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Cellular/Molecular

PTCD1 Is Required for Mitochondrial Oxidative-Phosphorylation:
Possible Genetic Association with Alzheimer’s Disease

Daniel Fleck,' Lilian Phu,? Erik Verschueren,’ Trent Hinkle,” Mike Reichelt,’ Tushar Bhangale,* Benjamin Haley,
Yuanyuan Wang,' Robert Graham,* Donald S. Kirkpatrick,> “Morgan Sheng,' and Baris Bingol'

Departments of 'Neuroscience, 2Microchemistry, Proteomics, and Lipidomics, Pathology, “Human Genetics, and *Molecular Biology, Genentech Inc.,
South San Francisco, California 94080

In addition to amyloid- 8 plaques and tau tangles, mitochondrial dysfunction is implicated in the pathology of Alzheimer’s disease (AD).
Neurons heavily rely on mitochondrial function, and deficits in brain energy metabolism are detected early in AD; however, direct human
genetic evidence for mitochondrial involvement in AD pathogenesis is limited. We analyzed whole-exome sequencing data of 4549 AD
cases and 3332 age-matched controls and discovered that rare protein altering variants in the gene pentatricopeptide repeat-containing
protein 1 (PTCDI) show a trend for enrichment in cases compared with controls. We show here that PTCDI is required for normal
mitochondrial rRNA levels, proper assembly of the mitochondrial ribosome and hence for mitochondrial translation and assembly of the
electron transport chain. Loss of PTCD1 function impairs oxidative phosphorylation and forces cells to rely on glycolysis for energy
production. Cells expressing the AD-linked variant of PTCD1 fail to sustain energy production under increased metabolic stress. In
neurons, reduced PTCD1 expression leads to lower ATP levels and impacts spontaneous synaptic activity. Thus, our study uncovers a
possible link between a protein required for mitochondrial function and energy metabolism and AD risk.
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Mitochondria are the main source of cellular energy and mitochondrial dysfunction is implicated in the pathology of Alzheimer’s
disease (AD) and other neurodegenerative disorders. Here, we identify a variant in the gene PTCD1 that is enriched in AD patients
and demonstrate that PTCD1 is required for ATP generation through oxidative phosphorylation. PTCD1 regulates the level of 16S
rRNA, the backbone of the mitoribosome, and is essential for mitochondrial translation and assembly of the electron transport
chain. Cells expressing the AD-associated variant fail to maintain adequate ATP production during metabolic stress, and reduced
PTCD1 activity disrupts neuronal energy homeostasis and dampens spontaneous transmission. Our work provides a mechanistic
link between a protein required for mitochondrial function and genetic AD risk. j

ignificance Statement

Introduction
Alzheimer’s disease (AD) is the most common form of dementia
and amyloid 8 (AB) plaques and intraneuronal tau tangles are the

defining histopathological hallmarks in the brains of AD patients.
Beyond A and tau, mounting evidence implicates mitochon-
drial dysfunction as a mechanism contributing to AD (Moreira et
al., 2010; Swerdlow et al., 2014; Simoncini et al., 2015; Onyango et
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al., 2016). Altered expression of mitochondrial proteins as well as
excessive mitochondrial fragmentation have been observed in
affected AD brain regions (Hirai et al., 2001; Liang et al., 2008;
Wang et al., 2009). Mitochondrial dysfunction increases ROS
generation leading to oxidative damage, a key feature that pre-
cedes widespread plaque pathology in brains of AD patients
(Nunomura et al., 2001; Williams et al., 2006). In mouse models
of AD, oxidative stress can exacerbate amyloid production which
in turn impairs mitochondrial function, suggesting a vicious cy-
cle of mitochondrial involvement in pathogenesis (Albrekkan
and Kelly-Worden, 2013).

Mitochondria are crucial organelles for energy metabolism
and the major source of ATP through oxidative phosphorylation
(OXPHOS; Friedman and Nunnari, 2014). The mitochondrial
electron transport chain (ETC) that mediates OXPHOS consists
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of five protein complexes, of which most of the subunits are
encoded by nuclear genes. Thirteen ETC proteins, however, are
transcribed from the circular mitochondrial genome (mtDNA)
which additionally contributes two ribosomal RNAs (12S and
16S rRNAs, backbone of the mitoribosome) and 22 tRNAs to the
organelle’s own translational system (Rackham et al., 2012; Hall-
berg and Larsson, 2014).

Consistent with an important role of mitochondria in neuro-
nal health, rare mutations in the mitochondrial genome itself or
in genes coding for mitochondrial proteins are associated with
neurodegenerative diseases such as Parkinson’s disease, Leigh
syndrome, and ataxia-neuropathy syndrome (Mattson et al.,
2008; Calvo and Mootha, 2010; Tuppen et al., 2010; Johri and
Beal, 2012; Koopman et al., 2013). Declining mitochondrial
function is considered a general feature of aging and may con-
tribute to lower cellular fitness and the development of age-
related diseases (Sun et al., 2016).

In AD, deficits in brain energy metabolism are detected even
before onset of dementia symptoms and mitochondrial dysfunc-
tion has been described throughout the course of the disease
(Ferreira et al., 2010; Kapogiannis and Mattson, 2011; Kerr et al.,
2017). Interestingly, impaired energy metabolism has recently
been invoked as a fundamental cellular effect of loss-of-function
mutations in TREM2, a microglial cell surface protein strongly
linked to AD (Ulland et al., 2017).

APOEand CLU (Clusterin, Apo]) are among the strongest risk
factors for late-onset, sporadic Alzheimer’s disease (LOAD; Ber-
tram et al., 2007) and have likewise been implicated in mitochon-
drial dysfunction. Although mostly secreted, both ApoE4 and
Clusterin reportedly localize to mitochondria and impair ETC
function (Chang et al., 2005; Chen et al., 2011) or interact with
regulators of apoptosis (Zhang et al., 2005; Trougakos et al.,
2009). With regard to genes encoding bona fide mitochondrial
proteins, an AD-associated intronic polymorphism in the
TOMM40 gene, which encodes the mitochondrial outer mem-
brane import channel, has been described (Roses et al., 2010).
However, the direction of the effect of this variant on AD risk
remains unresolved (Cruchaga et al., 2011). Overall, human ge-
netic data directly implicating mitochondrial impairment as risk
factor for AD remains limited.

We analyzed whole-exome sequencing data comparing AD
patients with healthy controls, and found that a coding variant in
the gene PTCDI (pentatricopeptide repeat-containing protein 1;
Rackham et al., 2009; Sanchez et al., 2011; Rackham and Filipov-
ska, 2012; Perks et al., 2017, 2018) was associated with AD in
multiple cohorts. PTCD1 is an RNA binding protein that local-
izes to mitochondria and we show that PTCDI is required for
proper assembly of the ETC. Loss of PTCD1 function strongly
diminishes energy generation by mitochondria, forcing cells to
rely on glycolysis. We describe the molecular mechanism by
which PTCD1 is required for OXPHOS. Cells expressing the AD-
linked variant of PTCD1 show subtle defects under standard cul-
ture conditions but fail to sustain energy production under
increased metabolic stress. This study identifies PTCD1 as a pro-
tein required for mitochondrial function and provides genetic
evidence that a coding variant in PTCD1 may increase suscepti-
bility to AD.

Materials and Methods

Genetics

The Alzheimer’s Disease Sequencing Project (ADSP) Exome sequenc-
ing data of short reads was obtained through application to dbGAP
(https://dbgap.ncbi.nlm.nih.gov). The study accession number was
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phs000572.v7.p4. Short reads were mapped to the reference genome
(build GRCh38) using BWA (Li and Durbin, 2009). Resulting align-
ments (bam files) were analyzed using GATK (McKenna et al., 2010) for
base quality score recalibration, indel realignment, duplicate removal,
and SNP and INDEL discovery and joint genotyping across all samples
according to GATK Best Practices recommendations (DePristo et al.,
2011; Van der Auwera etal., 2013). Variant calling was only performed in
the exome capture intervals common to (i.e., the intersection of) the
Ilumina and Agilent capture platforms used for ADSP samples.

To perform sample QC, first common variants [minor allele frequency
(MAF) > 1%] were extracted and LD-pruned using PLINK (Purcell et
al., 2007). These variants were then used to identify and remove samples
based on heterozygosity (6 SD from mean value of inbreeding coeffi-
cient) and relatedness, i.e., removal of one sample from the sample pairs
with kinship coefficient k0 (probability of zero allele shared identical-by-
descent) > 0.4. Five PCA outlier removal iterations were then performed
using EIGNESTRAT (Price et al., 2006) to remove population outliers.

Variant QC (for all variants in the target regions) was performed as
follows: genotypes with the GATK quality score < 20 were set to missing
and variants with missing rate >1% were removed. Variants with Hardy—
Weinberg test p < 5 X 10 ~* in the control group were then removed.

Tests for association with case-control status were performed at vari-
ant level and gene level (burden test). At variant level, logistic regression
of the case-control status was performed on additively coded genotype
and first five eigenvector from PCA used as covariates. Significance was
assessed by testing the null hypothesis that the genotype effect was zero.

To perform gene-level burden tests, variants were annotated with
functional consequences using SnpEff (Cingolani et al., 2012) and those
with overall annotation impact of HIGH and MODERATE (for any of
the gene isoforms) were identified. Among these, those with MAF < 1%
were identified and used for burden test. For each protein coding gene, a
burden score was computed for each individual. Logistic regression of
the case-control status on the burden score and first five eigenvectors was
then performed and significance was assessed by testing the null hypoth-
esis that the burden score effect was zero.

Cell culture and generation of KO and rescue cell lines

HelLa cells were maintained in DMEM supplemented with 10% FCS
(Invitrogen) and transfected using the FuGene HD reagent (Promega)
following the manufacturer’s instruction. PTCD1 KO HelLa cells were
generated through CRISPR/Cas9-mediated gene editing as follows: cells
were transfected with the CRISPR/Cas9 construct at 80—90% density and
incubated for 3 d. For single-cell cloning by FACS, the cell layer was
washed 2X with PBS and then incubated with 10 mm EDTA in PBS for 5
min at RT. Cells were collected, counted and resuspended in FACS buffer
(2% BSA, 5 mm EDTA, 25 mm HEPES in PBS) to reach a final concen-
tration of 5 X 10° cells/ml. Cells were kept on ice and 1, 10, or 100 cells
were sorted into 96-well plates containing 150 ul of conditioned culture
medium (chilled) per well. Afterward, the plates were centrifuged briefly
(250 g, 2 min at RT), transferred into a cell culture incubator and single-
cell clones were expanded for genotyping.

PTCD1 KO cells stably expressing REP, PTCD1 WT, or R113W (res-
cue cell lines) were generated as follows: PTCD1 KO#1 cells were trans-
fected with rescue constructs (0.5X DNA amount recommended by
FuGene HD manual) at 60% density and incubated for 5 d. The long
incubation time is necessitated by the slow metabolism of the PTCD1 KO
cells. Afterward, cells were split 1:1 into selection media containing 0.5
png/ml puromycin (Invitrogen) and maintained for 21 d (media was
exchanged every 3—4 d and cells were passaged as necessary). Single-cell
clones were obtained by limiting dilution of the resistant cell pools into
96-well plates containing conditioned media (with puromycin).

For primary cortical neuron cultures, cortices were isolated from rat
embryos on embryonic day 18 or 19 and treated with 0.25% Trypsin-
EDTA (Invitrogen) for 25 min at 37°C. The tissue was washed 3X with
DMEM (10% ECS) and triturated 20X with a large bore and 15X with a
small bore glass pipette. Cells were collected by centrifugation (90 X g for
5 min at RT), resuspended in NbActiv4 (BrainBits) culture medium,
counted and plated at an appropriate density into culture vessels coated
with poly-D-lysine (PDL) (P7886, Sigma-Aldrich) and laminin (23017-
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015, Invitrogen) (coating: 50 wg/ml MW 30-70 kDa PDL in H,O for =5
hin cell culture incubator, 3 X washes with H,0, 1 ug/mllaminin in H,O
for = 3 h as before, 3 washes). Neurons were maintained by replacing
50% of the medium once a week. For knockdown experiments, neurons
were treated with siRNA (0.5 ug/ml) against PTCD1 (ON-TARGETplus
SMARTpool L-080501-02-0005, Dharmacon) or control siRNA (ON-
TARGETplus Non-targeting Pool D-001810-10-05, Dharmacon) pack-
aged into lipid nanoparticles. Nanoparticles were produced using the
Neuro9 kit and NanoAssemblr Spark device (Precision NanoSystems)
and cultures were treated following the manufacturer’s instructions.
Knockdown was performed starting at 7-10 DIV and lasted for 4 or 8 d
before analysis. All animal studies were authorized and approved by the
Genentech Institutional Animal Care and Use Committee.

Antibodies
The following primary antibodies were used for immunoblotting and
immunocytochemical studies at the indicated dilution:

PTCD1 rabbit polyclonal (HPA020106, HPA047679, Sigma-Aldrich),
1:500; B-ACTIN HRP conjugate (13E5) rabbit monoclonal (5125, CST),
1:6000; HSP60 (N20) goat polyclonal (sc1052, Santa Cruz Biotechnol-
ogy), 1:3000; VDAC1 (20B12AF2) mouse monoclonal (ab14734, Ab-
cam), 1:1000; TOM20 (FL-145) rabbit polyclonal (sc11415, Santa Cruz
Biotechnology), 1:1000 (1:500 for IF); Total OXPHOS Human WB An-
tibody Mixture, mouse monoclonal (ab110411, Abcam), 1:1000; Total
OXPHOS Rodent WB Antibody Mixture, mouse monoclonal
(ab110413, Abcam), 1:1000; TurboGFP rabbit polyclonal (PA5-22688,
ThermoFisher Scientific), 1:1000; B-Tubulin HRP conjugate (9F3) rab-
bit monoclonal (5346, CST), 1:1000; Histone H3 rabbit polyclonal (9715,
CST), 1:2000; VPS35 mouse monoclonal (ab57632, Abcam), 1:1000; Cal-
reticulin (EPR3924) rabbit monoclonal (GTX62353, Genetex) 1:1000.

The following secondary antibodies were used for immunoblotting
and immunocytochemical studies at the indicated dilution: donkey anti-
goat IgG HRP conjugate (sc2020, Santa Cruz Biotechnology), 1:4000;
sheep anti-mouse IgG HRP conjugate (NA931, GE Healthcare),
1:10,000; donkey anti-rabbit IgG HRP conjugate (NA934, GE Health-
care), 1:10,000; donkey anti-rabbit IgG AlexaFluor 488 conjugate (A-
21206, ThermoFisher Scientific), 1:1000.

Western blotting

Whole-cell lysates were prepared by resuspending the cells in RIPA buffer
[25 mm Tris HCI, pH7.4, 150 mMm NaCl, 1% NP40, 1% Na deoxycholate,
0.1% SDS, Benzonase DNase (Sigma-Aldrich), Protease inhibitor
(Roche)], vortexing the suspension for 15 s and incubating the samples
on ice for 15 min. Insoluble material was removed through centrifuga-
tion (10,000 X g for 10 min at 4°C) and the protein concentration in the
lysate was determined using the Pierce BCA assay kit (ThermoFisher
Scientific). Before SDS-PAGE, sample loading buffer and reducing agent
(ThermoFisher Scientific) were added and the samples were diluted to 1
g/ ul final protein concentration. Samples were denatured at 70°C for 10
min, except for immunodetection with the Total OXPHOS antibody
cocktails, and equal amounts of protein were separated using NuPAGE
Novex 4—12% Bis-Tris protein gels and MOPS or MES buffer ( Thermo-
Fisher Scientific). No reducing agent was added to lysates for immuno-
detection with the Total OXPHOS antibody mixture and the samples
were not heated before electrophoresis.

The Trans-blot Turbo transfer system (Bio-Rad) was used to transfer
proteins onto 0.2 wm nitrocellulose or PVDF membranes (Bio-Rad). For
immunodetection, unspecific antibody binding was reduced by blocking
the membranes with 5% BSA (in PBS) for 1 h at RT. Membranes were
incubated with primary antibodies diluted in blocking buffer overnight
at 4°C and secondary antibodies (in blocking buffer) were added after
three washes with TBS-T buffer (10 mm TRIS pH 8.0, 150 mm NaCl, 0.1%
Tween 20) for 1 h at RT. Finally, membranes were washed 3X with
TBS-T and Western blots were developed using SuperSignal West Dura
or Femto chemiluminescent substrate ( ThermoFisher Scientific) and the
ChemiDoc XRS+ imaging system (Bio-Rad). Western blot signal inten-
sities were quantified with the Image Lab software (Bio-Rad).
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Immunocytochemistry and image analysis

Cells cultured in 24-well glass bottom plates were washed 3X with cold
PBS and fixed in 4% PFA (in PBS) for 30 min at 4°C. After washing with
PBS, permeabilization buffer (0.1% TX100 in PBS) was added and cells
were incubated for 15 min at RT. Nonspecific interactions were blocked
for 30 min at RT (blocking buffer: 5% BSA in PBS with 100 um digitonin)
and primary antibodies were applied (diluted in blocking buffer) over-
night at 4°C. Afterward, cells were washed 3X with PBS-D (PBS with 100
uM digitonin) and secondary antibodies (diluted in blocking buffer)
were added for 1 h at RT ( protected from light). After three washes with
PBS-D, ProLong Gold Antifade Reagent with DAPI (nuclear stain) was
added and plates were stored at 4°C in the dark until imaging.

Images were acquired using a Leica SP5 laser scanning microscope
with a X40/1.25 oil objective at a resolution of 2048 X 2048 (pixel size
75.7 nm, 2.5X zoom). At least 14 z-stacks (0.5-0.7 wm) were taken and
maximum intensity projections were generated. All images were ana-
lyzed using a custom analysis macro in Fiji (Schindelin et al., 2012): first,
images were converted to binaries using the “Otsu” (background: dark)
thresholding. Noise was removed using the “Remove Outliers” function
(radius: 2 pixels, threshold: 50, both bright and dark outliers) and parti-
cles were measured using the “Analyze Particles” option. The experi-
menter was blinded to the experimental conditions during both image
acquisition and analysis.

Imaging-based quantification of live and dead cells in primary neuron
cultures was done using the IncuCyte Live-Cell Analysis System (Essen
BioScience). Neurons were stained with the cell membrane-permeable
SYTO 13 (Invitrogen) and the non-permeable IncuCyte Cytotox Red
(Essen BioScience) reagent and image analysis was performed using the
IncuCyte software.

¢DNA and cloning

To generate the CRISPR/Cas9 constructs for PTCD1 KO in HelLa
cells, two guide RNAs (gRNA_L: CCTGATATATTCCAGGCCCTGG,
gRNA_R: CCGTGTAGTTGCTCTCCATGGG) were cloned into a vec-
tor under the control of U6 and H1 promoters, respectively. Addition-
ally, the vector expresses Cas9-HAtag-T2A-EGFP under an EIFla
promoter. The rescue constructs were generated by cloning the human
PTCD1 sequence (NM_015545) with or without the R113W variant,
including a C-terminal flag tag into a vector derived from the pAAVS1
Dual Promoter Donor Vector (GE602A-1, Genewiz). The final construct
expresses PTCD1-Flag under a CMV promoter and GFP-T2A-
puromycin under an EFla promoter.

DNA isolation and genotyping

Genomic DNA for genotyping of the PTCD1 KO cells and for determin-
ing mtDNA versus nDNA amounts was isolated using the DNeasy
Blood&Tissue kit (Qiagen) according to the manufacturer’s instructions.
For genotyping, the following primers were used in a PCR with the
Platinum TaqDNA Polymerase (ThermoFisher Scientific): Seq_F:
GGGCCCATACTTGTAACCAC, Seq_R: AAGGCCTTCTTCAGGTA
GCC. Afterward, the samples were separated on 1 or 3% agarose gels
(EtBr with TBE buffer; Bio-Rad) for initial screening purposes. The PCR
fragments were cloned into the pCR2.1 TOPO vector (ThermoFisher
Scientific) for sequencing.

RNA isolation and gPCR

Mitochondrial and cellular RNA was isolated using the miRNeasy Mini
kit (Qiagen) according to its manual and 2 ug of RNA were used for
cDNA synthesis with the iScript cDNA synthesis kit (Bio-Rad). To deter-
mine transcript abundance, the cDNA was used as template in a PCR
performed on the QuantStudio 7 Flex Real-Time PCR System (Applied
Biosystems) using the SsoAdvanced Universal SYBR Green Supermix
(Bio-Rad). Transcript levels were normalized to HPRTI mRNA levels.
To determine the relative amounts of mtDNA vs nDNA, isolated DNA
was used as template for the qPCR and B2M served as target gene on the
nuclear genome. qPCR primer sequences are listed in Table 1. Relative
PTCD1 transcript levels after knockdown in rat neuronal cultures were
assessed using the TagMan Gene Expression Cells-to-CT Kit (Ambion)
following the manufacturer’s instruction. HPRTI was used as house-
keeping gene. TagMan assays: PTCDI1 (Rn01409514_m1, FAM-MGB),
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HPRTI (Rn01527840_m1, VIC-MGB). All experiments were done in
technical triplicates.

Live-cell mitochondrial respiration

Mitochondrial respiration and glycolytic rate were assessed in living cells
using the Seahorse XFe24 analyzer platform with the XF Cell Mito Stress
Test Kit (Agilent). All experiments were run in technical quadruplicates
and set up and analyzed following the manufacturer’s instructions.
Briefly, 50 X 102 cells/well (in 100 ul culture medium) were added to the
24-well assay plate on the day before the experiment. Cells were allowed
to settle at RT for 30 min and an additional 100 pl of medium were added
after 2 h in the cell culture incubator. For experiments with neurons,
assay plates were coated with poly-p-lysine and 80 X 10° dissociated rat
neurons were added to each well. Neurons were cultured and treated with
siRNA packaged into nanoparticles as described above. One hour before
the assay, the culture medium was exchanged with XF Base media assay
(10 mM glucose, 2 mm glutamine, 1 mm Na pyruvate) and the cells were
incubated in a non-CO, cell culture incubator.

To measure the mitochondrial function, the default assay setup was
used and the following compounds were injected sequentially: oligomy-
cin (inhibits complex V), FCCP (uncouples OXPHOS), rotenone and
antimycin (inhibit complex I and I, respectively), and 2-deoxy-glucose
(blocks glycolysis). All inhibitors were used at a final concentration of 1
M, except 2-deoxy-glucose, which was used at 50 mm. After the assay,
the cells were washed with PBS, lysed in RIPA buffer [25 mm Tris HCI,
pH7.4, 150 mm NaCl, 1% NP40, 1% Na deoxycholate, 0.1% SDS, Ben-
zonase DNase (Sigma-Aldrich), Protease inhibitor (Roche)] and the pro-
tein concentration was determined using the Pierce BCA assay kit
(ThermoFisher Scientific). Rates of oxygen consumption (OCR) and
extracellular acidification (ECAR) were normalized to the amount of
protein/well and the lysate was used for Western blotting.

Quantitation of cellular ATP concentration

The cellular ATP concentration was determined using the CellTiter-Glo
Luminescent Cell Viability Assay (Promega) according to the manufac-
turer’s instructions. One X 10* cells/well were cultured in 96-well plates
overnight and, 5 h before the first assay time point, were washed 2X with
PBS, 100 ul of the respective medium were added and the cells were
returned to the cell culture incubator. All media were based on the no
glucose DMEM medium (11966025, Invitrogen) and contained 10%
FCS, 4 mM glutamine, 1 mum pyruvate, and 25 mM glucose (glucose me-
dium) or 10 mm galactose (galactose medium) or 10 mm acetoacetate
(acetoacetate medium). For quantitation, an ATP (Sigma-Aldrich) stan-
dard curve was generated and all measurements were done in technical
triplicates.

Mass spectrometry analysis

Preparation of whole-cell and mitochondria fractions. The method used for
preparing mitochondrial fractions is based on protocols published pre-
viously (Clayton and Shadel, 2014a,b). All steps were performed on ice,
all centrifugations at 4°C and all glassware was precooled. Cell pellets
from 8 X 15 cm culture dishes ( per sample) were resuspended in 11 ml of
cold RSB hypo buffer (10 mm NaCl, 1.5 mm MgCl,, 10 mum Tris-HCI pH
7.5, cOmplete mini EDTA-free protease inhibitor and PhosSTOP phos-
phatase inhibitor; both Roche) and incubated on ice for 10 min. Swollen
cells were homogenized using a 15 ml Dounce homogenizer (60—70
strokes, tight fitting pestle) and successful homogenization was con-
firmed with a phase-contrast microscope. After saving an aliquot as
“whole-cell lysate”, 2.5X mass spectrometry (MS) buffer (in mm: 525
mannitol, 175 sucrose, 12.5 Tris-HCI, pH 7.5, 2.5 EDTA with proteases
and phosphatase inhibitors) was added to the lysate to a final concentra-
tion of 1 X and the lysate was centrifuged for 5 min at 1300 X gto remove
intact cells, debris, and nuclei. The supernatant was transferred to a new
tube and the centrifugation was repeated 2 X.

Mitochondria were pelleted at 15,000 X g for 15 min (visible as brown
to white pellet), resuspended in 3 ml 1 X MS buffer and layered on top of
a discontinuous sucrose gradient (1.5 M and 1.0 M sucrose in 10 mm
Tris-HCL, pH 7.5, 1 mM EDTA). The gradient was centrifuged at 60 X 10 3
X g for 40 min in an ultracentrifuge (SW40Ti or SW41Ti rotor) and the
mitochondrial fraction was collected from the interface between the two
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Table 1. List of primers used for PCR (based on Rackham et al., 2009)
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Table 1. Continued

PCR product PCR product
Primer name Sequence size, bp Primer name Sequence size, bp
gPCR primers for mitochondrial RNAs (human) ND5fwd) CTCCACCTCCATCATCACCT 239
ND1fwd ATGGCCAACCTCCTACTCCT 215 NDé6rev) AGAGGGGTCAGGGTTGATTC
ND1rev GCGGTGATGTAGAGGGTGAT ND6fwd) ACCCCACAAACCCCATTACT 219
ND2fwd AAGCAACCGCATCCATAATC 155 CytBrev) ATCATGCGGAGATGTTGGAT
ND2rev TCAGAAGTGAAAGGGGGCTA gPCR primers for housekeeping genes (human)
(01fwd ACGTTGTAGCCCACTTCCAC 222 HPRT1fwd GTGATAGATCCATTCCTATGACTGTAG 135
(01rev (ATCGGGGTAGTCCGAGTAA HPRT1rev CCACAATCAAGACATTCTTTCCAG
(02fwd TTCATGATCACGCCCTCATA 187 B2Mfwd TGCTGTCTCCATGTTTGATGTATCT 86
(02rev TAAAGGATGCGTAGGGATGG B2Mrev TCTCTGCTCCCCACCTCTAAGT
ATP8fwd ATGGCCCACCATAATTACCC 170 gPCR primers for mitochondrial RNAs (rat)
ATP8rev GCAATGAATGAAGCGAACAG RNR1fwd AAAGGACTTGGCGGTACTTTAT 113
ATP6fwd TATTGATCCCCACCTCCAAA 233 RNRTrev GCTGAAGATGGCGGTATATAGG
ATPé6rev GATGGCCATGGCTAGGTTTA RNR2fwd CTAATCCTAGCCCTACAACCAAC 129
(03fwd ACACCACCTGTCCAAAAAGG 233 RNR2rev CCATTCCCTTGCGGTACTT
(03rev TGGTGAGCTCAGGTGATTGA gPCR primers for junctions between mitochondrial RNAs (rat)
ND3fwd ACCACAACTCAACGGCTACA 169 RNR1fwd) CCGTCACCCTCCTCAAATTA 207
ND3rev TTGTAGGGCTCATGGTAGGG RNR2rev) TTGGTTGTAGGGCTAGGATTAG
NDALfwd TCGCTCACACCTCATATCCTC 194 RNA19fwd (CCAGTACGAAAGGACAAGAG 232
ND4Lrev GGCCATATGTGTTGGAGATTG RNA19rev AAGATTGGGATTAGGAGTGTTAGG
ND4fwd CCTGACTCCTACCCCTCACA 239 gPCR primers for housekeeping genes (rat)
ND4rev GAAGTATGTGCCTGCGTTCA HPRT1fwd Purchased, Integrated DNA Technologies
ND5fwd ACATCTGTACCCACGCCTTC 208 + rev Mix (Rn.PT0.39a0.22214832)
ND5rev TCGATGATGTGGTCTTTGGA
ND6fwd TGATTGTTAGCGGTGTGGTC 21
?szr\% %?E?GG(S? :TC?CA(TACTC AT? ACTCTT 188 sucrose layers. The sucrose in the isolated fraction was diluted to 0.25 m
YBrev CGTGATTCCTAGGGGGTTGT by slowly (dropwise) adding dilution buffer (5 mm Tris-HCL, pH 7.5, 1
RNRTfwd CCAGAACACTACGAGCCACA 216 muMm EDTA) and the mitochondria were recovered for 15 min at 15,000 X
RNRTrev CACCTCATEGGCTACACCTT g. After one wash with 1X MS buffer, the mitochondria were lysed in
RNR2fwd GCTAAACCTAGCCCCARACC ”m RIPA buffer (25 mm Tris HCI, pH7.4, 150 mm NaCl, 1% NP40, 1% Na
RNR2rev TTIGGCTCTCCTTGCAAAGTT deoxycholate, 0.1% SDS) for 30 min on ice, insoluble material was re-
moved by centrifugation (20,000 X g for 10 min) and mitochondrial
tRNALuurf AATAAATCATAAGGCAGAGCCCGGTAATCGCA 91 lysates were stored at —80°C.
tRNALuurR ~ AATAAATCATAATGTTAAGAAGAGGAATTGAACCTCTGACTGT . .
RNALcunF AATAAATCATAAATCCATTGETCTTAGGCCCC 7 Preparation of samples for mass spectrometry analysis. Mass spectrom-
RNALGUNR  AATAAATCATAAACTTTTATTTGGAGTTGCACCA etry analysis was performed using three independent biological repli-
PR rin::rns for junctions between mitochondrial RNAs (human) cates. A total of 6 ug of whole-cell or mitochondrial lysate were reduced
4 tRI[\:AFdeJ ) CTCCTCAAAGCAATACACTGAAA 9 with DTT (10 mm) at 70°C for 10 min. Alkylation was done by adding
RNRTrev) CTAAGAGCTAATAGAAAGGCTAGGA IAA (final concentration 20 mm) and incubating the sample for 30 min at
RNRTfwd) CCGTCACCCTCCTCAAGTAT 205 RT in the dark. Afterward, sample loading buffer was added and the
entire sample was separated via SDS-PAGE. Each lane of the Coomassie
szr;fa d ECGTG(T(TCTT%GT?L\G&SL\:GAGGTGTEE 250 stained gel was subjected to in gel trypsin digestion as previously de-
RNAT9rev AGGAATGCCATTGCGATTAG scribed (Zuchero et al., 2016). Briefly, gel lanes were cut from top to
NDTfwd) TTCCTACCACTCACCCTAGCA 304 bottom into nine sections. Individual sections were then further chopped
ND2rev) GATGAGTGTGCCTGCAAAGA into 1 mm cubes and placed into microcentrifuge tubes, and de-stained
ND2fwd) ACACTCATCGCCCTTACCAC 167 by serial washes with 10X gel volumes of 50 mm ammonium bicarbon-
RNAArev) GTTGATGCAGAGTGGGGTTT ate/50% acetonitrile, pH 8.0, and 10X gel volumes of 100% acetonitrile
RNACYwd)  ATCACCTCGGAGCTGGTAAA 18 for 15 min each. Gel pieces were then washed and dehydrated with an
Orev) TECCTAGGACTCCAGCTCAT additional 10X gel volume of 100% acetonitrile. Trypsin solution was
prepared at a concentration of 10 ng/ul trypsin in 50 mM ammonium
Eg;‘éﬁj E;AGCGCGCCT(?T(&TC(A :?GT;XiG 269 bicarbonate, pH 8.0, and added to the gel pieces on ice. Gel pieces were
02fwd) CATGCCCATCGTCCTAGAAT 199 incubated in this trypsin solution for 1 h and then transferred to a 37°C
ATPSre) TATCCTGGGCCATACGGTAG water bath for overnight trypsin digestion. Digested peptides were col-
ATPSfwd) CACCTACCTCCCTCACCARA 157 lected and combined with an additional elution performed with 2X gel
ATPS—6rev  GGGATCAATAGAGGGGGAAA volumes of 50% acetonitrile/5% formic acid. Samples were dried to com-
ATP6fwd) CCTCTACCTGCACGACAACA 153 pletion in a SpeedVac ( ThermoFisher Scientific) and then resuspended
CO3rev) GAGGAGCGTTATGGAGTGGA in 2% acetonitrile/0.1% formic acid before mass spectrometric analysis.
03fwd) CGCCTEATACTGGCATTTTG 230 Mass spectrometry analysis. Using a NanoAcquity UPLC (Waters), re-
ND3rev) TETAGCCGTTGAGTTGTGGT constituted peptides were loaded onto a 0.1 mm X 100 cm C18 column
ND3fwd) GCCCTAAGTCTGGCCTATGA 205 packed with .1.7 mm BEH—13.0 resin at a flow rate of 1.5. wul/min over a
NDALrev) CCCAGGATATGAGETGTGAGC span of 10 min. Loaded peptides were then separated using a two-stage
NDALfwd) ACACCCACTCCCTCTTAGCC 1 linear gradient where solvent B (98% acetonitrile/2% water/0.1% formic
NDArev) AATTAGGCTGTGGGTGETTG acid) ramped from 5 to 25% over 35 min and then from 25 to 50% over
ND4fwd) ACACCTATCCCCCATTCTCC 304 2 min. Buffer A was composed of 98% water/2% acetonitrile/0.1% for-
ND5rev) TAAAGGTGGATGCGACAATG mic acid. Peptides were introduced to an Orbitrap Elite ( ThermoFisher
(Table continues.) Scientific) mass spectrometer using the ADVANCE Captive Spray Ion-

ization source (Michrom-Bruker). Orbitrap full-MS (MS1) spectra were
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collected at 60,000 resolution and used to trigger data-dependent MS2
scans in the linear ion trap on the top 15 most intense ions.

MS?2 spectra were searched using MaxQuant v1.6.26 (Cox and Mann,
2008) against a database of reviewed human proteins from UniProt
(downloaded May, 2018), common contaminants and the reversed ver-
sion of each sequence. Searches were performed with 20 ppm and 0.5 Da
mass tolerances for precursor ions and fragment ions, respectively. Tryp-
sin specificity was enforced and up to 2 missed cleavages were permitted.
Carbamidomethylated cysteine was considered as a fixed modification
(+57.0215 Da) and oxidized methionine (+15.9949 Da) or protein
N-terminal acetylation (+42.0105 Da) as variable modifications. Peptide
assignments were first filtered to a 1% false discovery rate (FDR) at the
peptide level and subsequently to a 1% FDR at the protein level. All
peptides were quantified in MaxQuant by the label-free quant (LFQ)
algorithm, with the match between runs option enabled, for each of the
three replicate sets separately and post-processed with a custom R script.
Briefly, all match between run events (MATCH-MSMS) with a quality
score below the fifth percentile, per replicate, were filtered out. All re-
maining missing values were imputed by the first percentile (.001) per
fraction. LFQ intensities for peptides that were identified across multiple
gel fractions, within a single lane, were summarized by their maximum
LFQ intensity value. Then, for each identified protein we fit a model in
MSstats v3.7.1 (Choi et al., 2014) using the Tukey Median Polish sum-
marization method and equalizeMedians normalization option. Within
MSstats, the estimated fold-change and adjusted p-value (Benjamini—
Hochberg correction) between wild-type (WT) and PTCD1 knock-out
(KO) was computed for the whole-cell lysate and mitochondrial frac-
tions separately.

Proteins with a log2 fold-change > 2.0 and an adjusted p value of
<0.05 were considered to be differentially abundant in WT and KO
mitochondrial fractions. In whole-cell lysates, only 6% of proteins exhib-
ited a log2 fold-change >1.5 between WT and PTCD1 KO. Therefore, to
perform an overrepresentation analysis, this less stringent cutoff was
chosen for the whole-cell lysate analysis. The PANTHER (Mi et al., 2017)
overrepresentation tool with default settings was used to identify
biological processes and protein classes changed in whole-cell lysates
from WT and KO cells. All mass spectrometry Raw files, as well as the
MaxQuant result files, were uploaded on the Massive data repository
under dataset identifier MSV000083232 and can be downloaded di-
rectly from ftp://massive.ucsd.edu/MSV000083232.

AP immunoassay

The concentration of AB40 peptides in the supernatant of primary neu-
ron cultures was measured by sandwich ELISA as described previously
(Jonsson et al., 2012): a rabbit polyclonal antibody specific for the AB40
C-terminus (AB5737, Millipore) was coated onto ELISA plates and a
biotinylated anti-A3 monoclonal antibody (6E10, Covance) was used for
detection.

Electrophysiology

Spontaneous neuronal activity was measured using the Maestro Apex
platform (Axion Biosystems). Cyto View 48 well microelectrode array
(MEA) plates (16 electrodes/well) were coated with PDL and 1 X 10°
neurons/well were plated, cultured, and treated with nanoparticles as
described. Before recording, the plates were transferred to the Maestro
system (37°C, 5% CO,) and allowed to equilibrate for 30 min. Sponta-
neous activity was recorded for 10 min at 12.5 kHz sampling frequency
using the integrated software package (AXIS v2.4.2.12) in neural broad-
band mode. The threshold for spike detection for each electrode was set
to 6 X the SD of the voltage and only electrodes with >5 spikes/min were
considered active. Experiments were done in technical triplicates and
spike trains were analyzed using the AxIS software package.

Transmission electron microscopy

The cell layer of an almost confluent 10 cm culture dish was washed 1X
with PBS and fixed in 1/2 Karnovsky’s fixative (2% paraformaldehyde,
2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.2). The cells
were then postfixed in 1% reduced osmium tetroxide, stained “en block”
with 0.5% uranyl acetate and gently harvested and pelleted. Dehydration
of samples was through an ascending series of ethanol, followed by two
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propylene oxide washes. The samples were finally embedded in Eponate
12 (Ted Pella) and cured at 65°C for 2 d. Sections of 1 wm were used for
T-Blue light microscopic evaluation and 80 nm ultrathin sections (coun-
terstained with lead citrate) were prepared for TEM. Images were ac-
quired at 2000—8000X with a JEOL JEM-1400 (80 keV) and a Gatan
Ultrascan 1000 CCD camera. Approximately 20 cells per sample were
randomly selected and analyzed. The experimenter was blinded to the
experimental conditions.

Experimental design and statistical analysis

Statistical analysis was performed using GraphPad Prism6. The applied
statistical tests, post hoc analyses, sample sizes (1), and number of inde-
pendent experiments are defined in each figure legend. A p value <0.05
was considered statistically significant in all analyses. Sample size was
chosen based on similar experiments in previously published studies.
Unless otherwise noted, all data are presented as mean + SEM and when-
ever possible are shown as scatter blots with bar graphs to visualize single
data points. Details for the statistical analysis of genetic and mass spec-
trometry data are given in the respective method sections.

Data availability

All data generated and analyzed during this study are included in this
published article (and its supplement). Exome sequence data are avail-
able at https://dss.niagads.org/studies/alzheimers-disease-sequencing-
project-adsp/ and the microarray data have been published before
(Sims etal.,2017). Mass spectrometry data are available at the massive
data repository at ftp://massive.ucsd.edu/MSV000083232. Primary
data files are available from the corresponding author on reasonable
request.

Results

PTCD1 coding variants and susceptibility to AD

To identify novel AD risk alleles in genes encoding mitochondrial
proteins, we obtained whole-exome sequence data for 4549 AD
cases and 3332 age-matched controls generated by ADSP avail-
able from dbGaP (https://dss.niagads.org/studies/alzheimers-
disease-sequencing-project-adsp/). We analyzed the data to
perform variant calling followed by a genome-wide variant gene
burden analysis. This approach aggregates rare (minor allele fre-
quency <1%) coding variants in a gene to compute a gene-level
burden score for each sample and correlates it with the disease
status.

After ranking the genes by their burden test p-value for asso-
ciation with AD, PTCDI was among the top 100 of 17,000 genes
analyzed. PTCD1 was among the top 10 of 1158 genes that encode
mitochondrial proteins (based on MitoCarta 2.0) and the top
gene among those in which rare alleles increase disease risk. Bur-
den testing involved analysis of 96 rare coding variants in PTCD]
and revealed that these variants in aggregate are 1.4-fold more
frequent in our AD cohort compared with healthy controls
(OR = 1.4, p = 0.0051, not adjusted for multiple testing, aggre-
gate frequency: case = 4.7%, control = 3.8%). Next, we sought to
determine whether specific variants were driving the disease as-
sociation and discovered that a SNP (rs35556439) in exon 2 of
PTCD1I was most robustly linked with AD (OR = 2.3, p = 0.0024;
Fig. 1A). To confirm the association of rs35556439 with AD using
independent genetic data, we examined exome array datasets de-
rived from three independent cohorts of combined 15,074 AD
cases and 34,419 age-matched controls (Sims et al., 2017). In all
three cohorts, the missense variant rs35556439 was consistently
enriched in the patient population compared with controls
(combined: OR = 1.6, p = 4.3 X 10 ~% Fig. 1A).

The SNP rs35556439 alters an arginine (R) residue at position
113 of PTCDL1 to a tryptophan (W), replacing the positive charge
at this location with a nonpolar, aromatic amino acid. Because
the structure of PTCD1 has not been solved, it is not possible to
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A
Gene: PTCD1  SNP:rs35556439 Effect: R113W
Case Control
Odds Case Control ~ Genotype Genotype
Data set Cohort Ratio p-Value Frequency Frequency Counts Counts
Exome sequencing ADSP 2.3 24E-03 7.0E-03 29E-03 0/64/4485 0/19/3313
ADGC 1.8 1.7E-06 7.5E-03 4.2E-03 0/118/7748 0/198/23401

GERAD 1.1  7.8E-01 4.7E-03 4.2E-03 0/56/5944 0/25/2949
CHARGE 1.7 18E-01 3.2E-03 2.0E-03  0/9/1382 0/32/8069
COMBINED 1.6 4.3E-06 6.0E-03 3.7E-03 0/183/15074 0/255/34419

Exome microarray

R113W PPR1
Human ATQEEDEEEEES|IET LSDKYSSRRLFRKSAAQFHMLR|IFGERRD - - - EQMIEP E - - PKLWR gH L
Chimpanzee ATQEEDEEQEES|MAT LSNKY SSRKLFRKSAAQFHMLRIFGERRD- - - EQMEP E- - PKLWR F LG« L
Cyno AMOQEEDEEEEESEMAT LSDKY SSRRLFHKSTAQFHMLRIFREQRE---EPEEPE- - PKLWQ jF L L
Mouse APQE--EAEEESIMAS LSGKFSSRRIFHKSTAQLYMLQILKEQGG---EEEELE--PRPWR dF F L
Rat APQE--EEEEESIMAT LSEKFSSRRIFHKSTAQLYMLKILKEQGY---EEEELE--PRLRQ jF LG L
Rabbit ATQE--E-EEGSIT LSSKYSSRRMFRKSTAQLY ML LREQSAE—DEERE{LE——PKSWR dF LG L
Horse ATQE--EEEEESIMAT LSDKY SSRRMFRKSTAQLYMLRILREQSVEEDEEREPE- - PKPWR dF F Qi L
Opossum SQLETHGNEEENEAT LSDKY SSRKVFRKTTANFHRNL FQEYED———EEDK{IL——QKPWK jiF F Q¢ L
Chicken GEEEDDDDEGVEMAT LSTKFSSRKYYHKTTSAFRNLKILEEDG- - - - - EEE|GE——GRLWR JF LRCISA L
Anolelizard KQEPDDDDDEVGAT LSHKFSGRRFFQKATPELY MLQILQAQGE---EENEPR--PKPRH dF L £
Fruitﬂy KPKEKSTKKVOQD@ADP - - - - - - - - - - - - - - DT F GRAIK AAT EDPGDVEEﬂEFLSNSTRR H
Zebrafish FOHVPEENKGD SIMADY SRKFSSKR1FRKASAEQRBILIKN RNPEEEDDEDQKPVEKFKSRT Wil F LG L
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Figure1. Identification of R113W PT(DT as variant with increased risk of late-onset AD and generation of PTCD1 KO HeLa cell line. A, AD association results for R113W in whole-exome
sequencing data (top) and exome microarray data of three independent cohorts (bottom, gray). B, PTCD1 sequence alignment (Clustal Omega) upstream and downstream of R113 across
different species. Color scheme, hydrophobicity: red, most hydrophobic; blue, most hydrophilic. ¢, Schematic overview of PTCD1 genetic locus and protein. Positions of gRNAs (orange
arrows) for CRISPR/Cas9-mediated knock-out and primers (blue arrows) for PCR-based knock-out identification are given. Dashed lines delimit the portion of PTCD1 deleted in the
knock-out. The location of R113W is indicated (red arrow). D, E, Confirmation of HeLa PTCD1 KO clones 1, 2, and of hypomorphic clone 3 hypo p PTCD1 protein was detected by Western
blotting of cell lysates from WT HeLa cells and KO clones KO#1-#3 "P°. E, Protein levels were quantified and normalized to WT. ACTIN was used as loading control. Data for quantifications
from sixindependent experiments and presented as mean = SEM ***p < 0.001 between cell lines by one-way ANOVA with post hoc Tukey’s multiple-comparison test. For confirmation
of HeLa PTCD1 KO cell clones by PCR and sequencing, see Figure 1-1, available at https://doi.org/10.1523/JNEUR0SCI.0116-19.2019.f1-1.
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model the effects of R113W on overall protein structure. How-
ever, a positively charged/polar residue at position 113, lying be-
tween two hydrophobic residues at 112 and 114, resides within a
conserved stretch of amino acids in PTCD1 from different species
(Fig. 1B).

Together our human genetic analysis suggests that variants in
PTCD1, particularly R113W, likely increase the risk of AD.

Generation of PTCD1 KO cell line

To investigate the cellular function of PTCD1, we generated cells
lacking PTCD1 using CRISPR/Cas9-mediated genome editing.
We designed paired gRNAs targeting the 5’ coding region of the
PTCDI gene (Fig. 1C). Successful editing removes 1.9 kb of the 5
coding region of PTCD]I, including the start codon in exon 2 and
the first PPR domain in exon 3. Following transfection of gRNAs
and Cas9, single-cell clones were obtained and screened for WT
or KO of PTCD1 by PCR (Fig. 1-1A, available at https://doi.org/
10.1523/JNEUROSCI.0116-19.2019.f1-1). Successful KO was
further confirmed in selected clones by Western blot for PTCD1
(Fig. 1D) and DNA sequencing (Fig. 1-1B, available at https://
doi.org/10.1523/JNEUROSCI.0116-19.2019.f1-1). Eventually we
selected for further studies two KO cell clones (named KO#1,
KO#2) that appeared to express undetectable levels of PTCD1,
and a third clone that retained very low (<10% of WT) amounts
of PTCD1 expression (KO#3 hypomorph, KO#3"7°; Fig. 1 D, E).

Lack of PTCD1 abolishes cellular oxygen consumption and
shifts energy metabolism to glycolysis

The mitochondrial genome encodes 13 of 67 essential subunits
of the ETC, the primary site of energy generation through
OXPHOS. Because PTCD1 is a mitochondrial protein implicated
in the regulation of mitochondrial transcription (Rackham and
Filipovska, 2012), we first investigated the role of PTCD1 in cel-
lular energy metabolism (Fig. 2). Using the Seahorse analyzer, we
measured the OCR and ECAR in cultures of live WT versus
PTCD1 KO cells (Fig. 2A, B), because these parameters are cor-
related with the extent of cellular ATP generation through
OXPHOS and glycolysis, respectively. Remarkably, basal oxygen
consumption was abolished in PTCD1 KO#1 and KO#2 cells that
lack PTCD1 and was dramatically reduced in KO#3™?° cells with
small amounts of residual PTCD1 expression (Fig. 2C). Blocking
OXPHOS (complex V) and mitochondrial respiration (com-
plexes I and IIT) in KO#1 or KO#2 cells did not further decrease
oxygen consumption indicating a complete lack of ETC activity
in cells lacking PTCD1 (Fig. 2-1A, available at https://doi.org/
10.1523/JNEUROSCI.0116-19.2019.f2-1).

Maximal mitochondrial respiration can be induced by uncou-
pling the ETC (with FCCP) and allows an estimation of the spare
respiratory capacity, i.e., the ability of cells to boost respiration
and ATP generation above baseline to meet increased energy de-
mands. When challenged with FCCP, PTCDI-lacking cells
(KO#1, KO#2) were unable to achieve OCR levels above baseline
indicating no respiratory reserve. This phenotype was less pro-
nounced in KO#3™P° cells (Fig. 2A,C,D).

Another principal source of energy, independent of mito-
chondria, is ATP generation through glycolysis. WT cells re-
sponded to blocked mitochondrial respiration (treatment with
oligomycin) by raising their glycolytic flux (Fig. 2B, E), a phe-
nomenon called glycolytic reserve (Fig. 2F ). By contrast, PTCD1-
lacking cells showed a high level of glycolysis already at baseline
that did not further increase after blocking OXPHOS (Fig.
2B,E,F). The total glycolytic capacity, i.e., maximal glycolytic
rate, was not changed in KO cells and there was no difference in
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ECAR when glycolysis was blocked (Fig. 2-1 B, available at https://
doi.org/10.1523/INEUROSCI.0116-19.2019.2-1). Together this
indicates that cells without PTCD1 rely on glycolysis rather than
OXPHOS for energy generation (Fig. 2G), a metabolic state rem-
iniscent of the Warburg effect in tumor cells.

To confirm the strong dependency of PTCD1 KO cells on glyco-
lysis and their inability to sustain sufficient energy generation by
OXPHOS, we substituted the usual glucose in the culture medium
with galactose or acetoacetate and measured cellular ATP levels at
different time points. Galactose and acetoacetate prompt cells to rely
on OXPHOS instead of glycolysis for energy generation, galactose by
slowing down glycolysis (Aguer et al., 2011) and acetoacetate by
being a substrate for OXPHOS but not for glycolysis. After 72 h in
galactose medium WT cells were able to maintain a steady ATP
concentration whereas ATP levels in PTCD1 KO cells declined by
~90% after 24 h (Fig. 2H). Likewise, in acetoacetate containing
medium PTCD1 KO cells retained only ~10% ATP after 24 h
whereas ATP levels in WT cells were at ~100, ~60, and ~20% after
24, 48, and 72 h, respectively. Similar to the results of the Seahorse
assay, PTCD1 KO#3"P° cells showed an intermediate phenotype in
both media when compared with WT and KO#1 or #2 cells. In
summary our data show that OXPHOS is totally dependent on the
mitochondrial protein PTCD1, and cells without PTCD1 rely on
glycolysis for energy generation.

Cells without PTCD1 maintain mitochondrial content but
mitochondria are fragmented and their ultrastructure is changed

Is the dramatic loss of mitochondrial energy generation in
PTCD1 KO cells accompanied by a change in mitochondrial
number or morphology? We first estimated gross mitochondrial
content of WT and PTCD1 KO cells by Western blot using anti-
bodies against HSP60, VDAC1 and TOM?20, three commonly
used marker proteins for mitochondria. No difference in the
abundance of these proteins was apparent in lysates from WT
versus PTCD1 KO cells (Fig. 3A, B). Another method of assessing
the number of mitochondria per cell uses QPCR to determine the
ratio of mitochondrial versus nuclear genome copies. Quantita-
tive real-time PCR with primers against three different regions
of the mitochondrial DNA (mtDNA) and against [-2-
microglobulin on the nuclear genome (nDNA), revealed no dif-
ference in the ratios of mtDNA to nDNA content between WT
cells and the different PTCD1 KO cell lines (Fig. 3C).

To investigate the morphology of the mitochondrial network
we stained mitochondria using an antibody against TOM20 and
performed confocal immunofluorescence microscopy. Overall
the intensity of the TOM20 immunostaining in PTCD1 KO cells
was not noticeably altered but compared with the tubular-shaped
mitochondrial network in WT cells, the staining appeared gran-
ular, indicating mitochondrial fragmentation (Fig. 3D). We
quantified mitochondrial morphology using the thresholding
and particle mask functions in ImageJ and found the mitochon-
dria in PTCD1 KO cells to be smaller and more circular in shape
(Fig. 3E). Cells with residual expression of PTCD1 (KO#3 hypoy
contained mitochondria whose morphology more closely resem-
bled the WT (Fig. 3E). There was a trend toward a higher number
of mitochondria (defined as particles) in the KO cells, but this
only reached significance in the PTCD1 KO#1 cell line.

Disruption of OXPHOS and changes in the bioenergetic state of
mitochondria have been shown to derange the structure of mitochon-
drial cristae (Zick etal., 2009). Therefore, we examined cristae morphol-
ogy in WT and PTCD1 KO cells by transmission electron
microscopy (TEM). In cells without PTCD1, mitochondria ap-
peared enlarged (swollen) and contained fewer cristae (Fig. 3F, and
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Figure 2.

PTCD1 KO cells lack oxidative phosphorylation and rely on glycolysis for energy generation. 4, B, Representative traces from Seahorse assay showing cellular OCR and ECAR (measure of

glycolysis) of WT and KO (PTCD1 K0#1,2) cells and cells with hypomorphic PTCD1 expression (PTCD1 KO#3 ™P°). Arrows signal addition of inhibitors to interrogate indicated respiratory parameters.
C, D, Quantification of basal and maximal respiration and of the spare respiratory capacity (ability to boost OCR above baseline upon increased ATP demand) of WT and KO cells. E, F, Quantitative
Seahorse data of baseline and peak (after blocking 0XPHOS) glycolysis and of glycolytic reserve in cells with and without PTCD1. G, Summary of energy metabolism phenotype of PTCD1 KO cells.
Additional Seahorse assay controls are provided in Figure 2-1, available at https://doi.org/10.1523/INEUR0SCI.0116-19.2019.f2-1. H, Cellular ATP levels in WT and KO cells cultured in media with
galactose or acetoacetate instead of glucose. Media was changed (0 h) and cells were lysed to measure ATP concentrations at indicated time points. All data for quantifications from three
independent experiments and presented as mean = SEM. *p = 0.05, **p = 0.01, ***p = 0.001 between cell lines by one-way ANOVA (C—F) or two-way ANOVA (H) with post hoc Tukey's
multiple-comparison test. All OCR and ECAR values are normalized to protein content.

Fig. 3-1, available at https://doi.org/10.1523/J]NEUROSCI.0116-

19.2019.f3-1) compared with WT organelles.
Our analysis indicates that cellular mitochondrial

assessed by mitochondrial marker proteins and mitochondrial

genome copies, is not changed in the absence of PTCD1. How-

ever, lack of PTCD1 does impact the morphology of the mito-

content, as

chondrial network (which appears fragmented) as well as
organellar ultrastructure (swollen, with fewer cristae).
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Figure 3.  Mitochondria are fragmented and cristae ultrastructure is altered in the absence of PTCD1. A, Representative Western blot of mitochondrial marker proteins in the lysates of WT and
PTCD1 KO cells. B, Quantification of mitochondrial marker protein abundance as shown in A. ACTIN was used as loading control and protein levels were normalized to WT cells. €, Cellular
mitochondrial content was assessed by qPCR against target genes on mtDNA and nDNA genomes. Beta-2-microglobulin was used as target gene on nDNA and values were normalized to WT. D,
Representative confocal images show fragmented mitochondria (TOM20; green) in PTCD1 KO cells (nuclear stain: DAPI; blue). Squares indicate areas enlarged below. Bottom, Mitochondria after
image processing and application of a particle mask for analysis. Scale bars, 30 m. E, Semiautomated particle analysis of mitochondrial morphology from confocalimages as shown in D. An average
of 60 cells per experiment were analyzed. F, Changes in mitochondrial morphology and cristae structure are apparent in representative TEM images of WT and PTCD1 KO cells. Scale bars, 1 um. Data
are from five (B) and four (C, E) independent experiments and presented as mean == SEM (B, €) or box-and-whisker plots (median with min and max; E). *p = 0.05, **p =< 0.01, ***p =< 0.001
between cell lines by one-way ANOVA with post hoc Tukey’s multiple-comparison test. Additional TEM images of WT and PTCD1 KO cell clones are provided in Figure 3-1, https://doi.org/10.1523/
JNEUR0SCI.0116-19.2019.13-1.
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Figure 4.

Lack of functional ETC complexes in PTCD1 KO cells causes deficit in oxidative phosphorylation and is reversed by PTCD1 expression. A, Western blot detection of PTCD1 and subunits of

the electron transport chain complexes in the lysates of WT and PTCD1 KO cells. The selected subunits are labile when unbound and are used to estimate the levels of assembled complexes. B,
Quantification of ETC complexes in cell lysates as shown in A. ¢, PTCD1 expression in KO cells (PTCD1 KO#1) was restored by stably expressing PTCD1-Flag (with GFP-T2A-puromycin, RFP as control)
and ETC complexes in two independent rescue cell lines (KO#1 +PTCD1 clone1, clone2) were assessed by Western blotting as in A. GFP detection was used to confirm equal transgene expression.
Note that the Flag tag on PTCD1 slightly increases its MW. DG, Summary of Seahorse assay experiments with WT and PTCD1 KO (KO#1 + RFP) cells and KO cells re-expressing PTCDT (KO#1 +PTCD1
clone1, clone2). D, E Quantification of baseline, peak (ETC uncoupled), and spare (difference between basal and maximum) respiration. F, G, Glycolytic flux at baseline and upregulated in response
to blocked mitochondrial ATP production (glycolytic reserve). Data for quantifications from four (B) or three (D-G) independent experiments and presented as mean == SEM. *p < 0.05, **p < 0.01,
*¥¥p < 0.001 between cell lines (B) by one-way ANOVA with post hoc Tukey's or versus KO#1 +RFP cells (D—G) by one-way ANOVA with post hoc Dunnett's multiple-comparison test. All OCR and

ECAR values normalized to protein content.

The respiratory deficit of PTCD1 KO cells is caused by the
loss of electron transport chain complexes and can be rescued
by expression of PTCD1

OXPHOS depends on the assembly of five ETC complexes (C-I-
C-V) at the inner membrane of mitochondria. Given that PTCD1
KO cells present with a striking lack of OXPHOS, we investigated

the integrity of the ETC by immunoblotting for a specific subunit
of each ETC complex. No change in the abundance of ATP5A,
representing complex V, was apparent in any of the cell lines (Fig.
4 A, B). By contrast, representative subunits of C-II (SDHB) and
C-IIT (UQCRC2) were barely detectable in PTCD1 KO cells,
whereas MTCO2 and NDUFB8 (subunits of C-IV and C-I, re-
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spectively) were completely absent. KO#3 hypomorph cells re-
tained normal expression of C-II, but showed lower levels of C-III
and loss of C-I and C-IV subunits (Fig. 4A, B).

To confirm that the ETC and OXPHOS phenotypes of the
PTCD1 KO cells are truly caused by the disruption of the PTCD1
gene, we generated stably transfected cell lines in which a PTCD1
construct (PTCD1-Flag with GFP-T2A-puromycin) was reintro-
duced in the PTCD1 KO#1 background. In two independent
clones expressing PTCD1 protein at levels similar to those of
endogenous PTCD1 in WT cells, the expression of all ETC com-

plexes was fully rescued, as assessed by Western blot (Fig. 4C).
Furthermore, the basal respiration rates in the rescue cell lines
were indistinguishable from WT cells (Fig. 4D), indicating that
the restored ETC complexes were indeed functional. The re-
expression of PTCD1 in the KO#1 background also significantly
elevated maximal respiration rate and partially rescued spare re-
spiratory capacity, although not to normal WT levels (Fig. 4 D, E).
In line with restored mitochondrial ATP generation we also de-
tected normalized glycolytic flux upon re-expression of PTCD1
in the KO background (Fig. 4F, G). A control stable cell line ex-
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pressing RFP instead of PTCD1 failed to rescue the ETC biochemis-
try and respiration deficit of PTCD1 KO cells (Fig. 4C-G).

Together these experiments demonstrate that specific loss of
PTCD1 in cultured cells leads to the depletion of functional ETC
complexes which in turn abolishes the cell’s ability to generate
ATP through mitochondrial OXPHOS.

Mitochondria in PTCD1 KO cells are deficient of mature 16S
ribosomal RNA

How does the absence of PTCD1 lead to the loss of a functional
ETC within mitochondria? In addition to the 13 proteins that are
essential for ETC assembly and function, the mitochondrial ge-
nome encodes the 125 and 16S ribosomal RNA (rRNA) that are
part of the small and large subunit of the mitochondrial ribo-
some. We interrogated the steady-state levels of mitochondrial
transcripts in our PTCD1 KO cells using qPCR.

The mitochondrial genome (Fig. 5A) produces long precursor
transcripts that contain the protein coding regions separated by in-
terspersed mitochondrial tRNAs (Fig. 5B). Processing of the precur-
sor transcript by RNaseP and RNaseZ then produces the mature
mRNAs and rRNAs (Fig. 5B). Using primers that target within the
specific rRNAs and protein coding regions (internal primers) we
measured the total abundance of these transcripts (i.e., the sum of
precursor and mature RNAs) in PTCD1 KO cells relative to WT
cells. Additionally, we used primers that span the tRNA junctions
(junction primers), and as such do not target mature RNAs (Fig. 5B),
to specifically quantify the abundance of precursor transcripts.

We detected a dramatic drop in the total abundance (precur-
sor and mature) of the 168 transcripts, and to a lesser degree of
the 128, in both PTCD1 KO cell lines (Fig. 5C). The level of the
precursor transcript containing the 16S and 12S rRNAs was not
or only slightly changed (Fig. 5D), indicating that the mature
rRNA transcripts were specifically decreased. Dividing the num-
ber of total transcripts (internal primers) by the precursor (junc-
tion primers) allows an estimation of the mature/precursor ratio;
this ratio underscores the sharp drop of mature 16S rRNA in the
absence of PTCD1 (Fig. 5E). Confirming the link between
PTCDI and mitochondrial rRNA expression, both rescue cell
lines (PTCD1 KO#1 +PTCDI1 clonel, clone2) contain total 12S
and 16S rRNA levels that are comparable to WT cells (Fig. 5F).
PTCD1 re-expression in the KO background also normalized the
ratio of 12S and 16S mature/precursor transcripts (Fig. 5H) and,
interestingly, led to a small increase of 16S-ND1 junction reads,
the mtDNA region that has been shown to interact with PTCD1
(Rackham et al., 2009; Fig. 5G).

Measurement of the 13 transcripts coding for ETC subunits
revealed considerable variability between PTCD1 KO#1 and
KO#2 cell lines, but we noticed in both a trend toward elevated
precursor RNA and overall (including processed) mitochondrial
transcripts (Fig. 5-1A,B, available at https://doi.org/10.1523/
JNEUROSCI.0116-19.2019.f5-1). We also probed for changes in
the levels of mitochondrial tRNAL1 and tRNAL2, two of the 22
tRNA species encoded by the mitochondrial genome. In line with
a previous report (Rackham et al., 2009) we detected an increase
in overall tRNALLI transcript abundance upon the loss of PTCD1
expression (albeit only significant in PTCD1 KO#2) and a shift
toward more mature tRNALI (Fig. 5-1C, available at https://
doi.org/10.1523/JNEUROSCI.0116-19.2019.f5-1).

In summary our qPCR data show that lack of PTCD]1 leads to
dramatically reduced levels of mature mitochondrial 168, and to
alesser degree 125, rRNA transcripts. Because 12S and 16S rRNAs
function as the backbone of the mitochondrial ribosome, it is
conceivable that scarcity of mature rRNAs will reduce the num-
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ber of functional mitoribosomes and therefore impede the pro-
duction of ETC subunits encoded by the mitochondrial genome.

Mass spectrometry analysis reveals reduction of
mitoribosomal proteins in the absence of PTCD1 and lack of
ETC subunits encoded by the mitochondrial genome

Taking an unbiased approach to identify the biochemical path-
ways affected by the absence of PTCD1, we used quantitative MS
to compare the cellular and mitochondrial proteomes of WT and
PTCD1 KO cells (Fig. 6-2, available at https://doi.org/10.1523/
JNEUROSCI.0116-19.2019.f6-2). We purified mitochondria from
WT and PTCD1 KO#1 cells and confirmed the quality of the isolate
by immunoblotting for marker proteins (Fig. 6-1A, available at
https://doi.org/10.1523/J]NEUROSCI.0116-19.2019.f6-1).

Label-free quantitative MS of the total cell lysate identified a
total of 5075 unique proteins of which 304 (6.0%) proteins ex-
hibited a log2 fold-change of >1.5 in the PTCD1 KO compared
with WT. Of those, 149 proteins (49%) were more abundant and
155 proteins (51%) were decreased in the total lysate of KO cells
(Fig. 6A). Several of the most prominently downregulated pro-
teins are subunits of the ETC and mitochondrial ribosome,
whereas enzymes involved in the metabolism of glucose, fatty
acids, and amino acids were among those increased (Fig. 6A).

To systematically identify biological processes and pathways
most affected by these changes, we used the PANTHER overrep-
resentation analysis tool. Upregulated proteins in the PTCD1 KO
cells mostly clustered into fatty acid and amino acid metabolic
pathways but cell adhesion proteins were also slightly enriched
(Fig. 6B). On the other hand, three processes were dramatically
underrepresented in the PTCD1 KO whole-cell proteome: oxida-
tive phosphorylation, mitochondrial translation and respiratory
electron transport (Fig. 6B). In line with our finding of greatly
reduced levels of mature mitochondrial 16S rRNA, the protein
class most reduced in the KO cells was ribosomal proteins of the
mitochondrial large subunit (mtLSU); 12 of the 13 downregu-
lated ribosomal proteins identified belong to the mtLSU. Oxi-
doreductases were another protein class downregulated in the
absence of PTCD1 with all but two of them belonging to the ETC.
We did not observe an enrichment of a specific protein class in
the PTCD1 KO cells.

To better detect low abundance mitochondrial proteins, we
next compared the proteomes of purified mitochondria from
WT and PTCD1 KO#1 cells. The change in abundance of ETC
proteins previously measured by Western blotting (Fig. 4A, and
Fig. 6-1A, available at https://doi.org/10.1523/J]NEUROSCI.
0116-19.2019.f6-1) was corroborated by the mitochondrial MS
(Fig. 6-1B, available at https://doi.org/10.1523/JNEUROSCL
0116-19.2019.f6-1).

Does the lack of PTCD1 affect the steady-state levels of pro-
teins involved in the transcription, replication and maintenance
of the mitochondrial genome? Looking at the abundance of 30
key proteins (Fig. 6-3, available at https://doi.org/10.1523/
JNEUROSCI.0116-19.2019.16-3) of those machineries we did not
observe a general downregulation in the PTCD1 KO cells (Fig.
6C). Interestingly, however, RNZ2 (also known as RNaseZ/
ELAC2) and mitochondrial transcription termination factor 4
(MTEF4) were the two proteins in this group most reduced when
comparing KO versus WT cells (Fig. 6C). This may be significant
because ELAC2 has been shown to interact with PTCD1 (Sanchez
etal.,2011) and is responsible for cleaving mitochondrial precur-
sor transcripts at the 3’ end during maturation (Brzezniak et al.,
2011; Sanchez et al., 2011). Moreover, MTEF4 binds the 16S
rRNA and targets the methyltransferase NSUN4 (5-methylcyto-
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Figure6.  Mass spectrometricanalysis confirms loss of mitoribosome subunits and mitochondrial translation in the absence of PTCD1. 4, Volcano plot showing quantitative comparison of WT and
PTCDT KO#1 cell proteomes. A total of 5075 unique proteins were identified in the cell lysates and the abundance of 304 was significantly different in the KO compared with WT cells. B, PANTHER
overrepresentation analysis of proteins depleted or enriched in KO cell lysates. (—E, MS analysis of mitochondria isolated from WT and PTCD1 KO#1 cells. Volcano plots highlight changes in the
abundance of selected proteins (each represented by colored dots) between WT and KO cells. €, Comparison of key proteins involved in mitochondrial transcription, replication, and genome
maintenance. D, Abundance of mitochondrial ribosomal proteins of the small 285 and large 39S mitoribosome subunit and of accessory and translational factors. E, Abundance of ETC core subunits
in WT and KO cells. Data collected from three independent biological experiments. Significance criteria: log2 FC > 1.5 (4, B), log2 FC > 2.0 (C~E); p < 0.05. PANTHER analysis with Fisher’s exact
and FDR multiple-test correction. See Figure 6-1, available at https://doi.org/10.1523/JNEUR0SCI.0116-19.2019.f6-1; Figure 6-2, available at https://doi.org/10.1523/JNEUR0SCI.0116-

19.2019.f6-2; and Figure 6-3, available at https://doi.org/10.1523/INEUR0SCI.0116-19.2019.6-3 respectively.

sine rRNA methyltransferase) to the mitochondrial large ribo-  that 33 of 49 mtLSU proteins identified were significantly re-
somal subunit (Camara et al., 2011). duced or completely absent in the PTCD1 KO cells (Fig. 6D). By

Further strengthening the link between PTCD1, mature 16S  contrast, only five of 29 mtSSU proteins identified were signifi-
rRNA, and assembly of the large 39S ribosomal subunit, we found ~ cantly depleted in the PTCD1 KO proteome. Thusloss of PTCD],
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presumably through its effect on the 16S rRNA, has its biggest
impact on the assembly of the large 39S ribosomal subunit.

In the category of ribosomal accessory proteins and proteins
involved in mitochondrial translation (Fig. 6-3, available at
https://doi.org/10.1523/INEUROSCI.0116-19.2019.f6-3), only
MASUI (mitochondrial assembly of ribosomal large subunit
protein 1) and MTG1 (mitochondrial ribosome-associated GT-
Pase 1) were significantly reduced in the KO (Fig. 6D). MRM1
(mitochondrial rRNA methyltransferase 1) and MRM2 as well as
NSUN4 and MTG2, all of which are required for proper 16S
rRNA maturation and mtLSU assembly (Cédmara et al., 2011;
Kotanietal.,2013; Rorbach etal., 2014) were also reduced but did
not quite reach statistical significance.

Deficits in rRNA maturation and subsequent mitoribosome
assembly will eventually lead to the shutdown of mitochondrial
translation. This should be evident in PTCD1 KO cells by the
absence of ETC subunits encoded by the mitochondrial genome
and translated at the mitoribosome. In our MS analysis of WT
mitochondria, we were able to detect 52 of the 67 ETC core sub-
units annotated by the HUGO Gene Nomenclature Committee
(Fig. 6-3, available at https://doi.org/10.1523/JNEUROSCIL.0116-
19.2019.f6-3). Of the 54 ETC subunits encoded by nuclear genes
we identified 41, with 19 being significantly reduced and the re-
maining not significantly changed between WT and KO cells (Fig.
6E). We also observed 11 of the 13 ETC subunits encoded by the
mitochondrial genome in WT cells. However, we failed to detect
any peptides for these subunits in PTCD1 KO cells, indicating the
complete absence of mitochondrially encoded ETC subunits and
placing them among the most dramatically changed proteins in
the entire dataset (Fig. 6E, and Fig. 6-1C, available at https://
doi.org/10.1523/JNEUROSCI.0116-19.2019.f6-1).

Our MS data confirm a lack of functional ETC complexes in
PTCD1 KO cells. Although the levels of many ETC subunits con-
tributed by the nucleus and imported into the mitochondria are
only slightly lower or unchanged, subunits translated by the mi-
toribosome are absent.

We did not find a dramatic impact on mitochondrial replica-
tion and transcription, but the majority of mtLSU proteins are
depleted in the absence of PTCD1. Together with the lack of the
16S rRNA backbone, this points to defective mitoribosome as-
sembly because of mtLSU shortage as the root cause for the ob-
served ETC and OXPHOS phenotypes.

PTCD1 KO cells rescued by R113W PTCD1 have no overt
phenotype but remain dependent on glycolysis

How does the AD-associated R113W variant impact the function
of PTCD1? We addressed this question by comparing stable cell
lines that express in the PTCD1 KO background either WT PTCD1
(KO#1 +PTCD1 WT clonel, clone2) or the R113W variant (KO#1
+PTCDI1 R113W clonel, clone2). By Western blotting, these
selected rescue cell lines expressed PTCD1 at approximately
equal levels and comparable to endogenous PTCD1 in WT
HeLa cells (Fig. 7A, and Fig. 7-1, available at https://doi.org/
10.1523/JNEUROSCI.0116-19.2019.f7-1). Both the WT and the
R113W variant of PTCD1 were able to rescue expression of the
subunits representing the ETC complexes I-IV, even to levels
above WT HelLa cells (Fig. 7A,B). This was particularly pro-
nounced for complexes [ and IV in the case of WT PTCD1 rescue.
Although WT PTCD1 tended to induce higher levels of complex
IV subunits than the R113W variant, overall we did not observe a
significant difference regarding ETC complex levels between WT
and R113W PTCDI rescue cell lines. In line with that, both WT
and R113W PTCDI1 increased the ratio of processed/precursor
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mitochondrial 12S and 16S rRNA to similar extents (Fig. 7C). In
terms of OXPHOS and glycolytic flux, both WT and R113W
rescue cell lines had very similar oxygen consumption rates. No-
tably, however, both cell clones expressing R113W PTCD1 exhib-
ited a significantly higher mean glycolytic flux at baseline (Fig.
7D). This could be indicative of an increased reliance on glycol-
ysis for energy generation in PTCD1 R113W-expressing cells.
Higher baseline glycolysis rate should decrease the cell’s glyco-
Iytic reserve and indeed, PTCD1 R113W rescue cell lines were
unable to upregulate glycolysis in response to OXPHOS inhibi-
tion (by oligomycin) to the extent of cells rescued with WT
PTCDI (Fig. 7E).

To further explore the differential dependency of PTCD1 WT
and R113W cells on glycolysis, we compared ATP generation
over time in the presence of glucose or galactose in the culture
media. With glucose as abundant source of energy, cultures of
both PTCD1 WT and R113W rescue cell lines produced similar
amounts of ATP (Fig. 7F). By contrast, when switched to
galactose containing media, which forces cells to shift from gly-
colysis to OXPHOS for energy generation, PTCD1 R113W-
expressing cells were unable to sustain ATP levels. At the 72 h
time point, when ATP levels remained unchanged in normal cells
and in PTCD1 KO cells rescued with WT PTCD1, ATP levels in
the R113W rescue cells had dropped to <50% (clonel) or <10%
(clone2) of the initial ATP concentration.

Together these results reveal no overt impact of the R113W
variant on baseline PTCD1 function as it relates to mitochondrial
rRNA maturation and OXPHOS, and only a subtle effect on basal
glycolysis. However, cells expressing the AD-associated variant of
PTCDI show an obvious phenotype of failure to sustain ATP
generation under conditions of metabolic stress, suggestive that
R113W is a mild loss-of-function variant.

Reducing PTCD1 expression in neurons impacts
mitochondrial rRNA, energy metabolism and decreases ATP
content and spontaneous activity

We investigated the functional consequences of reduced PTCD1
activity in primary neurons using RNAi-mediated gene knock-
down. Incubation with siRNA against PTCD1 (delivered in lipid
nanoparticles) effectively suppressed expression of endogenous
PTCD1 in cultured neurons by 68 —85% over the course of 4—8 d
(Fig. 8A,B). Despite prolonged PTCD1 reduction we did not
observe cellular toxicity as assessed by live/dead cell staining with
a cell membrane impermeable DNA dye after 8 d of siRNA treat-
ment (Fig. 8C). Next, we checked whether a reduction of selected
ETC proteins, a phenotype of PTCD1 KO HelLa cells, was also
evident in neurons with decreased PTCD1 expression. Western
blot analysis revealed unaltered levels of representative ETC pro-
teins after PTCD1 knockdown (Fig. 8D, and Fig. 8-1A, available
at https://doi.org/10.1523/JNEUROSCI.0116-19.2019.f8-1) and
no change in levels of mitochondrial marker proteins (Fig.
8-1B,C, available at https://doi.org/10.1523/JNEUROSCI.0116-
19.2019.18-1).

Based on our previous findings, a reduction of ETC subunit
abundance is likely a secondary consequence of the loss of
PTCDI, downstream of its effect on rRNA processing. As such
ETC protein levels may not be a sensitive readout for subtle al-
terations in mitochondrial and cellular energy metabolism
caused by short term partial reduction of PTCD1. Therefore, we
measured by qQPCR mitochondrial rRNA transcript levels in neu-
rons after PTCD1 knockdown. In line with our results from KO
HeLa cells, the abundance of total 16S rRNA transcripts (precur-
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sor and processed) was reduced after 8 d of siRNA-mediated = PTCD1 knockdown that we previously observed in the PTCD1
PTCD1 knockdown (Fig. 8E). The amount of corresponding pre- ~ KO cell lines (Figs. 8G, 5E). 12S rRNA transcript abundance
cursor transcripts was markedly elevated, obvious even by 4 d of ~ showed a similar change, albeit to a smaller extent, and no
PTCDI1 knockdown (Fig. 8F). Accordingly, there was the same  significant reduction in overall 12S rRNA levels was evident
sharp drop in the 16S rRNA mature-to-precursor ratio upon  (Fig. 8E).
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A lack of mature mitochondrial 16S rRNA over time should
impact mitochondrial translation and eventually impair ETC
function and OXPHOS. In line with that we measured lower
basal and maximal oxygen consumption rates in neurons after 8 d
of PTCD1 knockdown (Fig. 8H). There was no compensatory
upregulation of glycolysis (Fig. 81), which together points toward
a reduction in ATP production in neurons as a consequence of
diminished PTCD1 activity. This was confirmed when we as-
sessed ATP concentrations in control and knockdown cultures:
neurons showed only ~50% of normal ATP levels after 8 d of
PTCD1 knockdown compared with control siRNA or untreated
cells (Fig. 8]).

Upkeep of the membrane potential is essential for neuronal
activity and requires much energy which is thought to be gener-
ated in neurons predominantly through OXPHOS (Bélanger et
al., 2011). Therefore, we asked whether the reduced OXPHOS
and ATP levels caused by PTCD1 knockdown would impact the
ability of neurons to fire action potentials. We used a MEA assay
system to record spontaneous electrical activity in cultures of
dissociated neurons with and without PTCD1 knockdown (Fig.
8K). Spontaneous action potentials and strings of action poten-
tials at high-frequency (bursts) were significantly less frequent
upon PTCD1 knockdown. Once initiated, however, there were
no differences in the number of spikes per burst or in burst du-
ration. In light of our findings above this suggests that neurons
with low PTCDI levels have less energy at their disposal and
therefore fire fewer action potential bursts. We also observed a
reduction in synchronized periodic bursting (network activity) in
cultures treated with PTCD1 siRNA. Interestingly, alterations in
the electrophysiological behavior were evident only after 8 d of
PTCD1 knockdown but not after 4 d (Fig. 8-1 D, available at https://
doi.org/10.1523/JNEUROSCI.0116-19.2019.8-1). Changes in
the production and secretion of the AB peptide, which is believed
to be a key pathogenic agent in AD, have been linked to altered
neuronal activity (Kamenetz et al., 2003), however, we observed
no difference in A levels in the culture medium of neurons with
or without PTCD1 knockdown (Fig. 8-1E, available at https://
doi.org/10.1523/JNEUROSCI.0116-19.2019.£8-1).

Discussion

LOAD is increasingly regarded as a complex and multifactorial
disease (De Strooper and Karran, 2016; Scheltens et al., 2016).
Metabolic dysfunction is clearly an early feature of AD patho-
physiology, although causality and molecular details remain to be
elucidated (Lin and Beal, 2006; Mosconi et al., 2008, 2010; Sper-
ling et al., 2011; Zilberter and Zilberter, 2017). Although human
genetics have directly implicated mitochondrial dysfunction in
other neurodegenerative diseases (e.g., mutations in PINKI and
PARK?2 in Parkinson’s disease; mutations in subunits of C-I in
Leigh syndrome) coding mutations in genes that directly impact
mitochondria (e.g., mitochondrial proteins) have so far not been
linked to increased AD risk. Because mitochondrial mutations
might have large impact on organism health, perhaps it is not
surprising that no common variants have been picked up in
genome-wide association studies of LOAD.

In the present study we provide human genetic evidence that
rare missense variants in the gene that encodes the mitochondrial
protein PTCD1 might contribute to AD risk. Specifically, the rare
R113W variant is consistently more frequent in AD patients com-
pared with controls in multiple cohorts, suggesting a detrimental
effect of this variant in terms of AD dementia risk. However,
because of limited numbers of AD cases and controls in our ex-
ome sequencing data and the low frequency of PTCD1 variants,
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the association of the PTCD1 gene with AD does not reach formal
genome-wide significance. Further studies using larger datasets
will be required to unambiguously demonstrate the link between
PTCD1 variants and AD.

Our investigation into the function of PTCD1 revealed that:
(1) PTCDL is required in cells for proper assembly of the mito-
chondrial ribosome, and specifically that maturation of 16S
rRNA (backbone of the mtLSU) depends on PTCDI. (2)
OXPHOS activity is almost entirely lost in PTCD1 null cells,
which become dependent on glycolysi