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39  Abstract

40  Mutations in pitrilysin metallopeptidase 1 (PITRM1), a mitochondrial protease
41 involved in mitochondrial precursor processing and degradation, result in a slow-
42  progressive syndrome, characterized by cerebellar ataxia, psychotic episodes and
43  obsessive behavior as well as cognitive decline. To investigate the pathogenetic
44  mechanisms of mitochondrial presequence processing, we employed cortical
45 neurons and cerebral organoids generated from PITRM1 knockout human induced
46  pluripotent stem cells (iPSCs). PITRM1 deficiency strongly induced mitochondrial
47  unfolded protein response (UPR™) and enhanced mitochondrial clearance in iPSC-
48  derived neurons. Furthermore, we observed increased levels of amyloid precursor
49  protein and amyloid B in PITRM1 knockout neurons. However, neither cell death nor
50 protein aggregates were observed in 2D iPSC-derived cortical neuronal cultures. On
51 the contrary, cerebral organoids generated from PITRM1 knockout iPSCs
52 spontaneously developed over time pathological features of Alzheimer's disease
53  (AD), including accumulation of protein aggregates, tau pathology, and neuronal cell
54  death. Importantly, we provide evidence for a protective role of UPR™ and
55  mitochondrial clearance against impaired mitochondrial presequence processing and
56  proteotoxic stress. In summary, we propose a novel concept of PITRM1-linked
57  neurological syndrome whereby defects of mitochondrial presequence processing
58 induce an early activation of UPR™ that, in turn, modulates cytosolic quality control
59 pathways. Thus our work supports a mechanistic link between mitochondrial
60  function and common neurodegenerative proteinopathies.
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74  Introduction

75  Mitochondrial dysfunction has been described as a common hallmark of neurological
76  diseases . However, mitochondria are often considered to be a secondary target,
77  rather than the actual disease driver in these conditions. We have recently described
78  three independent families carrying missense loss of function mutations in pitrilysin
79  metallopeptidase 1 (PITRM1), resulting in an age-dependent, progressive,
80 neurological syndrome ? 3. Patients suffer from progressive cerebellar dysfunction
81 leading to cerebellar atrophy, and psychiatric manifestations including obsessive

2,3

82  behavior, anger attacks, and psychosis . Interestingly, some of these patients

83 showed a deterioration of their cognitive functions with a slow progression till their

84 late sixties 2

. Human PITRM1, also known as presequence peptidase (hPreP), is a
85 nuclear-encoded mitochondrial gene, expressed in a number of tissues, including
86 muscles and different brain regions, e.g. cortex, hippocampus, cerebellum, and
87 tectum “ PITRM1 was initially identified in Arabidopsis thaliana as a protease that
88  degrades targeting peptides in mitochondria and chloroplasts °. Human PITRM1 is a
89 mitochondrial matrix enzyme that digests the mitochondrial-targeting sequences
90 (MTS) of proteins imported across the inner mitochondrial membrane, after their
91 cleavage from protein precursors by the mitochondrial matrix presequence peptidase
92 (MPP). When the MTS are not properly degraded, they accumulate within the
93  mitochondrial matrix causing dissipation of the mitochondrial membrane potential

94  and mitochondrial dysfunction ® '

. The incomplete processing of mitochondrial
95  preproteins leads to their destabilization, resulting in alterations of mitochondrial
96  proteostasis . In vitro studies using recombinant PITRM1 have shown that, besides
97  MTS, the enzyme is also involved in the degradation of short, unstructured peptides
98 and amyloid beta (AB) peptides ®*!. Interestingly, AR peptides inhibit the activity of
99 CYM1, the PITRM1 orthologue in yeast, leading to accumulation of precursor

100  proteins & Experimental work in mouse models supports a causal role for PITRM1 in

101  neurodegenerative dementia, whereby loss of PITRM1 function leads to a

102  progressive, neurodegenerative phenotype characterized by hindlimb clasping,

103  impairment in motor coordination, and basal-ganglia related movement control 2.

104 Interestingly, PITRM1 deficient mice show an age-dependent accumulation of

105  amyloid precursor protein (APP) and AR deposits within the brain ?, suggesting a link

106  between defects of mitochondrial proteostasis and adult-onset neurodegenerative

107 dementia. However, due to the embryonic lethality observed in complete PITRM1

108  knockout mice, the exact role of PITRML1 in brain homeostasis and disease could not

109  be studied *. Since PITRML1 is involved in the degradation of MTS, as well as AB

110 peptides 8, the pathomechanisms of neurodegeneration linked to loss of PITRM1
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111  function could in principle be due to either accumulation of AR peptides in
112  mitochondria, MTS-driven toxicity, or a combination of both. Identifying the
113  mechanisms that lead to neurodegeneration in primary mitochondrial diseases
114  characterized by defects of mitochondrial proteostasis, such as PITRM1-linked
115 neurological syndrome, may help elucidate the long-debated, still unresolved,
116 involvement of altered mitochondrial function in neurodegenerative dementia. To
117 examine PITRM1-related pathogenetic mechanisms, we generated PITRM1-
118  knockout human induced pluripotent stem cells (iPSCs) and examined the role of
119  mitochondrial function and proteostasis using 2D neuronal and 3D brain-organoid
120  model systems.

121
122  Methods

123  Generation of PITRM1 knockout human iPSCs

124  Control iPSCs (from a female non affected control, 80 years) used in this study were
125  previously generated and characterized 2. All cells used in the study were derived
126  from patients who signed an informed consent approved by The Ethics Committee of
127  the Medical Faculty and the University Hospital Tibingen. iPSCs were kept in culture
128  in hESC medium *?. SgRNAs targeting exon 3 and 4 of PITRM1 gene were designed
129  using CRISPR Guide Design Tools (former www.crispr.mit.edu) and purchased from
130  Metabion International AG (exon 3 top AGGAGCCAGGTATTTACACC, exon 3
131  bottom GGTGTAAATACCTGGCTCCT, exon 4 top TTGAGCATACCGTCCTTTGT,
132 exon 4 bottom ACAAAGGACGGTATGCTCAA). SgRNAs were cloned into the
133  pSpCas9(BB)-2A-Puro plasmid containing the sgRNA scaffold and puromycine-
134  resistance under the U6 promoter (Addgene plasmid #48139). Colonies that
135  successfully integrated sgRNA into backbone plasmid were screened and confirmed
136 by Sanger sequencing using U6 promoter region primer. SQRNA/Cas9 plasmid was
137  delivered into cells using Nucleofector Amaxa system (Lonza Biosciences). In brief,
138 iPS cells were dissociated with Accutase (Sigma-Aldrich) and 1076 iPSCs were
139  nucleofected with 6ug of each sgRNA plasmid. Cells were then replated on MEF
140 cells in hESC medium, without P/S, supplemented with 10uM ROCK Inhibitor Y-
141 27632 2HCI. After recovery, cells were replated at density 500 cells/cm”2 for single
142  cell subcloning. After recovery, iPSCs were clonally expanded and the genomic
143  deletion was assessed by PCR and Sanger sequencing (exon 3 Fw
144  TTCAGGCAGAAAAGCCAGTT, exon 4 Rv ACTGAATTCCAGTGGGTGTGC). The
145  screening of possible off-target effects was performed using CRISPR Design Toaols.
146  Sequencing primers for off-target effects: (5-3): PPIL2 NM_148175 Fw
147 CCTCATGCCCTGCTTGACTC, Rv CAGGGAGCACTGTCCCAATTT; NR1D1
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148 NM_021724 Fw CAAACGAGCACACACCACAG, Rv GCTGCCCCCTTGTACAGAAT,;
149 KDEL2 NM_001100603 Fw TTGGTGGTGGTTATGCCTCA, Rv
150 ACCACCAGAAACTCCACTCG; FAM120A NM_014612 Fw

151 TCCTGCGGTTCTTGTCCTCTA, Rv GCATGAATGTGTCTTCTCTGGC; TTLL2
152 NM_031949 Fw GTGGGAGGCTGTGTGGTATT, Rv TCAAGTCCCTACCTGTGCCA;
153 SUCO NM_014283 Fw AATCTGGTACTATTCCGATAGCCAA, Rv
154 CCATTCAAACAGGACACTGCTG.

155

156  Cortical neuronal differentiation

157  For the induction of cortical neurons, we used an embryoid body (EB)-based
158 differentiation protocol, with minor modifications **
159  picked and grown for 4_d in EB media (20% KO serum replacement in DMEM/F12
160 medium, 1% NEAA, 1% P/S). On day 5, EBs were plated onto Matrigel-coated
161 (Corning) plate and grown for 4 more “days in N2B27 media (DMEM/F12, 1X N2, 1X
162 B27-RA, 1% NEAA, 1% P/S, 200ng/mL bFGF). For the first 8 1differentiation days,
163  the cells were grown in the presence of 10(1uM SB431542 (Ascent Scientific) and

. IPSC colonies were manually

164  2.50uM dorsomorphin (Sigma Aldrich). After 8Lid, neural rosettes were lifted with
165 Dispase and replated onto matrigel-coated plate and grown in N2B27 media.
166  Secondary or tertiary rosettes were manually dissected to purify neural progenitor
167 cells (NPCs). For cortical differentiation, NPCs were dissociated with Accutase and
168 seeded at a density of 1,000 cells per mm2 on Matrigel-coated plates in neuronal
169  differentiation medium consisting of DMEM/F12, 1X Glutamax, 1X N2, 1X B27-RA,
170  200ng/mL BDNF (Peprotech), 20_ng/mL GDNF, 10mM dibutyryl-cyclic AMP
171  (Sigma), 200 nM ascorbic acid (Sigma). Medium was replaced every other day.

172

173  Cerebral organoids culture and immunohistochemistry

174  Cerebral organoids were generated and maintained using the protocol described by
175 Lancaster et al. **. Where indicated, cerebral organoids were treated with 500nM
176  ISRIB or 500uM NMN (both from Sigma Aldrich) daily, from DIV 20 to DIV 50 or from
177  DIV45 to DIV50 respectively. For immunostaining, organoids were washed with PBS,
178  fixed in 4% PFA for 15 min and then equilibrated in 30% sucrose in PBS overnight at
179  4°C. Next day, organoids were embedded in blocks with a mixture of 10%
180  sucrose/7.5% gelatin, snap frozen, and kept at —80°C until cryosections were
181  prepared using Leica CM 1900 instrument with 20 um thickness. Sections were then
182  permeabilized and blocked with 10% normal goat serum in PBS in 0.5% Triton X-100.

183  Primary antibody incubations were performed at 4°C overnight, followed by three 10
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184 min washes in PBS, and staining with AlexaFluor secondary antibodies (Invitrogen,
185 1:1000) at room temperature for 1h. Primary antibodies included rat anti-CTIP2
186  (1:500, Abcam ab18465), rabbit anti-TBR1 (1:500, Abcam ab31940), mouse anti-B-
187  lll-tubulin (1:1000, Sigma-Aldrich T8328), rabbit anti-B-IlI-tubulin (1:1000, Biolegend,
188  Previously Covance # PRB-435P), chicken anti-MAP2 (1:3000, Biolegend PCK-
189 554P), mouse anti phospho-tau (AT8 1:500, Thermofisher #MN1020), mouse anti-
190 APP (1:500, Santa Cruz Biotechnology sc53822), mouse anti-Ubiquitin (1:100, Merck
191 MAB1510), mouse anti-Caspase 3 (1:500, Cell Signaling Technology 9664T). For
192  thioflavin T immunostaining, sections were stained with 10uM thioflavin T (Sigma-
193  Aldrich T3516) for 1500min at room temperature and washed 3 times in PBS. Cell
194  nuclei were stained with DAPI and slides were mounted with DAKO mounting
195 medium (Agilent S302380-2). Images were acquired using Leica TCS SP8 confocal
196 microscope (Leica Microsystems). For image analysis, mean of fluorescence
197 intensity per image was calculated with Image J. For each condition, 10-15 images
198 were acquired from at least 5 organoids from three independent experiments
199  (cultures).

200

201 Measurement of mitochondrial membrane potential

202  For measurement of mitochondrial membrane potential, neurons were split at a
203  concentration of 2x1075 cells/well on 96-wells pre-coated with Matrigel. Cells were
204 washed once with HBSS (Invitrogen) following incubation with 200 nM
205  Tetramethylrhodamine Methylester Perchlorat (TMRM) (Invitrogen) in HBSS with 1%
206  BSA for 30 min at 37°C. Cells were then washed twice with HBSS, detached using
207  Accumax (Invitrogen) and kept in HBSS with 1% BSA (Sigma) for FACS analysis
208  using MaxQuant Analyzer 10 (Miltenyi Biotec). Analysis was performed using the
209 MACSQuantify 2.6 software (Miltenyi Biotec).

210

211 Measurement of mitochondrial Reactive Oxygen Species (mtROS)

212  For measurement of mtROS production of iPSC-derived neurons by flow cytometry,
213  cells were pre-incubated with N2 medium for 48 hrs. Then, 1x1076 cells were
214  washed once with HBSS, incubated with 5uM of the superoxide indicator MitoSOX
215 Red (Invitrogen) for 30 min at 37°C, washed twice with HBSS, dissociated using
216  Trypsin (Invitrogen) and resuspended in 200yl of HBSS and 1% BSA.
217  Cytofluorimetric analysis was performed using MACSQuant Analyzer 10 (Miltenyi
218 Biotec).

219

220
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221  Seahorse XF°96 Metabolic Flux Analysis
222  Oxygen consumption rate (OCR) was analyzed using an XFp Extracellular Flux
223 Analyzer (Agilent). iPSC-derived neurons were plated on XFp microplates (Agilent) at
224  a density of 70,000 per well and grown in N2 medium for 48 hrs before the
225  experiment. Measurement of neuronal oxidative consumption rate was performed in
226  freshly prepared medium consisting of phenol-free DMEM,1 mM Natrium Pyruvate,
227  2mM Glutamine and 10mM glucose with pH adjusted to 7,4. Mitochondrial function
228 was evaluated after subsequent injection of 10uM oligomycin, 10 pM carbonyl
229  cyanide p-trifluoromethoxyphenylhydrazone (CCCP) and 2uM Antimicyn A / 1uM
230  Rotenone (all Sigma-Aldrich). For each condition 3 measurements, lasting 5 minutes
231 each, were performed: after each injection, OCR was measured for 2 minutes, the
232  medium was mixed for 2 min, let rest for 1 min, and then respiration was measured
233  again. After measurement, values were normalized to cell number by counting DAPI
234  stained nuclei using a high-content cell analyzer (BD Bioscience, Pathway 855).
235
236  Quantitative RT-PCR
237 mRNA was isolated using an RNA isolation kit (Qiagen). Following the reverse
238 transcription reaction using the QuantiTect Reverse Transcription kit, quantitative
239 PCR reaction was performed using SYBR GREEN (all Qiagen) and monitored with a
240 Viia7 Real time PCR system (Applied Biosystems). The expression level of each
241 gene was normalized to the housekeeping gene ribosomal protein large PO (Rplp0).
242  Fold-changes in gene expression were calculated using the 2°°°T method, based on
243  biological reference samples and housekeeping genes for normalization.
244

gPCR primers (5'-3")

GAPDH Fw AGGGGAGATTCAGTCTGG

Rv  CGACCACTTTGTCAAGCT
HSP60 Fw TGACCCAACAAAGGTTGTGA

Rv CATACCACCTCCCATTCCAC
LONP1 Fw CCCGCGCTTTATCAAGATT

Rv  AGAAAGACGCCGACATAAGG
ATF4 Fw GTCCCTCCAACAACAGCAAG

Rv CTATACCCAACAGGGCATCC
DDIT3 Fw AGCCAAAATCAGAGCTGGAA

Rv TGGATCAGTCTGGAAAAGCA
ERO1A Fw AGCGGCACAGAGGTGCT

Rv TGTAGTCTTGGGAAAAGCCTG
RPLPO Fw CCTCATATCCGGGGGAATGTG

Rv  GCAGCAGCTGGCACCTTATTG
HSPA9 Fw GGAAGCTGCTGAAAAGGCTA

Rv CTTGGGTCCAGAAGAATCCA
CLPP Fw CTCTTCCTGCAATCCGAGAG

Rv  GGATGTACTGCATCGTGTCG
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16S (mtDNA) Fw GCCTTC CCCCGTAAATGATA
Rv  TTATGCGATTAC CGGGCTCT
PITRM1 Fw ATCTGTTCCCGAGCTGTTCC

Rv  GAAAGGCTCTCTGCACGGAT
245

246  Mitochondrial isolation

247  The mitochondrial isolation was performed using Qproteome® Mitochondria Isolation
248  Kit (Qiagen) according to manufacturer’s protocol.

249

250  Western blot

251  Proteins were extracted using Tris-buffered Saline (TBS) with 0.5% NP40 protein
252  extraction buffer containing protease and phosphatase inhibitors (Roche), on ice,
253  following centrifugation at 14.000 rpm and 4°C for 15min. The protein concentration
254  of the supernatant was determined by BCA (Pierce). In total, 15-3001ug of the
255  protein lysate was loaded on polyacrylamide gel (density ranged from 7.5% to 15%,
256 depending on respective protein molecular weight) and transferred on a PVDF
257 membrane (Millipore). Blots were blocked with 5% milk powder or 5% BSA in TBS +
258 0.1% Tween-20 (TBST) and incubated with primary antibodies in milk or BSA
259  blocking solution overnight at 4M1°C. This step was followed by incubation with
260  corresponding HRP-conjugated secondary antibodies (Sigma Aldrich) for 1 h at room
261 temperature. Visualization of proteins was done by using Amersham ECL Western
262  Blotting Detection Reagent and Amersham Hyperfim (both GE Healthcare).
263  Densitometric analysis of proteins was performed by ImageJ software. Primary
264  antibodies included: rabbit anti-LC3B (1:500, Cell Signaling Technologies #2775);
265 mouse anti-APP 6E10 (Abeta 1-16) (1:1000, Biolegend #803004); rabbit anti-
266 PITRM1 (1.1000; Atlas Antibodies #HPA006753); rabbit anti-Frataxin (1:1000,
267  Abcam #abl175402); mouse anti-Total OXPHOS human cocktail (1:1000, Abcam
268  #ab110411); mouse anti-ubiquitin (1:5000, Millipore #MAB1510); mouse anti-HSPA9
269  (1:3000, Santa Cruz Biotechnologies #sc-133137); mouse anti-HSP60 (1:3000,
270  Santa Cruz Biotechnologies #sc-271215); rabbit anti-LONP1 (1:3000, Proteintech
271  #15440-1-AP); mouse anti-tau (1:1000, HT7, Thermofisher #MN1000); mouse anti
272 phospho-tau PHF-6 (Thr231) (1:1000, Thermofisher #35-5200); mouse anti-B-Actin
273  (1:20000, Sigma Aldrich #A5441); mouse anti-VDAC1 (1:1000, Santa Cruz
274  Biotechnologies #sc-390996).

275

276  Autophagy studies

277  Where indicated, cells were treated with NH,CI (20LmM) and leupeptin (200LuM)
278  (EMD, Millipore) for 401h. LC3-1l and LC-I levels were quantified by densitometry and
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279  normalized to B-actin. LC3 flux was quantified by dividing the levels of LC3-II after
280 treatment with lysosomal inhibitor for 4h, by the levels of LC3-Il without treatment.
281

282  Immunofluorescence

283  Cells were fixed in 4% paraformaldehyde (PFA) in PBS (w/v) for 10 min, rinsed with
284  PBS and blocked by 10% normal goat or donkey serum (NGS/NDS) in PBST (PBS +
285  0.1% TritonX-100) for 60 min. Cells were then incubated with primary antibodies in
286 10% NGS/NDS in PBST over night at 4°C following 1h incubation at 24°C with
287  appropriate Alexa488/568 coupled secondary antibodies (1:1000, Invitrogen). Cell
288 nuclei were stained with DAPI and final images were acquired using Leica TCS SP8
289  confocal microscope (Leica Microsystems) and analyzed using Fiji software. Primary
290 antibodies included: rabbit anti-LC3B (1:500, Cell Signaling Technologies #2775);
291 mouse anti-CTIP2 (1:500, Abcam abl18465), rabbit anti-TBR1 (1:500, Abcam
292  ab31940), mouse anti-B-lll-tubulin  (1:1000, Sigma-Aldrich T8328-25UL), and anti-
293  Caspase 3 (1:500, Cell Signaling Technology 9664T). LC3 particle number in B-1lI-
294  tubulin positive cells was gquantified with the “analyse particles” plug-in in ImageJ
295  (NIH). Caspase 3 was quantified with mean fluorescence intensity in Image J (NIH).
296 Quantification was carried out on, at least, 50 cells per condition, from three
297  independent experiments.

298

299 LDH assay

300 The LDH assay (Promega) was performed as per the manufacturer’s instructions.
301

302 Amyloid-beta species measurement

303  For amyloid-beta species measurement in iPSC-cortical neurons, 106 cells were
304  plated into a one well of 12-well plate and cell supernatant was collected after 5 days,
305 snap frozen and stored at -80 °C until analysis. Cell pellet was collected and lysed for
306 protein concentration determination and used for value normalization. Conditioned
307 medium from at least 3 technical replicates was collected in each experiment. For
308 amyloid-beta species measurement in cerebral organoids, individual organoids were
309 re-plated into low attachment 96-well plates on an orbital shaker. Supernatant was
310 collected after 5 days, snap frozen in liquid nitrogen and stored at -80 °C until
311 analysis. After collection of supernatant, individual organoids were lysed and protein
312  concentration measured with BCA for value normalization. The concentrations of
313  Ap40 (ABx—40) and Ap42 (Apx—42) in the samples were measured on a Sector
314 Imager 6000 using an electrochemiluminescence-based immunoassay, V-PLEX Ab
315 Peptide Panel 1 (6E10) Kits (Meso Scale Discovery, Gaithersburg, MD, USA)
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316  according to manufacturer’s instructions. All samples were thawed on ice and diluted
317 1:2 in buffer (Diluent 35, Meso Scale Discovery) before incubation. Neural
318 differentiation medium without B27/N2 supplements was used as negative control for
319 each measurement. Human CSF samples were used as internal references on each
320 plate. At least 8 organoids were used for each measurement. Every sample was
321 tested in duplicate (and excluded if the coefficient of variance (CV) was above 20%).
322  Data analysis was run with the MSD DISCOVERY WORKBENCH software version
323  2.0.

324

325 Elisa

326 Individual cerebral organoids were homogenized in ice-cold RIPA buffer containing
327  protease and phosphatase inhibitors (Roche), following centrifugation at 14.000 rpm
328 and 4°C for 10min. The protein concentration of the supernatant was determined by
329 BCA (Pierce). Total and phospho-tau levels were assessed, in equal protein amounts,
330 using ELISA assays (both Invitrogen, KHB0041 and KHOO0631, respectively)
331 according to manufacturer's instructions.

332

333  Statistical analysis

334 The Statistical Package GraphPad Prism version 7 and 8.3 (GraphPad Software)
335 was used to analyze the data. Statistical significance was evaluated using two-tailed
336  Student's t-test. Data are expressed as mean + S.E.M. or S.D. as indicated.

337

338 Results

339 Mitochondrial dysfunction in PITRM1 knockout iPSC-derived neurons

340 In order to overcome the limitation of the embryonic lethality previously observed in
341 PITRM1 knockout mice * and examine the mechanistic link between PITRM1
342  deficiency and neurodegeneration in a model that more closely resembles human
343 disease, we generated PITRM1 knockout (PITRM1”) human iPSCs using
344  CRISPR/Cas9 endonuclease-mediated gene editing. Appropriate sgRNAs targeting
345 exon 3 and exon 4 were designed to introduce a frameshift deletion resulting in the
346 complete knockout of PITRM1 protein (Supplementary Fig. 1A). Several
347 homozygous clones were generated, and two fully characterized clones were
348 selected and used for further analysis (Supplementary Fig. 1B-D). To address the
349 impact of PITRM1 on the function of human neurons, we differentiated PITRM1"*
350 and PITRM1” iPSCs into neuronal cultures that were enriched for cortical neurons

351 and we assessed neuronal cultures at 35 and 65 days in vitro. Both PITRM1"* and

10
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352 PITRM1” iPSCs efficiently generated cortical neurons (Fig. 1A). Western blot
353 analysis confirmed the complete absence of PITRM1 protein in PITRM1” iPSC-
354  derived neurons (Fig. 1B). No overt cell death was observed in neuronal cultures, as
355 assessed by LDH assay at 35 and 65 days in vitro (Supplementary Fig. 1E) and
356 cleaved Caspase 3 staining (data not shown). PITRM1 deficiency leads to the
357 accumulation of non-degraded MTS sequences that in turn impair the processing of
358 presequence proteins by the peptidase MPP 2. Since MPP is also involved in the
359 maturation of the human frataxin precursor *°, we examined frataxin maturation by
360 immunoblotting. A decreased ratio of processed, mature to immature frataxin was
361 detected in PITRM1” iPSC-derived neural precursor cells (NPCs) and neurons
362  (Supplementary Fig. 1F, G), indicating the impaired function of MPP and defects of
363 mitochondrial of mitochondrial presequence processing. Since MTS peptides can
364  bind to the membrane and perturb the mitochondrial electrochemical gradient, we
365 evaluated the effect of PITRM1 deficiency on mitochondrial membrane potential and
366 respiratory oxidative activity. Mitochondrial membrane potential was significantly

+/+

367 reduced in PITRM1” neurons compared to isogenic PITRM1"* neurons (Fig. 1C).
368 However, mitochondrial reactive oxygen species (mtROS) were not significantly
369 altered in PITRM1” neurons (Fig. 1D). Similarly, no significant difference in the
370 respiratory oxidative activity was observed between PITRM1** and PITRM1™"
371 neurons (Fig. 1E). Western blot analysis revealed a significant increase in the level of
372  Complex Il respiratory chain complex subunits in PITRM1” neurons (Fig. 1F, G).
373  However, no significant difference for the levels of all other respiratory chain complex
374  subunits was detected in PITRM1” neurons (Fig. 1F, G).

375

376  PITRM1” iPSC-derived cortical neurons show induction of mitochondrial
377  stress response and enhanced mitophagy

378  Mitochondrial stress response has been identified as a common signature in several
379 neurodegenerative as well primary mitochondrial diseases '°*°. Thus, we examined
380 the expression levels of genes involved in mitochondrial unfolded protein response
381 (UPR™) and, more generally, in the mitochondrial integrated stress response
382 pathway (mtISR). PITRM1” iPSC-derived cortical neurons exhibited a significant
383 induction of UPR™/mtISR transcripts (ATF4, DDIT3, HSP60, HSPA9, ERO1) (Fig.
384 2A). Moreover, gene expression of the mitochondrial proteases, LONP1 and CLPP,
385  was significantly upregulated in PITRM1” neurons compared to controls (Fig. 2A). In
386 line with gene expression data, we found an increase in protein expression of the
387 chaperones HSPA9 and HSP60, and the mitochondrial protease LONP1 (Fig. 2B).
388 These data indicate that the accumulation of MTS, due to PITRM1 deficiency, leads
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389 to a strong upregulation of the ISR pathway. Since, the ISR has been shown to
390 activate autophagy * %, we assessed the autophagosome content by
391 immunostaining for endogenous light chain type 3 protein (LC3), a marker of
392 autophagosomes. Our analysis revealed a significant decrease of LC3-positive
393  vesicles in PITRM1” neurons compared to isogenic PITRM1** neurons (Fig. 2C, D).
394  These results were confirmed by Western blot, showing decreased basal levels of
395  LC3-ll in PITRM1™ neurons (Fig. 2E). However, inhibition of lysosomal degradation
396 by leupeptin and ammonium chloride revealed that the autophagic flux was
397  significantly increased in PITRM1” neurons, thus confirming autophagy activation
398 (Fig. 2E, F). To assess whether the observed increase in autophagic flux leads to an
399 enhanced turnover rate of mitochondria by autophagy, we purified mitochondria from
400 PITRM1"" and PITRM1" iPSC-derived cortical neurons. Immunoblotting of purified
401  mitochondria showed increased ubiquitination of PITRM1” neurons compared to
402  PITRM1"* neurons (Fig. 2G, H), suggesting their targeting to lysosomes and
403  increased mitochondrial clearance #. In line with these results, mitochondrial content
404 was lower in PITRM1" neurons, as shown by a reduced mitochondrial to nuclear
405 DNA ratio (Fig. 2I). Taken together, these results suggest that loss of PITRM1
406 function enhances mitochondrial clearance.

407

408 PITRM1" iPSC-derived neurons show accumulation of APP and increase in
409 extracellular AB peptides levels

410 To examine the impact of PITRM1 activity on AB pathology, we first assessed the
411 levels of APP by Western blot. APP protein levels were found significantly increased
412  in PITRM1” neurons compared to PITRM1"* neurons (Fig. 3A). Next, supernatant
413  from PITRM1*"* and PITRM1" cortical neurons was analyzed using the Meso Scale
414  Discovery immunoassay for human AB peptides. PITRM1” neurons showed
415  significantly higher levels of AB40 and AB42 peptides as well as an increased
416  AR42/Ap40 ratio compared to control samples (Fig. 3B). Remarkably, AR peptides
417  were not detected in mitochondrial extracts from PITRM1 deficient neurons. Next, we
418 explored the mechanisms that link loss of PITRM1 function with alteration of APP
419 metabolism. Since UPR™ may have an impact on ubiquitin-dependent protein

% we examined the levels of ubiquitinated proteins by Western blot. We

420  turnover
421  observed that PITRM1™ display increased levels of ubiquitinated proteins (Fig. 3C, D),
422  suggesting defects in cellular proteostasis.

423

424  PITRM1” cerebral organoids exhibit main features of AD pathology and

425 induction of mitochondrial stress response
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426  Despite APP accumulation and increased AB42/AB40 ratio, 2D iPSC-derived
427 neuronal cultures did not show AR aggregates nor tau pathology or overt cell death.
428  To further investigate the mechanisms of PITRM1 neurotoxicity in a model that better

+/+

429 resembles the human disease, we developed cerebral organoids from PITRM1™ and
430 PITRM1" iPSCs and cultured them over a broad time range (1-6 months). Cerebral
431  organoids derived from PITRM1"" and PITRM1" iPSCs displayed similar sizes and
432  cortical layering characteristics (Fig. 4A and Supplementary Fig. 2A). Next, we
433 examined whether PITRM1™ cerebral organoids develop AD-like neurodegenerative
434  features. Western blotting reveled increased APP levels and tau
435  hyperphosphorylation in 2-months old PITRM1” cerebral organoids (Fig. 4B-E).
436  Furthermore, immunoassay measurements showed a higher Ap40, Ap42 and
437  AP42/AB40 ratio in PITRM1” cerebral organoids compared to controls
438 (Supplementary Fig. 2B). Similarly, immunofluorescence staining showed increased
439  APP and phospho-tau levels in PITRM1” organoids compared to PITRM1” controls
440  starting at 2 months (Fig. 4F, G, 1). No further increase of APP levels or tau
441  hyperphosphorylation were observed at later time points (Supplementary Figure 2C).
442  Next, we stained 1-, 2-, and 6-month old PITRM1"* and PITRM1™ cerebral organoids,
443  for cleaved caspase-3. The number of cleaved caspase-3 positive cells in the
444  neuroepithelial layers was higher in PITRM1” cerebral organoids than controls,
445  starting at 2 months (Fig. 4H, | and Supplementary Fig. 2D), suggesting a higher
446  extent of cell death. No further increase of cell death was observed at later time
447  points (Supplementary Figure 2D). To analyze ubiquitin-dependent protein turnover,
448 an immunostaining against ubiquitinated proteins was performed. PITRM1™
449  organoids display increased levels of ubiquitinated proteins (Fig 4J, K). Thioflavin T
450 positive aggregates were detected in cerebral organoids generated from PITRM1™
451 iPSCs, indicating that protein deposits are organized into amyloid-like aggregates,
452  similar to the ones observed in AD plaques (Supplementary Fig. 2E). Next, we
453  examined the expression levels of genes involved in UPR™ in 2-month old PITRM1**
454 and PITRM1” cerebral organoids. PITRM1” cerebral organoids exhibited a
455  significant induction of UPR™ transcripts (ATF4, DDIT3, HSP60, HSPA9, ERO1)
456  (Fig.4L). Moreover, gene expression of the mitochondrial proteases, LONP1 and
457  CLPP, was significantly upregulated in PITRM1” cerebral organoids compared to
458 controls (Fig.4L).

459

460 Inhibition of UPR™ exacerbates AP proteotoxicity

24-27

461  Given that UPR™ can extend lifespan in a variety of organisms , we asked

462  whether the induction of UPR™ observed in PITRM1" cerebral organoids could act as

13


https://doi.org/10.1101/2020.01.27.919522

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.27.919522; this version posted January 27, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

463 a protective mechanism against defects of mitochondrial protein maturation and AR
464  proteotoxicity. To this end, cerebral organoids were treated daily with ISRIB, a global
465 ISR inhibitor . First, we examined APP levels and phospho-tau/tau ratio by
466  immunostaining. Consistent with a protective role of UPR™ in our model, ISRIB-
467  treated cerebral organoids showed higher APP and phospho-tau levels compared to
468  controls (Fig. 5A-C). Remarkably, the effect was similar in both PITRM1"* and
469  PITRM1™ organoids (Fig. 5A-C). In parallel, ISRIB treatment significantly increased
470 the APB42/AB40 ratio (Fig. 5D) in both PITRM1"”" and PITRM1” organoids.
471 Interestingly, ISRIB-treated cerebral organoids also showed an increase of
472  mitochondrial DNA, suggesting that inhibition of UPR™ leads to a decrease of
473  mitochondrial clearance (Fig. 5E).

474

475 Enhancing mitophagy via NAD+ precursors ameliorates AP proteotoxicity

476  Since defects in mitophagy have been shown to contribute to AD ?° and ISRIB-
477  treated cerebral organoids showed decreased mitochondrial clearance and
478 exacerbation of AD-like phenotypes, we investigated whether enhancing
479  mitochondrial clearance ameliorates AD-like phenotype in PITRM1-related
480 mitochondrial neurodegeneration. To this end, PITRM1"* and PITRM1" cerebral
481 organoids were treated with the NAD+ precursor nicotinamide mononucleotide
482  (NMN), which has been shown to ameliorate mitochondrial function and clearance *.
483  While NMN supplementation resulted in increased mtDNA/nDNA ratio in PITRM1**
484  organoids, a significant decrease of mitochondrial content was observed in PITRM1”-
485 organoids after treatment (Fig. 5F). These data suggest a differential role of NAD+
486 boosters in the physiological and pathological conditions, namely induction of
487 mitochondrial biogenesis in physiological condition and enhancement of
488  mitochondrial clearance in the disease condition. Furthermore, NMN treatment
489  significantly decreased the AB42/AB40 ratio and phospho-tau/tau levels in PITRM1™”
490 cerebral organoids as revealed by Meso Scale and Elisa measurements (Fig. 5G, H).
491

492  Discussion

493  Since the brain is the organ with the highest demand for energy, it comes as no
494  surprise that it also represents the major disease target, both in genetically driven
495  primary mitochondrial diseases, as well as in common age-related
496  neurodegenerative disorders. Despite this evidence, the causal link between
497  mitochondrial demise and neurodegeneration still remains elusive. We have recently

498 reported that pathogenic variants in the nuclear-encoded mitochondrial peptidase
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499  PITRM1 result in childhood-onset recessive cerebellar disease leading to a slowly
500 progressive syndrome, characterized by spinocerebellar ataxia, mild intellectual
501 disability, psychiatric manifestations, and cognitive decline #3. The clinical picture of
502 these patients is unusual for mitochondrial disease, with a very slow progression of
503  cognitive and psychiatric symptoms from childhood to their late sixties 2.

504 PITRM1" mice show a neurological phenotype with presence of AB positive plaques
505 in the neuropilum 2 However, due to the embryonic lethality of complete PITRM1",
506 the exact mechanisms of PITRML1 in brain function and disease could not be entirely
507 studied. To address these quetions, we have generated a novel human stem cell-
508 based model of loss of PITRM1 function that recapitulates several pathological
509 aspects of human PITRM1-related mitochondrial and adult onset neurodegenerative
510 diseases. Employing iPSC-derived cortical neurons, we found that loss of PITRM1
511 function leads to a strong induction of mitochondrial stress responses, enhanced
512  autophagic flux and mitochondrial clearance, as well as increased levels of APP, AR
513  peptides, and increased AB42/40 ratio. Several works have shown the uptake and
514  accumulation of AR within the mitochondria in post-mortem brains of AD patients as
515 well as in later stages of disease in APP transgenic mice 3" *2, Furthermore, in vitro
516 and yeast-based modeling has shown that loss of PITRM1 function results in the

517 incomplete degradation of AR in the mitochondria * 8

. Using sub-fractionation
518 methods coupled with a highly sensitive immunoassay, we were unable to detect AR
519 peptides in mitochondrial extracts from PITRM1 deficient cortical neurons. We
520 cannot exclude the accumulation of low amount of AR peptides within the
521 mitochondria, below the detection limit of this study. However, PITRM1” neurons did
522  not show an increase in mitochondrial ROS production or defects in oxidative
523  phosphorylation, which have been shown to be a direct effect of the accumulation of
524 AR within mitochondria ** 3. Our data suggests that MTS toxicity and mitochondrial
525 proteostasis imbalance alone can be the first event of the pathogenetic cascade in
526  PITRM1-related neurological syndrome. The mechanisms whereby PITRM1
527  dysfunction causes APP accumulation may involve proteasome saturation, in
528 response to mitochondrial protein misfolding. The ubiquitin proteasome system
529 (UPS) is also involved in the quality control of mitochondrial proteins, especially the
530  mitochondrial precursor proteins and proteins of the outer membrane *. Supporting
531 an overload of the UPS system, we detected an accumulation of ubiquitinated
532  proteins in PITRM1-deficient neurons and cerebral organoids. Based on these data,
533  we propose that mitochondrial proteotoxic stress, possibly due to the accumulation of

534 non-degraded MTS as a result of PITRM1 dysfunction and accumulation of
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535 unprocessed mitochondrial proteins, triggers a cytosolic response with overload and
536  saturation of the proteasome and defects in cytosolic protein degradation.

537

538 PITRML1 deficiency led to a strong induction of UPR™ in both 2D and brain organoids
539 model systems. UPR™ is a transcriptional response involving mitochondrial
540 chaperones and proteases activated by mitochondrial dysfunction and defects in

% The UPR™ is a key cellular quality control

541  mitochondrial protein folding
542  mechanism that promotes the maintenance of mitochondrial health and ensures
543  proper cellular functions ¥. Despite the evidence of UPR™ activation in the ageing

18 whether and how UPR™ contributes to neurodegenerative

544  and disease brain
545  processes is unclear. The UPR™ has been proposed to be a double edge sword,
546  with its chronic activation leading to detrimental consequences for cellular and

18, 38

547  organismal function A detrimental role of UPR™ has been demonstrated in

18. 38 However, mitochondrial stress

548 animal models of mitochondrial diseases
549  responses have been documented in AD and recent work has shown that enhancing
550 UPR™provides protections against AR proteotoxicity *”*%. In line with a beneficial role
551 of UPR™, PITRM1” cerebral organoids treated with ISRIB, an inhibitor of the ISR,
552 showed a significant increase of APP levels, increased AB42/AB40 ratio, and tau
553  hyperphosphorylation. Based on these data, we propose that PITRM1-related
554  induction of UPR™ is a protective mechanism against proteotoxic stress both at the
555  mitochondrial and cytosolic level. Importantly, our findings indicate that the
556  consequences of chronic mtISR upregulation may vary substantially among different
557  mitochondrial diseases and the underlying molecular defect should be carefully taken
558 into consideration for therapeutic decisions.

559  Even though UPR™ was activated in both 2D and 3D PITRM1 KO models, only
560 PITRM1 KO cerebral organoids displayed the typical abnormalities observed in the
561 brain of AD patients, including neuronal cell death, tau pathology, and accumulation
562  of protein aggregates, similar to AB plagues. On the contrary, despite APP
563  accumulation and increased AB42/AR40 ratio, we did not detect overt cell death, nor
564 AR aggregates or tau pathology in 2D iPSC-derived neuronal cultures. These
565 findings indicate that 3D systems provide a more relevant, compared to 2D, disease
566 model, advantageous in investigating the link between cellular proteostasis and
567 disease. Due to the prolonged culturing conditions, as well as the presence and
568 interaction among different cell types, including glial cells, 3D model systems may
569 promote the development of disease relevant phenotypes, such as protein
570  aggregation and neuronal death “°. In respect to the mechanisms, these data also

571  suggest that PITRM1 deficiency triggers compensatory quality control mechanisms
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572  both at the cytosolic and mitochondrial level (i.e. induction of UPR™ and
573  autophagy/mitophagy) that ensure the maintenance of cellular proteostasis. However,
574  over time, these mechanisms may be not sufficient to protect neuronal cells against
575  mitochondrial proteotoxicity, as observed in long-term culture cerebral organoids.
576

577  Several findings, including the induction of autophagic flux, decreased mtDNA levels,
578 and increase of mitochondrial protein ubiquitination suggest that PITRM1 deficiency
579 leads to increased mitochondrial clearance. It is known that defects in PITRM1
580 activity lead to impaired MTS processing and accumulation of MTS and precursor
581 proteins that have a toxic effect on mitochondria. In line with this evidence, we report
582 that PITRM1” neurons show defects in the maturation of the human frataxin
583  precursor and decreased mitochondrial membrane potential. Enhanced mitophagy
584  could be triggered by mitochondrial depolarization in response to MTS accumulation
585  within mitochondria. Furthermore, UPR™, and in general the ISR, activates the
586 autophagic pathway %% ?'. Interestingly, inhibition of ISR, resulted in an increase in
587 mtDNA suggesting that the activation of UPR™ is linked to the enhanced
588  mitochondrial clearance in our model.

589

590 Interestingly, mitochondrial stress response and mitophagy transcripts have been
591 found to be upregulated in mild cognitive impairment as well as in mild and moderate
592  AD patients, whereas defective mitophagy may play a role in the disease progression

29, 41

593 at later stages . Fang et al have recently shown that the enhancement of

594  mitophagy is able to rescue AD-related pathology in different AD model systems 2°.
595 In line with this finding, we show that stimulating mitophagy with NMN, a NAD+
596  booster, significantly improves mitochondrial clearance, with a reduction of
597  APR42/AB40 ratio and tau hyperphosphorylation. On the contrary, inhibition of UPR™
598 with ISRIB led to decreased mitochondrial clearance and aggravation of A and tau
599 pathology. Thus, our data suggest a protective role of mitophagy against
600  mitochondrial proteotoxicity induced by PITRM1 deficiency. Interestingly, NMN-
601 related induction of mitophagy was evident only in PITRM1” cerebral organoids,

+/+

602  while induction of mitochondrial biogenesis was detected in PITRM1™" organoids
603  upon treatment.

604

605 In conclusion, we report a novel cellular model of human PITRM1 deficiency that
606 recapitulates several fundamental pathological aspects of PITRM1-related
607  mitochondrial disease. Using human iPSC-derived cortical neurons and cerebral

608 organoids, we show that loss of PITRM1 function leads to pathological features
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609 similar to the ones observed in AD, namely protein aggregation, tau
610  hyperphosphorylation, and neuronal death. We report that PITRM1 deficiency
611 induces impairment of mitochondrial proteostasis and activation of UPR™ that
612  activates cytosolic quality control pathways, such as the UPS and autophagy. The
613 overload of the UPS causes, on the long run, a reduced capacity of degrading
614  cytosolic proteins leading to APP accumulation, increased level of AP species,
615 increased AB42/40 ratio, and extracellular protein aggregation. Furthermore, we
616  show that, similar to what has been described in AD, enhancing UPR™ and
617 mitophagy ameliorates neuropathological features in primary mitochondrial disease-
618 related neurodegeneration. Importantly, although PITRM1 mutations are relatively
619 rare, the disease mechanisms described in the present study may apply to both
620  primary mitochondrial diseases and more common adult-onset neurological diseases.
621 Thus, our data support a mechanistic link between primary mitochondrial disorders
622  and common neurodegenerative proteinopathies.

623

624 Figure legend.

625  Figure 1. Mitochondrial dysfunction in PITRM1”iPSC-derived cortical neurons.
626  Control PITRM1** (WT) and isogenic PITRM1” (KO) iPSCs were differentiated into
627  cortical neurons. (A) Immunostaining of indicated differentiated iPSC cultures at day
628 in vitro 35. Cells were stained for TBR1 (green) and B-lll Tubulin (B-TUBIII, red).
629  Nuclei were counterstained with DAPI (blue). Scale bars, 50 um. (B) Representative
630  western blot for PITRM1, showing absence of PITRM1 in human PITRM1" iPSC-
631 derived cortical neurons. (C) Mitochondrial membrane potential in isogenic
632 PITRM1”" and PITRM1” iPSC-derived neurons, as determined by a
633 tetramethylrhodamine methyl ester (TMRM) assay and flow cytometry analysis. Data
634  are expressed as percentage of TMRM positive cells (mean + SEM; * p<0.05, two-
635 tailed t test, n=4). (D) Mitochondrial reactive oxidative species level as analyzed by
636  MitoSOX labeling in isogenic PITRM1"* and PITRM1” iPSC-derived neurons (mean
637  + SEM, n=5). (E) Oxygen consumption rate (OCR) of PITRM1"* and PITRM1” iPSC-
638  derived neurons. Data are normalized to protein content (mean + SD, n=6). (F, G)
639  Western blot analysis of OXPHOS complex protein levels in PITRM1** and PITRM1°

640 " iPSC-derived neurons. Representative blot is shown in (F) and the quantification is
641 shownin (G) (mean + SEM; * p<0.05, two-tailed t test, n=4).
642

643  Figure 2. PITRM1” iPSC-derived neurons show induction of UPR™ and

644 enhanced mitophagy. (A) Gene expression levels of mitochondrial stress response
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645 genes in PITRM1"" and PITRM1” iPSC-derived cortical neurons (mean + SEM; **
646  p<0.01, * p<0.05, two-tailed t test, n=5). (B) Representative Western blots of the
647  mitochondrial chaperones HSPA9, HSP60 and the mitochondrial protease LONP1 in
648 PITRM1" and PITRM1” iPSC-derived cortical neurons. (C) Immunostaining of
649  PITRM1"* and PITRM1"iPSC-derived cortical neurons for LC3 (green) and B-TUBIII
650  (red). Nuclei were counterstained with DAPI (blue). Scale bars, 10 um. (D) Number
651  of LC3-positive vesicles per B-TUBIII positive cell relative to control neurons (mean +
652 SEM; ** p<0.001, two-tailed t test, n=3). (E) Western blot analysis for LC3 in
653 PITRM1™ and PITRM1” iPSC-derived neuronal cultures, untreated (=) or treated
654  with 20000uM leupeptin and 2000mM NH,CI for 4Ch (+). (F) Quantification of LC3 flux
655 normalized to WT (mean + SEM; * p<0.05, two-tailed t test, n=4). (G) Representative
656  Western blot of isolated mitochondria from PITRM1** and PITRM1” iPSC-derived
657 neurons with an antibody for ubiquitination and VDAC as loading control. (H)
658  Quantification of mitochondrial protein ubiquitination levels in PITRM1** and
659 PITRM1” iPSC-derived neurons (mean + SEM; ** p<0.01, two-tailed t test, n=3). (I)
660 mtDNA content was measured as mitochondrial (16S) to nuclear (RPLP0O) DNA ratio
661 by gRT-PCR (mean + SEM; * p<0.05, two-tailed t test, n=3).

662

663 Figure 3. PITRM1” iPSC-derived neurons show accumulation of APP and
664 increased levels of AR peptides. (A) Representative Western blots of APP in
665 PITRM1" and PITRM1™” iPSC-derived cortical neurons. Quantification of APP levels
666  normalized to loading control (mean + SEM; * p<0.05, two-tailed t test, n=5). (B)
667  Quantification of AR species and AB42/AB40 ratio in the supernatant of PITRM1**
668 and PITRM1" iPSC-derived cortical neurons at day in vitro 35, as performed by
669 Meso Scale immunoassay (mean + SEM; ** p<0.01, *** p<0.001, two-tailed t test,
670 n=4). (C) Representative Western blot of PITRM1"* and PITRM1” iPSC-derived
671 neurons of total ubiquitinated proteins levels. (D) Quantification of protein
672  ubiquitination level in PITRM1** and PITRM1”" iPSC-derived neurons (mean + SEM;
673  *p<0.05, two-tailed t test, n=4).

674

675 Figure 4. PITRM1” cerebral organoids display main pathological features of AD
676  pathology and induction of mitochondrial stress response. (A) Generation and
677  characterization of cerebral organoids from PITRM1"* and PITRM1” iPSCs.
678 Immunostaining for B-TUBIII (green), TBR1 (red), and CTIP2 (red) of 2-month old
679  cerebral organoids. Cell nuclei were counterstained with DAPI (blue). Scale bar,
680  100um. (B) Western blot of APP in 2-month old PITRM1** and PITRM1™ cerebral

681 organoids. (C) Quantification of APP protein levels in cerebral organoids (mean +
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682  SEM; * p<0.05, two-tailed t test, n=5). (D) Representative Western blot of phospho-
683  tau (p-tau) and total tau in PITRM1"* and PITRM1" cerebral organoids; total tau and
684  B-Actin were used as loading controls. (E) Quantification of phospho-tau protein
685 levels in cerebral organoids relative to loading control total tau/B-Actin (mean + SEM;
686 * p<0.05, two-tailed t test, n=5). (F, G) MAP2 (green), APP (red, left panel), and
687  phospho-tau (red, right panel) immunostaining in cerebral organoids. Representative
688 confocal images are shown. Cell nuclei were counterstained with DAPI (blue). Scale
689 bars, 100 um. (H) Immunostaining for B-TUBIII (green) and cleaved Caspase 3
690  (cCASP3, red) in PITRM1"" and PITRM1" 2-month old cerebral organoids. Cell
691 nuclei were counterstained with DAPI (blue). Scale bar, 100um. (I) Quantification of
692  APP, phospho-tau fluorescent intensity and analysis of the ratio of cCASP3 positive
693 cells relative to the total number cells, measured by DAPI staining, in 2-month old
694  cerebral organoids (mean + SEM; * p<0.05, *** p<0.001, two-tailed t test, n=3-4). (J)
695 MAP2 (green) and Ubiquitin (red) immunostaining in cerebral organoids.
696 Representative confocal images are shown. Cell nuclei were counterstained with
697  DAPI (blue). Scale bars, 100 um. (K) Quantification of Ubiquitin fluorescent intensity
698 (mean + SEM; *** p<0.001, two-tailed t test, n=3). (L) Gene expression levels of
** and PITRM1" cerebral organoids
700  (mean + SEM; * p<0.05, ** p<0.01, two-tailed t test, n=5).

701

702  Figure 5. UPR™ and mitophagy exert a protective role in PTRM1” cerebral
703  organoids. PITRM1"* and PITRM1" cerebral organoids were treated with 500 nM
704  ISRIB or vehicle. (A, B) MAP2 (green), APP (red, in A), and phospho-tau (red, in B)
705  immunostaining in PITRM1*"* and PITRM1™ cerebral organoids treated with ISRIB or

699  mitochondrial stress response genes in PITRM1

706  vehicle. Representative confocal images are shown. Cell nuclei were counterstained
707  with DAPI (blue). Scale bars, 100 um. (C) Quantification of APP and phospho-tau
708 fluorescent intensity (mean + SEM; *** p<0.001, ** p<0.01, * p<0.05, two-tailed t test,
709  n=3-4). (D) Quantification of AR species in supernatant of PITRM1** and PITRM1"
710  cerebral organoids treated with ISRIB or vehicle, as measured by Meso Scale
711 immunoassay (mean + SD; ** p<0.01, *p<0.05, two-tailed t test, n=5). (E) mtDNA
** and PITRM1™ cerebral organoids treated with
713  ISRIB or vehicle as mitochondrial (16S) to nuclear (RPLPO) DNA ratio by gRT-PCR

714  (mean + SD; * p<0.05, two-tailed t test, n=3). (F-H) PITRM1"* and PITRM1" cerebral

712 content was measured in PITRM1

715 organoids were treated with 500 uM NMN or vehicle. (F) mtDNA content was
716  measured as mitochondrial (16S) to nuclear (RPLPO) DNA ratio by gqRT-PCR (mean
717  + SEM; *** p<0.001, * p<0.05 two-tailed t test, n=3). (G) AR1-42/AB1-40 ratio in
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718  cerebral organoids measured by Meso Scale immunoassay (mean + SEM; * p<0.05,
719  two-tailed t test, n=3). (H) ELISA assay measuring the levels of total and phospho-
720  tau levels in cerebral organoid homogenates. Protein concentration was measured
721 by BCA and equal amounts of total protein were used (mean + SEM; * p<0.05, ***
722 p<0.001, two-tailed t test, n=3).
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