MOI ~1.2-1.5). On the following day, NPCs were differentiated
into neurons for six days. For GSTK1 experiments, LV-infected cells were
selected by treating 1 pg/ml of puromycin (Gibco A1113803) a day after
lentivirus infection. The OCR was measured by following the default Mito
Stress Test protocol provided by the manufacturer (Agilent 102416-100).
For the assay medium, 0.7 ml of 1 M D-glucose, 0.2 ml of 100 mM sodium
pyruvate, and 0.5 ml of 200 mM L-glutamine were added to 40 ml of cus-
tomized DMEM (Welgene LM001-228) (pH 7.4, 5mM HEPES, no D-
glucose, no sodium bicarbonate, 143 mM NaCl, 5.4 mM KCI) for final
concentrations of 17.5 mM D-glucose, 0.5 mM sodium pyruvate, and 2.5
mM L-glutamine (same concentration with DMEM/F-12+Glutamax
media). For the OCR measurement, 1.5uM oligomycin (Sigma 75351),
1 uM FCCP (Sigma C2920), 0.5 uM rotenone (Millipore 557368), and
0.5puM antimycin A (Sigma A8674) were treated. Depending on the
experiment, 15-46 wells of XF96 Cell Culture Microplate were used for
measurement. The Wave software was used to analyze the results. Experi-
ments were performed three times independently. Assay results were ana-
lyzed and visualized with R and GraphPad Prism.
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Mitochondrial morphology

Control and miR-124 sponge LVs were used to infect NPCs one day after
plating. Then, NPCs were differentiated into neurons for 6 days. Each group
was infected with mitoGFP LVs on neuronal differentiation day 2. Neurons
were fixed and stained with anti-TUJ1 (1:500, Covance PRB-435P) and
DAPI (1 pg/ml, Sigma D9542). Neurons were imaged with a confocal
microscope (Zeiss LSM 780) at 63X. Images were analyzed and exported
using Zen Blue (Zeiss). The particle analysis feature in Image] was used to
quantify the content, number, aspect ratio, average size, and form factor. Bar
graphs and statistic results were obtained from GraphPad Prism.

Statistics and reproducibility

Information on the number of experimental replicates and which statistical
analyses were used for computing p-values are described in the main text, figure
legends, and/or Methods. All data presented were reproducible with biological
replicates referring to fully repeated experiments. As described in figure legends,
data are shown with error bars representing mean + s.e.m. or mean = stdev. p-
values less than 0.05 (p < 0.05) were determined statistically significant. Sta-
tistical analyses were performed with R or GraphPad Prism 7.04.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The mass spectrometry proteomics data have been deposited to the Pro-
teomeXchange Consortium via the PRIDE partner repository with the
dataset identifier PXD042371. All other data that support the findings of this
study are included within this manuscript and its Supplementary Infor-
mation files. Supplementary Tables are provided as Supplementary Data 1.
The source data for all figures of this study are provided in Supplemen-
tary Data 2.
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