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Hosp et al. Figure S1 (Related to Figure 1A)
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Hosp et al. Figure S2 (Related to Figure 1B+C)
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Hosp et al. Figure S3 (Related to Figure 1D)
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# | Neurodegenerative disease Gene Name Variant median R
1 | Alzheimer's disease (AD) APP Amyloid beta A4 protein wild-type 0.47
2 K670N/M671L

3 PSEN1 | Presenilin-1 wild-type 0.94
4 A431E

5 | Huntington's disease (HD) HTT Huntingtin (N-term 506 aa)| wild-type Q23

6 mutant Q145 0.96
7 Huntingtin (Exonl) wild-type Q23

8 mutant Q79 0.92
9 | Parkinson's disease (PD) PARK2 | Parkin wild-type

10 Q329Stop 0.94
11 | Spinocerebellar ataxia type 1 (SCA1) | ATXN1 | Ataxin-1 wild-type Q30 0.75
12 mutant Q82
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Hosp et al. Figure S4 (Related to Figure 1D)
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Hosp et al. Figure S5 (Related to Figure 2)
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Hosp et al. Figure S6 (Related to Figure 4B)
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Hosp et al. Figure S7 (Related to Figure 5C)
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Supplemental Experimental Procedures

Plasmids

For mammalian protein expression, wild-type and disease-associated variants of selected bait
proteins were cloned into pcDNA5/FRT/TO_1xN-term_c-Myc overexpression vectors using the
GATEWAY system (Invitrogen).

Cell culture and SILAC

HEK293T (System Biosciences) and SH-SYSY (kind gift from the Erich Wanker lab, MDC
Berlin) were cultivated at 37°C with 5% CO2 and split every second or third day. SILAC media
were essentially prepared as described (Paul et al., 2011). Briefly, we used Dulbecco’s Modified
Eagle Medium (DMEM) Glutamax lacking arginine and lysine (custom preparation from Gibco)
supplemented with 10% (HEK293T) or 20% (SH-SY5Y) dialyzed fetal bovine serum (dFBS,
Gibco). To prepare ‘heavy’ (H) SILAC media we added 28 mg/l "*C¢'°N, L-arginine and 49 mg/I
3C6'°N, L-lysine. Labeled amino acids were purchased from Sigma Isotec. ‘Light' (L) SILAC
medium was prepared by adding the corresponding non-labeled amino acids (Sigma). Transient
transfections were performed using linear polyethylenimine (Sigma with 15 pg plasmid DNA and
30 ug PEI per 2107 cells. Twenty-four hours after transfection, cells were washed once in ice-
cold PBS and lysed by scratching in RIPA buffer (50 mM Tris-HCI pH 7.4, 150 mM NaCl, 1 mM
EDTA, 1% Triton X-100, 1% Na-Deoxycholate, 0.1% SDS) supplemented with complete
protease inhibitor (Roche) and 1% Benzonase (Merck). After incubation on ice for 30 min, cell
debris was cleared by centrifugation at 13,000 g for 10 min.

Drosophila models and genetic screen

Flies were raised and maintained at 25°C on standard food. Crossbreeding of adult Drosophila
melanogaster were conducted at 25°C. GMR-GAL4 control and UAS-ATXN1-82 disease strains
were recombined in order to generate the screening stock for the polyQ modifier screen
(GMR>ATXN1-Q82). GMR-ATXN1-Q82 virgins were crossed to males carrying UAS-RNAI
constructs, purchased from the Vienna Drosophila RNAi Centre (VDRC) considering known or
predicted human homologues to the fly genes (Homologene build64). F1 females
(GMR>ATXN1-Q82) in combination with the respective UAS-RNAI expression) were selected
for REP evaluation 1-5 days post eclosion. For assessment of REP modulation, at least five
female flies were analyzed for changes in the severity of eye degeneration. RNAi lines
exhibiting such effects in the GMR-GAL4 control flies were excluded from subsequent
experiments due to impact unconnected to expression of elongated polyQ. Candidate lines were
tested for polyQ specificity by rescreening with Tau[R406W] screening stock. Drosophila
compound eyes were pictured using an Olympus zoom stereo microscope at 6.3x magnification
and Cell A software.



Pull-down experiments

Immunoprecipitations of c-myc-tagged bait proteins were performed using the yMACS c-myc
Isolation Kit (Miltenyi Biotec) according to the manufacturer’s instructions. Cell lysates with
overexpressed c-myc::bait fusion proteins from 2x10” HEK293T cells were incubated with 75 pl
of anti-c-myc yMACS beads for 60 min on ice. Next, the beads were transferred to a y(MACS M
column placed in the magnetic field of the OctoMACS separator. The beads on the column were
washed three times with RIPA buffer and once with wash buffer 2 that is part of the Miltenyi
MMACS kit. Proteins bound to the beads were eluted by applying three times 100 pl elution
buffer (100 mM glycine pH 2.5). The collected protein eluates were combined in a fresh 2 ml
Eppendorf tube and set to ethanol precipitation and subsequent in-solution digestion followed by
LC-MS/MS analysis.

Co-immunoprecipitations of endogenous proteins were performed by crosslinking specific anti-
bait antibodies to NHS-activated Sepharose. Next, the antibody-coupled NHS-Sepharose was
quenched by 0.2 M ethanolamine pH 8.0, washed with alternate pH washing buffers (0.1 M
acetate, 0.5 M NaCl pH 5; 0.1 M acetate, 0.5 M NaCl pH 5), equilibrated in lysis buffer and
incubated with SH-SY5Y or whole mouse brain lysate on a spinning wheel overnight at 4°C.
Unspecific binders were removed by washing (20 mM Tris pH 7.6, 300 mM NaCl, 5 mM MgCl,)
and bound proteins were eluted by boiling in SDS loading buffer and subsequently analyzed by
Western blotting. Antibodies used: APP (B-4), ATXN1 (L-19), c-myc (9E10), DHCR24 (H-300),
LRPPRC (H-300), PSEN1 (N-19), RPN1 (E-7), SKP1 (H-6), SIGMAR1 (L-20), TBL1XR1 (L-08).

Mitochondrial activity tests

Mitochondria were isolated from 10%-10° HEK293T cells using the Mitochondria Isolation kit
(Miltenyi Biotec) according to the manufacturer’s instructions. Mitochondrial activity was then
assessed by determining the mitochondrial aconitase activity (Aconitase Acitvity Assay Kit,
Merck) according to the manufacturer's instructions. Values were normalized to the
mitochondrial protein concentration.

Quantitative RT-PCR

Expression changes at the transcript level were analyzed by qRT-PCR (quantitative reverse
transcription polymerase chain reaction). Total RNA from cells was isolated using the miRNeasy
kit (Qiagen) according to the manufacturer’s protocol. RNA concentration was measured using a
NanoDrop system (Thermo Scientific, Wilmington, DE, USA). Reverse transcription was
performed using 2.2 pg total RNA. After DNasel (Invitrogen) digestion for 15 minutes at 25°C,
the sample was split in 2x20 ul reactions and one of them was reversed transcribed using
SuperScript lll (Invitrogen) and an oligo-dT18 primer for 1 hour at 50°C. For quantitative PCR,
the 2x SYBR green PCR Mastermix (Applied Biosciences, Carlsbad, CA, USA) was used in a
20 pl reaction with 400 nM of each primer and 0.4 ul of the RT reaction. The amplification was
measured and quantified using the StepOne system from applied biosciences using relative
quantification for all primer pairs. Used primers: COX1 (for:
CAGCAGTCCTACTTCTCCTATCTCT; rev: GGGTCGAAGAAGGTGGTGTT), LRPPRC (for:



GAAGATGCCTTGAACTTGAAAGA; rev: GCCTACATACTTGCCGGTGT), Vinculin (for:
CTCGTCCGGGTTGGAAAAGAG; rev: AGTAAGGGTCTGACTGAAGCAT).

Proximity ligation assay (PLA)

PLA was carried out with HEK293T or SH-SY5Y cells according to the manufacturer’s
instructions (Olink Bioscience, Uppsala, Sweden). Data acquisition was done on a Leica TCS
SP5 with 40x magnification and 3x zoom. Antibodies/siRNA used: APP (B-4), LRPPRC (H-300),
NONO (H-85); SFPQ (39-1), siLRPPRC (sc-44734).

Immunohistochemistry

The Swedish AD brain tissue was provided by Uppsala University brain bank. The specimens
were obtained at routine autopsies of AD patients and age-matched controls with informed
written consent from their families. The study had been approved by the Regional Ethical
Committee in Uppsala, Sweden (2005-103; 2005-2006-29 and 2009-089; 2009-04-22), Ethical
Committee of Helsinki University and conducted according to the ethical guidelines. One female
AD patient from a Swedish family with confirmed APP 670/671 mutation (Mullan et al., 1992)
and one aged-matched male control (died from a cardiac failure, two smaller cystic infarcts
discovered in thalamus upon autopsy) were included in the study. The Swedish patient died at
61 years after three years of disease duration (Braak stage V-VI), while a healthy control at 63
years of age. The clinical symptoms of Swedish AD included patient memory failure,
disorientation and dyspraxia. The brains were routinely fixed in buffered 4% formaldehyde,
within twelve hours post mortem and widely sampled for embedding in paraffin. For comparative
assessment of LRPPRC and APP expression levels in the brain, we utilized fresh frozen frontal
and occipital lobe brain cortex samples from the same individuals. For immunohistochemistry on
formalin-fixed paraffin embedded brain tissues, the well- characterized monoclonal and
polyclonal antibodies against APP, Abeta and LRPPRC were used (see table below). After pre-
treatment relevant for each antigen, the brain cortex tissue sections were incubated with the
primary antibodies overnight at +4°C, followed by incubation with relevant secondary antibodies
and visualization using the avidin-biotin-peroxidase method with 3,3'-diaminobenzidine and
H.O, (VECTASTAIN®ABC Reagent, Vector Laboratories, Peterborough, UK). The tissue
sections were routinely counterstained with hematoxylin as described (Philipson et al., 2012).
Negative controls included omission of primary and secondary antibodies.

Antibody Epitope/Target | Application/pretreatment Manufacturer
mAb 4G38 AB17-24 IHC (FA), 1:500-1:1,000 Covance, #S1G-39220
pAb ARPP residues IHC (Citrate), 1:200 Cell Signalling Technology,
surrounding #2452S
Thr668 of human | WB, 1:1,000 in 5% BSA-TBS-
ABPPgss T, ON.
mAb LRPPRC C-terminus of IHC (Citrate), 1:200 LRP130 (G-10), Santa Cruz




LRPPRC WB, 1:1,000 in 3% BSA-TBS- Biotechnology, Inc., #sc-
(residues 974- T, ON 166177
1273)
pAb LRPPRC C-terminus of IHC (Citrate or Citrate/FA), LRP130, Santa Cruz
LRPPRC 1:200 Biotechnology, Inc., #sc-66844
(residues 974-
1273) WB, 1:2,000 1:1,000 in 3%
BSA-TBS-T, ON
mAb B-actin cytoplasmic p- WB, 1:1,000 1:1,000 in 3% AC-15, Santa Cruz
actin BSA-TBS-T, ON Biotechnology, Inc., #sc-69879

Abbreviations: mAb = mouse monoclonal antibody; pAb = rabbit polyclonal antibody; IHC-
immunohistochemistry; WB- Western blotting; FA- formic acid (70%, 20 minutes), Citrate- 30
minutes of hydrated autoclaving in 10 mM citric acid, 0.05% Tween 20, pH 6.0, Citrate/FA- Citric
acid followed by formic acid pretreatment; BSA- bovine serum albumin; TBS-T- Tris buffered
saline/0.1% Tween 20. ON- overnight.

LC-MS/MS analysis
Protein precipitation and in-solution digest

Eluted proteins from the immunoprecipitation were ethanol precipitated overnight at 4°C and
centrifuged the next day with 20,000 g at 4°C for 20 min. The supernatant was carefully
removed and the protein pellet was air dried. Precipitated proteins were processed essentially
as described (Shevchenko et al., 2006). Lysyl endopeptidase (LysC) (Wako, Osaka, Japan) and
sequence-grade modified Trypsin (Promega, Madison, WI, USA) was used for in-solution
digestion. Stop and go extraction (STAGE) tips containing C4g empore disks (3M, Minneapolis,
MN, USA) were used to purify and store peptide extracts (Rappsilber et al., 2003).

LC-MS/MS settings

For a single measurement, 5 ul of peptide mixture was injected by an autosampler (LC PAL;
CTC Analytics, Zwingen, Switzerland) onto a 15 cm silica microcolumn (inner diameter: 75 pm)
packed in-house with ReproSil-Pur C18-AQ 3-uym resin (Dr. Maisch GmbH, Ammerbuch,
Germany). Peptides were eluted by an Eksigent NanoLC-1D Plus liquid chromatography system
(Eksigent, Dublin, CA, USA) on a 8-60% acetonitrile gradient (200 min) with 0.5% acetic acid at
a nanoflow rate of 200 nl/min. Eluted peptides were sprayed via an electrospray ion source
(Proxeon, Odense, Denmark) into an LTQ-Orbitrap or LTQ-Orbitrap XL hybrid mass
spectrometer (Thermo Scientific, Bremen, Germany). Data dependent mode was used for the
LTQ-Orbitrap instrument. For one scan cycle, one precursor ion scan was performed in the
Orbitrap (m/z range = 300-1,700; R = 60,000; target value = 10°), followed by five most intense
ions selected for fragmentation by collision induced dissociation (target value: 3,000;
monoisotopic precursor selection enabled; wideband activation enabled) and MS/MS scans in



the LTQ (linear trap quadrupole) part of the machine. lons were rejected if their charge state
was unassigned or if they were singly charged. The dynamic exclusion duration for precursor
ions selected for MS/MS scans was set to 60 s.

Whole proteome experiments were measured on LTQ-Orbitrap Velos systems. For this
purpose, peptide mixtures were separated by reversed phase chromatography using the EASY-
nLC system (Thermo Scientific) on in-house manufactured 20 cm fritless silica microcolumns
with an inner diameter of 75 ym. Columns were packed with ReproSil-Pur C18-AQ 3 um resin
(Dr. Maisch GmbH). Peptides were separated on a 5-60% acetonitrile gradient (124 min) with
0.5% formic acid at a nanoflow rate of 200 nl/min. Eluting peptides were directly ionized by
electrospray ionization and transferred into a Q Exactive mass spectrometer (Thermo
Scientific). Mass spectrometry was performed in the data dependent positive mode with one full
scan (m/z range = 300-1,700; R = 60,000; target value = 10°). The 20 most intense ions with a
charge state greater than one were selected for fragmentation by collision induced dissociation
(target value = 5,000 monoisotopic; precursor selection enabled; wideband activation enabled)
and MS/MS scans in the LTQ. Dynamic exclusion for selected precursor ions was set to 60 s.

Data analysis
MaxQuant settings

The generated raw files from the immunoprecipitation experiments, containing the acquired MS
and MS/MS spectra, were processed using the MaxQuant platform version 1.0.13.13 (Cox and
Mann, 2008; Cox et al., 2009). SILAC pairs were assembled from detected isotope patterns,
recalibrated and quantified in the Quant module (heavy labels: Lys-8; maximum of 3 labeled
amino acids per peptide; maximum peptide charge of 6; top 6 MS/MS peaks per 100 Da;
polymer detection enabled). The derived peak lists were searched using the MASCOT search
engine (version 2.2, MatrixScience, Boston, MA, USA) against an in-house concatenated target-
decoy database (Nesvizhskii and Aebersold, 2005) combining forward and reversed protein
sequences from the Homo sapiens IPl protein database (release 3.64) and 31 common
contaminants. LysC specificity, cleaving peptide bonds at the C-terminal side of lysine residues,
was required. Carbamidomethylation of cysteine was used as fixed modification; oxidation of
methionine and acetylation of the protein N-terminus were set as variable modifications. A
maximum of 2 missed cleavages were allowed, and the mass tolerance for fragment ions was
set at 0.5 Da. In the Identify module, the MASCOT-generated results were further filtered. For
protein identification, a minimum peptide length of 6 amino acids was required. At least one
peptide was required to be a unique peptide in a protein group, and a minimum peptide count
required for a protein group was set to one. Maximum false discovery rate was set at 1% for
both peptide and protein identifications, estimated based on the reverse hits matched in the
target-decoy database. Protein quantification was based on unique peptides and non-unique
peptides assigned to the protein group with highest number of peptides (razor peptides). At
least one peptide SILAC ratio count was required for quantification of a protein group.
Reproducibility analysis experiments were based on MaxQuant version 1.5.1.6.



Raw files derived from whole proteome experiments were processed using MaxQuant version
1.2.2.5. Here, MS/MS spectra were searched by the internal Andromeda (Cox et al., 2011b)
search engine against the decoy Homo sapiens IPI protein database (release 3.84) containing
forward and reverse sequences. Additionally the database included 248 common contaminants.
MaxQuant analysis included an initial search with a precursor mass tolerance of 20 ppm the
results of which were used for mass recalibration (Cox et al., 2011a). In the main Andromeda
search precursor mass and fragment mass had an initial mass tolerance of 6 ppm and 20 ppm,
respectively. The search included variable modifications of methionine oxidation and N-terminal
acetylation, and fixed modification of carbamidomethyl cysteine. Minimal peptide length was set
to six amino acids and a maximum of two miscleavages was allowed. The false discovery rate
(FDR) was set to 0.01 for peptide and protein identifications. In the case of identified peptides
that are all shared between two proteins, these are combined and reported as one protein

group.

Protein quantification was based on unique peptides and non-unique peptides assigned to the
protein group with highest number of peptides (razor peptides). At least one peptide SILAC ratio
count was required for quantification of a protein group. Protein tables were filtered to eliminate
identifications from the reverse database and common contaminants. Proteins were considered
as interactors when they were enriched at least twofold (i.e. mean log2 fold change = 1) and
showed inverted ratio in the reverse experiment (i.e. log2FC > 0 in forward and log2FC < 0 in
reverse experiment) compared to the empty vector controls. Preferential interaction partners of
the wt or the disease associated variants had to pass three criteria. First, they had to be
identified as specific interaction partners in the experiments with empty vector control (see
above). Second, they were required to show a mean log2FC of at least 0.5 in the direct
comparisons of the wt and disease-associated variant. Third, they were required to show
inverted ratios in the label swap experiments (log2FC > 0 in forward and log2FC < 0 in reverse
experiment or vice versa). As an exception, proteins that showed infinite SILAC ratios (isotope
cluster detection in only one SILAC channel) were also considered as interaction partners. Out
of 453 identified interactors, 20 proteins showed infinite ratios in particular experiments. For
whole proteome experiments ratios were normalized to the median of all SILAC ratios.

Cluster analysis of gene ontology (GO) terms

In order to test whether identified PPIs are enriched for certain Gene Ontology (GO) terms, an
enrichment analysis was performed using the online DAVID bioinformatics resource
(http://david.abcc.ncifcrf.gov/) (Huang da et al., 2009). Calculation of over-represented GO
terms was done by comparing the entire list of identified PPIs per bait proteins to the
background, i.e. all human proteins. Significant count threshold was set at 1 and the EASE
score (modified Fisher's exact test probability) cutoff was set to be 1. Terms with a p-value
<0.01 were selected, log- and z-transformed, hierarchically clustered and plotted as heatmap
using in-house Perl and R scripts.



Statistical analysis

Statistical data analysis was done using the R project for Statistical Computing (Version 2.12.1,
R Foundation for Statistical Computing, Vienna, Austria) or GraphPad Prism 5.0 (GraphPad
Software, San Diego, CA, USA).

Network visualization

Interaction data was loaded to Biolayout 3D Express (version 2.0, open source software, The
Roslin Institute, University of Edinburgh, UK) and then edited using standard settings
(Theocharidis et al., 2009).

GWAS

Cohort data was acquired from two large genome wide association studies (GWAS) with
753/736 cases/controls (GenADA; (Filippini et al., 2009; Li et al., 2008)) and 3,941/7,848
cases/controls (GERAD; (Harold et al., 2009)). Genomic coordinates of all genes were obtained
from BioMart (Ensembl release 54). SNP coordinates (NCBI36 assembly) and association
summary statistics of the GenADA study were obtained from dbGAP (accession number
phs000219v1). The same data structure for the GERAD study was kindly provided by the
Genetic and Environmental Risk for Alzheimer’s disease (GERAD1) Consortium (Harold et al.,
2009). The GERAD1 sample included 3333 cases and 1225 elderly screened controls
genotyped at the Sanger Institute on the lllumina 610-quad chip, referred to collectively
hereafter as the 610 group. These samples were recruited by the Medical Research Council
(MRC) Genetic Resource for AD (Cardiff University; Kings College London; Cambridge
University; Trinity College Dublin), the Alzheimer's Research UK (ARUK) Collaboration
(University of Nottingham; University of Manchester; University of Southampton; University of
Bristol; Queen’s University Belfast; the Oxford Project to Investigate Memory and Ageing
(OPTIMA), Oxford University); Washington University, St Louis, United States; MRC PRION
Unit, University College London; London and the South East Region AD project (LASER-AD),
University College London; Competence Network of Dementia (CND) and Department of
Psychiatry, University of Bonn, Germany and the National Institute of Mental Health (NIMH) AD
Genetics Initiative. These data were combined with data from 608 AD cases and 853 elderly
screened controls ascertained by the Mayo Clinic, Jacksonville, Florida; Mayo Clinic, Rochester,
Minnesota; and the Mayo Brain Bank, which were genotyped using the lllumina HumanHap300
BeadChip. These samples were used in a previous GWAS of AD (Carrasquillo et al., 2009). All
AD cases met criteria for either probable (NINCDS-ADRDA (McKhann et al., 1984), DSM-IV) or
definite (CERAD) (Mirra et al., 1991) AD. All elderly controls were screened for dementia using
the MMSE or ADAS-cog, were determined to be free from dementia at neuropathological
examination or had a Braak score of 2.5 or lower. A total of 5770 population controls were
included in GERAD GWAS including the 1958 British Birth Cohort (1958BC)
(http://www.b58cgene.sgul.ac.uk), NINDS funded neurogenetics collection at Coriell Cell
Repositories (Coriell) (see http://ccr.coriell.org/), the KORA F4 Study (Wickham et al., 2002),
Heinz Nixdorf Recall Study (Schmermund et al., 2002) and ALS Controls. The ALS Controls



were genotyped using the Illlumina HumanHap300 BeadChip. All other population controls were
genotyped using the lllumina HumanHap550 Beadchip.

For each bait protein SNP sets were defined which comprise all SNPs that are located within a
distance of 100 kb of any gene whose protein interacts with the corresponding bait protein. One-
sided Wilcoxon-Mann-Whitney test was applied in order to detect differences of the means of
the distribution of GWAS P-values within a SNP set compared to the global distribution of P-
values (Heinig et al., 2010). Combined P-values were computed using Fisher’'s method.
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