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SUMMARY
Sequestosome-1 (SQSTM1/p62) is involved in cellular processes such as autophagy andmetabolic reprogramming.Mutations resulting in

the loss of function of SQSTM1 lead to neurodegenerative diseases including frontotemporal dementia. The pathogenicmechanism that

contributes to SQSTM1-related neurodegeneration has been linked to its role as an autophagy adaptor, but this is poorly understood, and

its precise role in mitochondrial function and clearance remains to be clarified. Here, we assessed the importance of SQSTM1 in human

induced pluripotent stem cell (iPSC)-derived cortical neurons through the knockout of SQSTM1.We show that SQSTM1 depletion causes

altered mitochondrial gene expression and functionality, as well as autophagy flux, in iPSC-derived neurons. However, SQSTM1 is not

essential formitophagy despite having a significant impact on early PINK1-dependentmitophagy processes including PINK1 recruitment

and phosphorylation of ubiquitin on depolarized mitochondria. These findings suggest that SQSTM1 is important for mitochondrial

function rather than clearance.
INTRODUCTION

SQSTM1 is a multifunctional protein and an important

regulator of cellular homeostasis whereby it is involved in

a wide range of cellular processes including ubiquitin-

mediated autophagy, oxidative stress response, and meta-

bolic reprogramming (Sanchez-Martin and Komatsu,

2018). Loss of SQSTM1 can lead to childhood- or adoles-

cence-onset neurodegenerative disorder (Haack et al.,

2016; Muto et al., 2018), frontotemporal dementia (FTD)

(Le Ber et al., 2013), and amyotrophic lateral sclerosis

(ALS) (Fecto et al., 2011; Hirano et al., 2013; Rubino et al.,

2012). The pathogenic mechanism that contributes to

SQSTM1-related neurodegeneration remains poorly under-

stood, and patients with mutations in SQSTM1 are rare

(�1% of all ALS and up to 3% of all FTD cases) (Pytte

et al., 2020; Rubino et al., 2012; van der Zee et al., 2014).

Previous reports have implied mitochondrial dysfunction

in the pathophysiological events associated with SQSTM1

deficiency. However, data supporting the mitochondrial

role of SQSTM1 have been inconsistent and appear to be

cell-type specific (Bartolome et al., 2017; Calvo-Garrido

et al., 2019).With respect tomitochondrial function, fibro-

blasts from FTD patients with loss-of-function SQSTM1

mutations (A381V and K238del) display reduced mito-

chondrial respiration, increased cytosolic reactive oxygen

species production, reduced complex 1 activity of the elec-

tron transport chain (ETC), and lowered mitochondrial

membrane potential (Bartolome et al., 2017). SQSTM1

knockout (KO) mouse models also showed impairment in
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mitochondrial oxidative phosphorylation (OXPHOS) and

reduced ATP production (Seibenhener et al., 2013),

whereas overexpression of SQSTM1 rescued ATP produc-

tion (Seibenhener et al., 2013). However, a study of patients

with childhood-onset neurodegenerative disease and loss-

of-function SQSTM1 nonsense mutation (p.Arg96*) re-

ported a mild reduction in ETC enzyme activities and

normal mitochondrial ATP production rates in patient-

derived neuroepithelial stem cell models (Calvo-Garrido

et al., 2019).

There is someevidence that SQSTM1has a role inmitoph-

agy. In mammalian cells, the mitochondrial kinase PINK1

accumulates selectively at the surface of damaged mito-

chondria where it phosphorylates ubiquitin and recruits,

phosphorylates, and activates the E3ubiquitin ligase Parkin

(PRKN). Shortly after its recruitment, PRKN ubiquitinates a

wide range of outer mitochondrial membrane proteins and

induces the aggregation and perinuclear localization of

mitochondria (Narendra et al., 2010; Vives-Bauza et al.,

2010). This leads to the further recruitmentof autophagy re-

ceptors such as SQSTM1, triggering the engulfment of

damagedmitochondria in autophagosomes that ultimately

leads to fusion with lysosomes where the targeted mito-

chondria become degraded (McWilliams and Muqit,

2017). Knockdownof SQSTM1 inHeLa cells overexpressing

PRKN was shown to have no effect on PRKN translocation

to damaged mitochondria, but resulted in a significant

loss of mitochondrial clearance, suggesting that SQSTM1

is an essential adaptor protein for PINK1-PRKN-dependent

mitophagy (Geisler et al., 2010). Thesedatawere challenged
uthors.
ecommons.org/licenses/by-nc-nd/4.0/).
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by a later study showing that SQSTM1 is not necessary for

selective mitophagy despite SQSTM1 recruitment to depo-

larizedmitochondria (Narendra et al., 2010). Calvo-Garrido

et al. (2019) also reported that SQSTM1 is dispensable for

mitophagy in fibroblasts from a patient with childhood-

onset neurodegenerative disease caused by a nonsense

SQSTM1 mutation. They also assessed mitophagy in neu-

rons derived from the patient’s fibroblasts, but the role of

SQSTM1 in mitochondrial clearance process remained un-

clear from their neurons as their mitophagy induction pro-

tocol did not lead to significant loss of mitochondrial

markers following mitochondrial depolarization (Calvo-

Garrido et al., 2019).

To determine the role of SQSTM1 in mitochondrial

health in neurons, we used CRISPR/Cas9 to generate

induced pluripotent stem cell (iPSC) lines with mutated

SQSTM1 producing premature termination of translation.

We then assessed mitochondrial function in the iPSC-

derived cortical neurons with or without SQSTM1 using

high-content screening systems. We also established treat-

ment regimens to induce mitochondrial depolarization

and biochemical methods to detect mitophagy. Our data

suggest that SQSTM1 is not required for cortical neuron dif-

ferentiation andmitochondria distribution in iPSC-derived

neurons. SQSTM1 is, however, a regulator ofmitochondrial

functionality and modulates expression of genes underly-

ingmitochondrial respiration. In addition, SQSTM1 affects

early processes of PINK1-dependent mitophagy but is

dispensable for mitochondria clearance.

RESULTS

Generation and validation of human iPSC-derived

cortical neurons depleted of SQSTM1

To investigate the effect of SQSTM1 loss of function in hu-

man neurons derived from iPSCs, we used CRISPR/Cas9 to

generate homozygous SQSTM1 KO iPSC lines on two

different genetic backgrounds. The iPSCs were transfected

by nucleofection of the CRISPR-Cas9 ribonucleoprotein

complexes targeting exon 1 of SQSTM1 followed by
Figure 1. Generation and validation of human iPSCs and iPSC-der
(A) Representative fluorescence images of SQSTM1 KO and unedited
Hoechst (blue). Scale bars, 50 mm.
(B) Representative fluorescence images of cortical neurons, after 80
MAP2 (red), CTIP2 (green), TUBB3/TUJ1 (red), TBR1 (green), SLC17A
(C) Relative mRNA expression of markers for cortical brain regions a
neurons generated from two independent neural differentiation.
(D) Representative western blot analysis of LC3-II under normal or
b-Actin was used as a loading control.
(E and F) Bar graphs showing the band intensity ratio of LC3-II to b-a
starvation medium (F). Data are expressed as mean ± SEM of three in
paired two-tailed t test with Welch’s correction. *p < 0.05.
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single-cell seeding of transfected iPSCs and clonal selec-

tion. Homozygous KO state was confirmed with insertion

of frameshift mutations and premature termination co-

dons (Figures S1A, S1B, and S1E), leading to nonsense-

mediated decay and loss of SQSTM1 protein as shown by

immunofluorescence staining (Figure 1A). Genomic integ-

rity of edited iPSC clones was confirmed by karyotype G-

banding analysis and array comparative genomehybridiza-

tion (Figures S1C and S1D).

SQSTM1 KO and isogenic control iPSCs (i.e., unedited

wild type [WT]) were subsequently differentiated into

cortical neurons (Shi et al., 2012). Cortical neurons gener-

ated from the SQSTM1 KO iPSCs were morphologically

identical to those derived from the unedited iPSCs, as

judged by immunohistochemistry using the neuronal

markers TUBB3 (b-III tubulin, also known as TUJ1),

MAP2, BCL11B(CTIP-2), TBR1, and SLC17A7 (Figure 1B).

The neuronal differentiation capacity between the

SQSTM1 KO and WT was also very similar, as reflected

at the gene expression level where SQSTM1 KO iPSC-

derived neurons expressed the appropriate pan-neuronal

genes and the repertoire of markers of the six cortical

layers (Klingler, 2017) (Figure 1C). Taken together, these

results demonstrate that the differentiation capacity of

iPSCs into cortical neurons appears to be unaffected by

the loss of SQSTM1.

We further validated our SQSTM1 KOneuronal model by

examiningwhether the depletion of SQSTM1 reduces auto-

phagy flux using LC3-II, as previously reported in immor-

talized non-neuronal cell lines (van der Zee et al., 2014;

Viiri et al., 2010). Neurons were treated in the absence or

presence of bafilomycin A1 (Baf-A1), and with or without

nutrients including amino acids and glucose (starvation

medium). The absence of SQSTM1 resulted in reduction

in LC3-II level following Baf-A1 treatment compared with

WT cortical neurons (Figure 1D), and this was observed in

both normal and starvation medium (Figures 1E and 1F),

suggestive of impaired autophagic flux. We confirmed our

findings in another set of KO and isogenic control lines

derived from a different background (Figures S2A–S2C).
ived cortical neurons depleted of SQSTM1
WT iPSCs (RBi001-A) immunostained against SQSTM1 (green) and

days of differentiation, immunostained against SQSTM1 (green),
7/VGlut1 (green), and Hoechst (blue). Scale bars, 25 mm.
nd pan-neuronal genes. Dots indicate expression mean ± SEM of

starvation conditions, treated with or without Baf-A1 overnight.

ctin detected in iPSC-derived neurons cultured in full medium (E) or
dependent experiments. Statistical differences were tested by un-
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Depletion of SQSTM1 does not affect mitochondrial

distribution but alters OXPHOS-related gene

expression

There is growing evidence supporting the correlation be-

tween SQSTM1 expression and mitochondrial function

(Bartolome et al., 2017; Seibenhener et al., 2013). To

examine the effects of SQSTM1 depletion on mitochon-

drial functionality, we first visualized mitochondria local-

ization in SQSTM1 KO and WT cortical neurons using a

MitoTracker Deep Red FM, a far red-fluorescent dye that

stains mitochondria in live cells. Mitochondria from neu-

rons depleted of SQSTM1 appeared to be distributed

throughout the neurons at levels similar toWT (Figure 2A).

Normal distribution of mitochondria in KO neurons was

confirmed with immunocytochemistry and the anti-mito-

chondrial protein TOMM 20 (Figure S2D). We further as-

sessed mitochondrial health, which is reflected in the

mitochondrial membrane potential, using tetramethylr-

hodamine methyl ester (TMRM), an orange fluorescent

dye that is sequestered by active mitochondria with intact

membrane potentials (Figure 2B). Neurons were treated

with two different concentrations of TMRM dye and

exhibited similar proportional increase in TMRM fluores-

cence irrespective of genotype, indicating that basal mito-

chondrial membrane potential was not altered in the

absence of SQSTM1 (Figure 2C). Addition of 10 mM

mitochondrial uncoupler carbonyl cyanide-p-trifluorome-

thoxyphenylhydrazone (FCCP) resulted in complete mito-

chondrial depolarization, as shown by the lack of TMRM

fluorescence signals from both the KO and WT neurons

(Figure 2C).

We next examined the impact of SQSTM1 deletion on

mitochondrial gene expression and performed RNA

sequencing (RNA-seq) on cortical neurons with or

without SQSTM1. Based on RNA-seq data, we identified

1,370 and 1,509 genes significantly (corrected p < 0.01)

downregulated and upregulated, respectively, in SQSTM1
Figure 2. Depletion of SQSTM1 does not alter mitochondrial d
expression of mitochondrial respiration-associated genes
(A) Representative fluorescence images of MitoTracker Deep Red FM (r
neurons in the absence or presence of SQSTM1. Scale bars, 25 mm.
(B) Representative images of tetramethylrhodamine methyl ester (TM
neurons with or without SQSTM1. Scale bars, 25 mm.
(C) TMRM fluorescence signal intensity was quantified after treating W
without 10 mM uncoupling agent FCCP. Bars represent mean ± SEM of t
and WT was calculated using Welch’s t test.
(D) GSEA enrichment plot of the oxidative phosphorylation pathwa
enrichment score (ES), which represents the enrichment of the oxidat
The colored bar at the bottom represents the degree of correlation of
negative correlation).
(E) Relative mRNA expression of genes that composed the mitochon
with and without SQSTM1. Dots indicate mean datapoints from each o
and WT).

1280 Stem Cell Reports j Vol. 16 j 1276–1289 j May 11, 2021
KO neurons (Figure S2E). Gene set enrichment analysis

(GSEA) predicted ‘‘oxidative phosphorylation’’ as signifi-

cantly enriched in downregulated genes (normalized

enrichment score = �1.71 and false discovery rate q

value = 0.007) (Figure 2D). Interestingly, the leading-

edge genes contributing to the core enrichment for this

pathway were enriched in mitochondrial ETC complex

genes. Furthermore, 80% of the genes composing the

mitochondrial ETC complexes were downregulated in

SQSTM KO neurons compared with their WT counter-

parts. Expression of selective ETC genes was validated in

KO neurons derived from iPSCs of a different genetic

background using quantitative real-time RT-PCR

(Figure S2F). Together, our data indicates that SQSTM1

depletion alters mitochondrial OXPHOS-related gene

expression but not mitochondrial distribution and mem-

brane potential.

Loss of SQSTM1 impairs mitochondrial spare

respiratory capacity

Decreased expression of OXPHOS genes in the absence of

SQSTM1 pointed to possible alterations in energy meta-

bolism. We evaluated real-time energy metabolism in

SQSTM1 KO andWTcortical neurons using a live cell Mito-

chondrial Bioenergetics assay (Agilent Seahorse). A small

but significant deficit in spare respiratory capacity was de-

tected repeatedly in SQSTM1 KO neurons (Figure 3A;

repeated three times over different days). We confirmed

the perturbed SQSTM1 KO bioenergetic profile and

decreased spare respiratory capacity in a KO line on a

different background (Figure S3; repeated three times over

different days). We also examined other parameters, such

as oxygen consumption rate (OCR) and extracellular acidi-

fication rate (ECAR) as indicators of mitochondrial respira-

tion and glycolysis, respectively. However, the observed

signal for these readouts was quite variable, making inter-

pretation difficult (Figure S3A). This was less of an issue
istribution and membrane potential but downregulates the

ed) retention in mitochondria of TUBB3/TUJ1 (green) iPSC-derived

RM; orange) and CD56/NCAM (green) live staining in iPSC-derived

T and SQSTM1 KO neurons with 0, 20, or 40 nM TMRM and with or
hree technical replicates. Statistical difference between SQSTM1 KO

y. The x axis is genes (vertical black lines) and y axis represents
ive phosphorylation pathway at the bottom of the ranked gene list.
genes with the SQSTM1 KO phenotype (red for positive and blue for

drial electron transport chain (complexes I–V) in neurons derived
f two independent neural differentiations for each line (SQSTM1 KO
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Figure 3. Deletion of SQSTM1 has small
but significant effect on mitochondrial
spare respiratory capacity
(A) Results of spare respiratory capacity
from Seahorse XF Mito Stress Test performed
on cortical neurons derived from SQSTM1 KO
and WT iPSCs (RBi001-A). Data presented as
mean ± SEM of three independent experi-
ments and statistical differences were
tested by Welch’s t test. ***p < 0.001.
(B) Seahorse XF Real-Time ATP Rate Assay in
iPSC-derived neurons with or without
SQSTM1. Basal ATP production rates from
mitochondrial (blue) and glycolytic (red)
pathways were quantified and are summa-
rized in the stacked bar chart. Data are
presented as the mean ± SEM for eight
technical replicates, and statistical differ-
ences were tested by Welch’s t test.
(C) Results of Seahorse XF Glycolysis Stress
Test from cortical neurons derived with or
without SQSTM1 KO. Individual parameters
of glycolytic function including basal
glycolysis, glycolytic capacity, and glyco-
lytic reserve, were obtained from the
extracellular acidification rates (ECAR).
Data are presented as mean ± SEM for six
technical replicates, and statistical differ-
ences were tested by Welch’s t test.
(D) GSEA enrichment plot of the glycolysis
pathway. The x axis is genes (vertical black
lines) and y axis represents enrichment
score (ES), which represents the enrichment
of the glycolysis pathway at the top of the
ranked gene list. The colored bar at the
bottom represents the degree of correlation
of genes with the SQSTM1 KO phenotype
(red for positive and blue for negative cor-
relation).
(E) Relative mRNA expression of glycolytic
genes in neurons derived from SQSTM1 KO
and WT iPSCs (RBi001-A). Dots indicate
mean datapoints from each of two inde-
pendent neural differentiations for each
line (SQSTM1 KO and WT).
(F) Relative mRNA expression of TCA genes
in neurons derived from SQSTM1 KO and WT
iPSCs (RBi001-A). Dots indicate mean da-
tapoints from each of two independent
neural differentiations for each line
(SQSTM1 KO and WT).
with our secondary line (UOXFi005-A), for which we did

not observe any differences between KO and WT lines for

these parameters (Figure S3B).
Spare respiratory capacity, an indicator of cell fitness and

cell’s ability to response to increased energy demand, was

also assessed. To further support the observation that basal
Stem Cell Reports j Vol. 16 j 1276–1289 j May 11, 2021 1281



levels of ATPwere unaffected in the absence of SQSTM1,we

performed an ATP rate assay for real-time kinetic quantifi-

cation of ATP production from mitochondria and glycol-

ysis simultaneously. No significant differences in mito-

chondrial and glycolysis-mediated ATP production rates

were observed between the SQSTM1 KO and WT cortical

neurons (Figure 3B). We also assessed key parameters of

glycolytic flux including basal glycolysis, glycolytic capac-

ity, and glycolytic reserve in our SQSTM1 KO neurons

and detected no difference in these parameters when

compared with their WT counterparts (Figure 3C). At the

transcriptional level, we found enrichment of glycolysis

in upregulated genes from GSEA (Figure 3D). One of the

differentially expressed genes was lactate dehydrogenase

A (LDHA), which catalyzes the conversion of pyruvate

into lactate, and overexpression of this gene was reported

to promote glycolysis and inhibit mitochondrial respira-

tion (Figure 3E) (Yetkin-Arik et al., 2019). Upregulation of

LDHA was detected in SQSTM1 KO neurons, and this was

also observed by Calvo-Garrido et al. (2019) in SQSTM1-

deficient patients’ lines. Also, selective genes that are

related to the tricarboxylic acid (TCA) cycle were downre-

gulated in KO neurons compared with WT (Figure 3F).

One of TCA genes, isocitrate dehydrogenase 1 (IDH1),

has been previously shown to regulatemitochondrial spare

respiratory capacity (Izquierdo-Garcia et al., 2015). Taken

together, these data indicate that the loss of SQSTM1

does not inhibit glycolysis and mitochondrial respiration

in iPSC-derived cortical neurons. Depletion of SQSTM1,

however, diminishes spare respiratory capacity, which is re-

garded as an important aspect of mitochondrial function.

This suggests that cortical neurons depend on SQSTM1 to

ramp up mitochondrial respiration in order to meet the

higher energy demand under stress.

SQSTM1 regulates the PINK1mitophagy process but is

not essential for the clearance of damaged

mitochondria

As autophagy flux and mitochondrial spare respiratory ca-

pacity were affected in SQSTM1 KO neurons, we next

sought to determine whether SQSTM1 regulates mitoph-

agy. Oligomycin and antimycin A (O + A, both at 1 mM)

were added to iPSC-derived neuronal cultures to induce

mitochondrial depolarization and mitophagy. After 16 h

of O + A treatment, a reduced amount of PINK1 was de-

tected in mitochondria-enriched fractions of SQSTM1 KO

neurons compared with their WT counterparts (Figures

4A and 4B). PINK1 has been previously reported to phos-

phorylate ubiquitin specifically at Ser65 (UBQ pSer65) on

depolarized mitochondria and activate PRKN, which then

triggers the mitophagy pathway to clear damaged mito-

chondria (Kazlauskaite et al., 2014; Okatsu et al., 2015;

Shiba-Fukushima et al., 2014; Soutar et al., 2018). Using
1282 Stem Cell Reports j Vol. 16 j 1276–1289 j May 11, 2021
western blotting, we showed that diminished PINK1 accu-

mulation at mitochondria resulted in a reduced level of

ubiquitinatedmitochondrial-enriched proteins containing

UBQ pSer65 compared with WT (Figures 4C and 4D). To

further determine whether SQSTM1 regulates mitophagy,

we assessed mitochondrial clearance 36–60 h after O + A

treatment. Mitochondrial clearance was demonstrated by

the reduced levels of mitochondrial markers, TOMM20

and TIM23, which are the respective translocases of the

outer and inner mitochondrial membranes, when

comparingO +A treatment groupswith dimethyl sulfoxide

(DMSO) controls (Figure 4E). Western blotting showed

similar reduction in the levels of mitochondrial markers

in SQSTM1 KO and WT cortical neurons following O + A

treatments compared with DMSO controls (Figures 4F

and 4G). These data were corroborated in KO andWT neu-

rons derived from iPSCs of a different genetic background

(Figure S4).

We further confirmed these observations by measuring

the level of mitochondrial DNA relative to the nuclear

DNA in neurons following O + A treatments and observed

a similar pattern of decrease in mitochondrial DNA levels

in SQSTM1 KO and WT neurons (Figure 4H). In addition,

no difference in cell viability was observed between the

SQSTM1KO andWTneurons following different durations

ofO+A treatments as assessed by the RealTime-GloMTCell

Viability Assay (Figure 4I). Altogether, these data demon-

strate that althoughSQSTM1regulatesPINK1accumulation

at depolarized mitochondria, it may not be essential for

mitochondrial protein degradation following mitochon-

drial depolarization. This suggests an additional mecha-

nism(s) underlying damaged mitochondrial clearance in

cortical neurons, independent of SQSTM1 and PINK1.
DISCUSSION

Loss-of-function mutations in SQSTM1 are associated with

several neurodegenerative disorders, and mitochondrial

dysfunction has been implicated in the pathogenesis of

these disorders (Haack et al., 2016; Le Ber et al., 2013;

Muto et al., 2018; Pytte et al., 2020). Previous research

has suggested that SQSTM1 acts as a regulator ofmitochon-

drial function and clearance (Bartolome et al., 2017; Geisler

et al., 2010; Seibenhener et al., 2013). However, there have

been some inconsistent reports from different cell lines

regarding the exact role of SQSTM1 (Calvo-Garrido et al.,

2019; Narendra et al., 2010). In this study, we focused on

the effects of SQSTM1 on mitochondrial homeostasis in

human iPSC-based neuronal systems, as these may be a

closer approximation to the biological process in patients.

Our data indicate that SQSTM1 is a modulator of

neuronal bioenergetics, whereby the loss of SQSTM1 alters
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(A) Immunoblots probed for mitochondrial
components PINK1, SQSTM1, and TOMM20
after cells were treated with 1 mM oligo-
mycin and antimycin A.
(B) Bar graph displays quantified images
showing PINK1 normalized to TOMM20
(loading control). Data are expressed as
mean ± SEM of three independent experi-
ments. Statistical differences were tested by
two-tailed t test. ***p < 0.001.
(C) Immunoblot for Ser65 (UBQ pSer65) and
TOMM20 (using the same samples as exam-
ined in A).
(D) Bar graph displays quantified images
showing UBQ pSer65 normalized to TOMM20
(loading control). Data are expressed as
mean ± SEM of three independent experi-
ments. Statistical differences were tested by
two-tailed t test. ***p < 0.001.
(E) Immunoblot for TOMM20, TIM23,
SQSTM1, and b-actin from neurons treated
for 36–60 h with 1 mM oligomycin and 1 mM
antimycin A (or DMSO as control).
(F and G) Bar graphs display quantified im-
ages showing fold change versus DMSO
control of TOMM20 and TIM23 versus
b-actin loading control. Data are expressed
as mean ± SEM of three independent ex-
periments. Statistical differences were
tested by two-tailed t test. *p < 0.05,
**p < 0.01, ***p < 0.001.
(H) Quantitative mitochondrial DNA copy
number in neurons, treated for 36–60 h with
1 mM oligomycin and 1 mM antimycin A (or
DMSO as control), as determined by real-
time PCR. Data are expressed as the mean
ratio of mitochondrial-to-nuclear genes ±
SEM of three technical replicates.
(I) Cellular viability in neurons, treated for
36–60 h with 1 mM oligomycin and 1 mM
antimycin A (or DMSO as control), analyzed
luminometrically using the RealTime-Glo MT
Cell Viability Assay. Data are expressed as
mean ± SEM of three technical replicates.
the expression of several metabolic genes and reduced

spare respiratory capacity. Spare respiratory capacity, also

known as reserve respiratory capacity, is the cell’s ability

to generate extra ATP via oxidative phosphorylation in

case of a sudden increase in energy demand and to over-

come stress such as oxidative stress (Desler et al., 2012;

Hill et al., 2009). Decline in spare respiratory capacity has

been associated with aging and neurodegenerative diseases

(Desler et al., 2012). Here we demonstrated that SQSTM1

modulates spare respiratory capacity in cortical neurons,
which are the cells most affected in FTD. Depletion of spare

respiratory capacity upon SQSTM1 loss can sensitize the

neurons to surges in ATP demand and decrease the ability

to cope with oxidative stress, and may increase the risk of

cell death if this ATP demand is not met (Desler et al.,

2012). Although the mechanism by which SQSTM1 exerts

its effect on neuronal bioenergetics is not fully known, our

RNA-seq analysis and GSEA revealed that metabolic path-

ways such as OXPHOS and glycolysis are perturbed by

loss of SQSTM1 in iPSC-derived cortical neurons.
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Furthermore, our bioinformatics analysis indicates that

SQSTM1 affects the transcription of the majority of the

ETC genes involved inmitochondrial respiration and spare

respiratory capacity (Desler et al., 2012). Other metabolic

genes associated with mitochondrial spare respiratory

capacity such IDH1 and LDHA were also differentially ex-

pressed in the SQSTM1 KO compared with WT neurons.

IDH is an enzyme involved in the citric acid cycle in inter-

mediary metabolism. A reduced level of IDH1, as detected

in the SQSTM1 KO neurons, has been previously shown

to lower spare respiratory capacity by decreasing pyruvate

dehydrogenase activity and reprogramming pyruvate

metabolism (Izquierdo-Garcia et al., 2015). The expression

of the pro-glycolytic gene LDHA was found to be elevated

in the SQSTM1 KO neurons in our study and in a similar

KO system established by Calvo-Garrido et al. (2019). The

overexpression of LDHA is expected to downregulate mito-

chondrial spare respiratory capacity. based on previous

findings by Yetkin-Arik et al. (2019). The expression of

LDHA and several other metabolic genes are regulated by

the mammalian target of rapamycin (mTOR) pathway

and the nuclear factor kB (NF-kB) signaling pathway (Al-

bensi, 2019; Manerba et al., 2018). SQSTM1 may exert its

transcriptional control via direct interaction with key regu-

lators of mTOR and NF-kB signaling pathways including

Raptor and RIP1/TRAF6, respectively (Puissant et al.,

2012). In the future, it will be interesting to find out

whether the SQSTM1 iPSCs differentiated to different line-

ages display similar vulnerabilities, or are specific to cells of

a specific faith.

In addition to the transcriptional regulatorymechanisms

associated with SQSTM1, we also examined the role of

SQSTM1 in mitophagy. We focused on PINK1-dependent

mitophagy, where the mechanism involving PINK1 and

PRKN is the best characterized. While the removal of

SQSTM1 did influence autophagy, the rate of mitochon-

drial clearance upon induction of mitochondrial damage

was unaffected between SQSTM1 KO and WT neurons.

This finding is consistent with observations from Calvo-

Garrido et al. (2019) in their neuronal models depleted of

SQSTM1. However, the earlier stages of the mitophagy pro-

cess seemed to be have been affected by the loss of SQSTM1.

These include reduced accumulation of PINK1 and the sub-

sequent PINK1-mediated phosphorylation of ubiquitin on

depolarized mitochondria in SQSTM1 KO compared with

WT neurons. SQSTM1 is not the only autophagy receptor

associated with PINK1-mediated mitophagy. To date, four

other autophagy receptors have been identified: optineurin

(OPTN), neighbor of BRCA1 gene 1 (NBR1), calcium-bind-

ing and coiled-coil domain-containing protein 2 (CAL-

COCO2, NDP52), and Tax1-binding protein 1 (TAX1BP1).

Like SQSTM1, these receptors have a ubiquitin binding

domain that binds to polyubiquitinated proteins on the
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(LIR) motif that binds LC3-II present on the autophago-

some structures. CALCOCO2 and OPTN appear to play a

more central role in mitophagy than SQSTM1 (Lazarou

et al., 2015; Yamano et al., 2020). In addition to autophagy

adaptors, mitophagy can be mediated by proteins in the

outer mitochondrial membrane such as B cell lymphoma

2 nineteen kilodalton interacting protein 3 (BNIP3), its

analog Nix (BNIP3L), and Bcl-2-like protein 13 (Bcl2-L-13)

(Murakawa et al., 2015; Schweers et al., 2007; Zhang and

Ney, 2009). These proteins contain the LIRmotif, which al-

lows them to serve as mitochondrial membrane receptors

bringing the mitochondria to the autophagosome struc-

tures for degradation (Murakawa et al., 2015; Rogov et al.,

2017). It is possible that these receptors play a compensa-

tory role in mitophagy in the absence of SQSTM1. Future

work is also needed to elucidate the consequence of reduc-

tion in PINK1 accumulation upon SQSTM1 depletion.

There is growing evidence for the role of PINK1 in regu-

lating mitochondrial dynamic and function, independent

of mitophagy. For instance, PINK1 regulates ETC complex

I activity by phosphorylating complex I subunit Ndu-

fA10S250 (Morais et al., 2014) and may regulate mitochon-

drial fission by phosphorylating Drp1S616 (Han et al.,

2020). PINK1 and PRKN have also been implicated in the

partial degradation of damaged mitochondrial proteins

through the formation of mitochondrial-derived vesicles

that bud off mitochondria and fuse with lysosomes for

degradation (McLelland et al., 2014). Identifying both up-

stream and downstream signaling mechanisms that trigger

PINK1-regulated cellular processes will help explain the na-

ture of the insults affecting mitochondrial function in

neurodegenerative diseases with SQSTM1 deficiency.

Taken together, our data highlight the importance of

SQSTM1 in mitochondrial function but not mitophagy in

the pathophysiological events associated with its defi-

ciency. Our transcriptomics analysis suggests that impair-

ment in multiple components of energy metabolism may

be a key mechanism contributing to the risk and/or patho-

physiology of neurodegenerative diseases with SQSTM1

loss-of-function mutations. In addition to insights gained

on mitochondrial homeostasis, we also showed that

SQSTM1 is not required for neural differentiation, in

contrast to what was previously reported by Calvo-Garrido

et al. (2019). Discrepancies between our two studies, which

may explain some of this, were the use of human iPSCs in

our study versus control neuroepithelial-like stem cells in

the Calvo-Garrido et al. (2019) study, for the CRISPR/

Cas9-mediated knockout of SQSTM1, and the use of the

Shi et al. (2012) protocol for differentiation to cerebral cor-

tex neurons in our study (mostly glutamatergic) versus the

use of a neuroepithelial-like stem cell protocol in theCalvo-

Garrido et al. (2019) study (which produces neurons of



predominantly GABAergic phenotype with some glia [Falk

et al., 2012]). Thus, it is possible that depending on cellular

backgrounds, differentiation method, and time points

examined, SQSTM1KOmay display impaired neuronal dif-

ferentiation. This is potentially an interesting area for

future exploration. Nonetheless, in our hands the cortical

neurons generated from SQSTM1 KO iPSCs resembled

those derived from their WT parents at the morphological

and immunohistochemical level at our point of examina-

tion, 80 days after differentiation. This result was repeated

on a cell line from a different background. Our findings are

further supported by in vivo and clinical data. SQSTM1 KO

mice are viable with normal neuronal development (Durán

et al., 2004; Kwon et al., 2012). In accordance with this,

patients with loss-of-function SQSTM1 mutations were re-

ported to have normal brain development, and their dis-

ease manifested later in life (Haack et al., 2016; Muto

et al., 2018). One common observation in both patients

and SQSTM1KOmice was the accumulation of hyperphos-

phorylated MAPT (microtubule-associated protein tau)

(Haack et al., 2016; Ramesh Babu et al., 2008). SQSTM1

has been previously reported to work in concert with the

membrane-damage sensor galectin-8 and CALCOCO2 in

promoting the autophagic degradation of seeded MAPT,

thereby preventing its propagation throughout the brain

(Falcon et al., 2018). Future work should examine other

arms of the autophagy pathway and cargo, including

MAPT removal mediated by SQSTM1 in human iPSC-

derived neurons that have metabolic constraints and vul-

nerabilities similar to those detected in patients.
EXPERIMENTAL PROCEDURES

Cell culture
The control human iPSC lines RBi001-A and UOXFi005-Awere ob-

tained from the EuropeanBank for Induced Pluripotent StemCells.

Human iPSCs were cultured in complete Essential 8 Flex Medium

(Thermo Fisher Scientific) on human embryonic stem cell-quali-

fied Matrigel-coated plates (Corning) and passaged at a split ratio

of 1:3 as cell clusters using Versene solution (Thermo Fisher Scien-

tific). Expanded iPSCs were banked in complete Essential 8 Flex

Medium with 10% DMSO at �150�C.

CRISPR/Cas9-mediated knockout of SQSTM1
The CRISPR-Cas9 crRNA (50-ACC GTG AAG GCC TAC CTT CT-30)
was designed to target exon 1 of SQSTM1 and synthesized by Inte-

grated DNA Technologies (IDT). The crRNA was mixed with the

CRISPR-Cas9 tracrRNA (IDT) in equimolar concentrations at

100 mM. The crRNA/tracrRNA duplex was mixed with the Alt-R

S.p. Cas9 Nuclease V3 (IDT) at 120 pmol:104 pmol, respectively,

to form the CRISPR-Cas9 ribonucleoprotein complexes. Human

iPSCs grown to 80% confluence in complete StemFlex medium

were enzymatically dissociated into single cells using StemPro

Accutase cell dissociation reagent (Thermo Fisher Scientific). The
CRISPR-Cas9 ribonucleoprotein complexes were delivered into

the iPSCs using a 4D-Nucleofector System (Lonza). After nucleofec-

tion, cells were seeded at 1 million cells per 10-cm dish containing

complete StemFlex medium and Revita (1:100, Thermo Fisher Sci-

entific). Following expansion, single clones were manually picked

under the EVOS XL Core cell imaging system (Thermo Fisher Sci-

entific) and transferred into individual 96 wells for expansion.

Clonal lines were split and cells in one of the 96 wells was treated

with 50 mM chloroquine (Cell Signaling Technology) overnight

(which caused SQSTM1 to accumulate by blocking the autophagic

process). The iPSC clones were then screened for the absence of

SQSTM1 by immunohistochemistry using anti-SQSTM1 antibody

(Cell Signaling Technology, 88588) and imaged on the Opera Phe-

nix high-content screening system (PerkinElmer). Clones lacking

SQSTM1 expression were subsequently confirmed by western

blot analysis using a second SQSTM1 antibody (BD Biosciences,

610832) and Sanger sequencing for the presence of insertion of

frameshift mutations and premature termination codons. Cytoge-

netic analyses including G-banding karyotyping and array

comparative genome hybridization were performed on the edited

and unedited iPSC lines to assess cell quality and the presence of

abnormalities (Cell Guidance Systems).
Human iPSC cortical differentiation
Differentiation of iPSCs into forebrain cortical neurons was based

on the (Shi et al. (2012) protocol. In brief, iPSCs were grown to

100% confluence and Essential 8 Flex Medium was replaced with

neural induction medium, consisting of neural maintenance me-

dium supplemented with 10 mM SB431542 (Tocris) and 1 mM dor-

somorphin (Tocris). The neural maintenance medium consisted of

neurobasal medium (Thermo Fisher Scientific), DMEM/F-12, Glu-

taMAX supplement (Thermo Fisher Scientific), N-2 supplement

(Thermo Fisher Scientific), 503 B-27 supplement (Thermo Fisher

Scientific), 10 mg/mL insulin (Sigma), 50 mM 2-mercaptoethanol

(Thermo Fisher Scientific), non-essential amino acids (Thermo

Fisher Scientific), 100 nM sodium pyruvate (Sigma), and 200 mM

GlutaMAX Supplement (Thermo Fisher Scientific).The neural in-

duction medium was changed daily during which the iPSCs con-

verted into a neural precursors-formed neuroepithelial layer. At

days 14 and 21, precursors were passaged using Dispase (STEM-

CELL Technologies) and plated in Matrigel-coated wells in neural

maintenancemedium.Neural precursors were dissociated into sin-

gle cells using Accutase and expanded in neural maintenance me-

dium containing 20 ng/mL human recombinant basic fibroblast

growth medium (STEMCELL). For further differentiation into

cortical neurons, precursors were seeded at 100,000 cells/cm2 in

plates coated with 0.01% poly-L-ornithine (Sigma-Aldrich) and

20 mg/mL laminin (Sigma-Aldrich) and in neural maintenanceme-

dium. The final passage was performed at day 35 using Accutase,

and neurons were plated at a final density of 150,000 cells/cm2

and maintained in new poly-L-ornithine- and laminin-coated

plates with neural maintenance medium until day 80.
Western blotting
Cell lysates were prepared in M-PER mammalian protein extrac-

tion reagent (Thermo Fisher Scientific) with cOmplete EDTA-free

protease inhibitor cocktail (Roche) and PhosSTOP phosphatase
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inhibitors (Roche). Pierce BCA protein assay (Thermo Fisher Scien-

tific) was used to quantitate total protein in cell lysates, whichwere

then subjected to western blot according to the NuPAGE technical

guide (Thermo Fisher Scientific, manual part no. IM-1001). The

primary antibodies used were anti-SQSTM1/p62 (BD Biosciences,

610832), LC3B (Novus Biologicals, NB100-2220), PINK1 (Cell

Signaling Technology, 6946), TOMM20 (Thermo Fisher Scientific,

PA5-52843), TIM23 (BD Biosciences, 611222), PMPCB (Protein-

tech, 16064-1-AP), phospho-ubiquitin (Ser65) (Cell Signaling

Technology, 37642), b-actin (Abcam, ab8224), and GAPDH (Ab-

cam, ab9485). Membranes were incubated with primary anti-

bodies overnight at 4▫C, washed, and incubated with secondary

antibodies, IR dye 800 CW donkey anti-rabbit and IR dye 680 RD

donkey anti-mouse (LI-COR), for 1 h at room temperature. Mem-

branes were imaged on LI-COR Odyssey CLx, and Image Studio

Lite Ver 5.2 was used to measure band intensities.
Immunocytochemistry
Cells were fixed in Image-iT Fixative Solution (4% formaldehyde,

methanol-free) (Thermo Fisher Scientific) for 15 min. After three

washes with phosphate-buffered saline (PBS) and one wash with

0.1% Triton X-100 in PBS (PBST), cells were blocked in 1% bovine

serumalbuminand5%normal goat serum inPBST.Cellswere incu-

bated in primary antibodies in blocking solution overnight at 4�C.
The primary antibodies used were anti-SQSTM1antibody (Cell

Signaling Technology, 88588), MAP2 (Abcam, ab183830), TBR1

(Abcam, ab31940), TUJ1/ neuron-specific class III b-tubulin (Ab-

cam, ab78078 and ab229590), CTIP2 (Abcam, ab18465), VGLUT1

(Thermo Fisher Scientific, 48-2400), and TOMM20 (Abcam,

ab56783). After threewashes inPBST, cellswere incubatedwith sec-

ondary antibodies, goat anti-mouse/rabbit Alexa Fluor 488/647

(Thermo Fisher Scientific), in blocking solution for 1 h in darkness.

Hoechst 33342 was added to the cells as a nuclear counterstain at

0.1mg/mLand the cellswerewashed three times inPBSbeforebeing

imagedon theOpera Phenixhigh-content screening system (Perki-

nElmer) at 203 and 403magnification. To visualizemitochondrial

localization, human iPSC-derived cortical neuronswith or without

SQSTM1 were treated with 50 nM MitoTracker Deep Red FM

(Thermo Fisher Scientific) in neurobasal medium minus phenol

red (Thermo Fisher Scientific) for 15 min at 37�C, fixed, co-stained
with TUJ1, and imaged as detailed above.
Measurement of mitochondrial membrane potential
Human iPSC-derived cortical neurons with or without SQSTM1

were cultured in neurobasal medium (minus phenol red) that

contained Alexa Fluor 488 Mouse anti-Human CD56/neural cell

adhesion molecule (1:50, BD Biosciences, 557699), neuro back-

ground suppressor (1:10, Thermo Fisher Scientific), and 10 mM

carbonyl cyanide m-chlorophenyl hydrazone or DMSO for 1 h

at 37�C. Neurons were then loaded with 0, 20, or 40 nM tetrame-

thylrhodamine methyl ester perchlorate (TMRM) (Thermo Fisher

Scientific) for 30 min at 37�C and counterstained with Hoechst

33342. Cells were washed with pre-warmed neurobasal medium

(minus phenol red) with neuro background suppressor twice

and imaged with the Opera Phenix high-content screening sys-

tem (PerkinElmer). Fluorescence signal from TMRM was detected

with a tetramethylrhodamine-isothiocyanate filter set (absor-
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rescence signal intensity was quantified per pixel after threshold-

ing to remove background signal.

Mitochondrial function analysis
Human iPSC-derived cortical precursors with or without SQSTM1

were seeded in XFe96 microplates (Agilent) at a density of 3 3 104

cells/well andmatured inculture for 6weeks.On thedayof the assay,

the culture medium was replaced with unbuffered XF DMEM me-

dium (pH7.4) supplementedwith 10mMglucose, 2mMglutamine,

and 1mMpyruvate. Neurons containingmicroplates were placed in

anon-CO2 incubator at37
�Cfor45minprior to theassay.Mitochon-

drial function was assessed using the Seahorse XF Cell Mito Stress

Test (Agilent). In brief, test of mitochondrial function was initiated

by three baseline OCR measurements. Additional OCR measure-

ments were acquired after sequential injections of the 2.5 mM

oligomycin, 1 mM carbonyl cyanide 4-(trifluoromethoxy)phenylhy-

drazone/FCCP, and0.5mMrotenoneandantimycinA.OCRreadouts

werenormalized to the amountof cellularnucleic acid content.After

the lastOCRmeasurement, cells in theXFe96microplatewere frozen

at�80�C overnight, treated with lysis butter and nucleic acid detec-

tion reagents containing green fluorescent dyes from theCyQUANT

CellProliferationAssayKit (ThermoFisher Scientific), and imagedon

a fluorescence microplate reader.

ATP analysis
Label-free, real-time kinetic quantification of cellular ATP produc-

tion rates was obtained using the Seahorse XFe96 extracellular flux

analyzer (Agilent). Data were obtained under basal conditions and

after serial addition of mitochondrial inhibitors, 1.5 mM oligomy-

cin, and 0.5 mMrotenone + antimycin A.Mitochondrial and glyco-

lytic ATP production rates were determined using the Seahorse XF

Real-Time ATP Rate Assay Report Generator (Agilent). Details on

the series of calculations used to transform the OCR and ECAR

data to ATP production rates are provided in the Seahorse XF

Real-Time ATP Rate Assay user guide.

Glycolysis
Keyparameters of glycolytic functionwere assessedusing theECAR

readouts from the Seahorse XFe96 extracellular flux analyzer (Agi-

lent). Neurons were incubated in the Seahorse XF Base Medium

(with 2 mM glutamine and without glucose or pyruvate). Glucose

(10 mM) was injected and the rate of glycolysis under basal condi-

tions measured. The second injection was 1 mM oligomycin (for

cellular maximum glycolytic capacity measurement). The final in-

jectionwas 50mM2-deoxyglucose (for glycolytic reservemeasure-

ment). Glycolytic reserve was determined by subtracting the ECAR

of basal glycolysis from the ECAR ofmaximumglycolytic capacity.

Assessment of mitophagy
Human iPSC-derived neuronswith orwithout SQSTM1were treated

with1mMoligomycinand1mMantimycinA (orDMSOascontrol) in

modified neural maintenance medium wherein the original B-27

was replaced with B27 minus antioxidants (Thermo Fisher Scienti-

fic). Every 12 h, 50% of the medium was removed and replaced

with freshmediumwithcompounds. Stagesof thePINK1mitophagy

process were assessed biochemically following different 1 mM



oligomycin and antimycin A treatment durations from0, 16, 36, 48,

and 60 h, whereby cell lysates were collected for downstream exper-

iments including western blotting, measurement of mitochondrial

DNA copy number, and cell viability assessment.

Mitochondria were isolated by centrifugation and assessed for

PINK1 accumulation and Ser65 phosphorylation of ubiquitinated

mitochondrial proteins after 16 h of 1 mM oligomycin and antimy-

cinA treatment. Post-treated cellswerewashedwithPBS before addi-

tion of mitochondrial homogenization buffer (250 mM sucrose,

1 mM edetate disodium salt dehydrate/EDTA, 10 mM Tris [pH

7.4]) supplemented with protease and phosphatase inhibitors. Cell

plates were then frozen at �80�C overnight and thawed on ice the

next day. Cell lysates were then scraped into 1.5-mL centrifuge

tubes, triturated 20 times, and frozen again at�80�C for 1h. Thawed

cell lysates were centrifuged at 1,500 g for 10 min, and the superna-

tants (enriched formitochondriaminus cell debris) were transferred

into clean centrifuge tubes. Subsequent centrifugation at 12,0003 g

for 10 min pelleted the mitochondria, and the pellets were washed

twice with mitochondrial homogenization buffer to remove any

cytoplasmic contamination. Isolatedmitochondria pellets were sus-

pended in 13 NuPAGE LDS sample buffer supplemented with

NuPAGE Reducing Agent prior to SDS-PAGE and western blotting.

Measurement of mitochondrial DNA copy number
The relative number of copies of human mitochondrial DNA in

iPSC-derived cortical neurons was determined by real-time PCR us-

ing the human mitochondrial DNA (mtDNA) Monitoring Primer

Set (Takara). Pre-validated primer pairs were supplied for the ampli-

fication of four regions: two primer pairs for detecting mtDNA

(ND1, ND5) and two primer pairs for detecting nuclear DNA con-

tent (SLC O 2B1, SERPINA1). Real-time PCR assays were set up

according to the manufacturer’s protocol. The Ct values were up-

loaded to the mtDNA Copy Number Calculation Tool provided

by the manufacturer, and the ratio of mtDNA-to-nuclear DNA for

each sample was determined.

Cell viability assay
The RealTime-Glo MT Cell Viability Assay (Promega) was used to

determine cell viability and was performed according to the man-

ufacturer’s protocol.

Whole-transcriptome mRNA sequencing and analysis
RNA from the RBi00-1A iPSC-derived cortical neurons with or

without SQSTM1 (generated from two independent replicates)

was extracted using an RNeasy Plus Mini Kit (Qiagen). Library

preparation, RNA with PolyA selection, and sequencing with Illu-

mina HiSeq (2 3 150 bp) were performed by GENEWIZ. Sequence

reads were trimmed to remove possible adapter sequences and nu-

cleotides with poor quality using Trimmomatic v.0.36 (Bolger

et al., 2014). The trimmed reads were mapped to the human

GRCh38 reference genome using the STAR aligner v.2.5.2b (Dobin

et al., 2013). Raw read counts for each sample were calculated from

mapped reads at the gene level using the HTSeq-count tool from

the Python package HTSeq (Anders et al., 2015), with an un-

stranded library and position-sorted settings. DESeq2 R package

(Love et al., 2014) was then used to perform differential expression

and statistical analysis. Genes with adjusted p values of <0.01 were
considered as significantly differentially expressed genes between

iPSC-derived cortical neurons with and without SQSTM1. GSEA

was used to identify biological pathways enriched in up- and

downregulated genes using HALLMARK gene sets obtained from

the Molecular Signature Database (MSigDB).

Quantitative real-time RT-PCR
Total RNA was extracted using an RNeasy Mini Kit (Qiagen), and

1 mg of RNA was reverse-transcribed using a High-Capacity RNA-

to-cDNA Kit (Thermo Fisher Scientific). Quantitative real-time

RT-PCR was performed using the ViiA 7 instrument, TaqMan

gene expression assays, and TaqMan gene expression master mix

(Thermo Fisher Scientific).

Statistical analysis
Statistical tests of quantitative data were calculated using

GraphPad Prism 8 software. Statistical significance for compari-

son of means between SQSTM1 KO and WT was performed by

unpaired two-tailed t test with Welch’s correction. Significance

evaluation is marked on figures as *p < 0.05, **p < 0.01, and

***p < 0.001.

Data and code availability
RNA-seq data are deposited in ArrayExpress under the accession

number E-MTAB-9383.
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