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Fig. S1: Expression system for specific DPR proteins. (A) lllustration of the DPR-expressing
constructs for poly-GA, -GR, -GP, -PA and -PR used in this study. For better expression and
detection all constructs contain an ATG start codon and epitope tags (GFP, myc, flag, V5 or
His). Poly-GA, -GR, -PA and -PR are expressed from nearly GGGGCC-free synthetic genes.
Poly-GP is expressed from the endogenous repeat sequence. The different construct design
was necessary to overcome expression difficulties with some constructs. For example, GR49-
GFP showed no detectable expression, while GFP-GR 4 is expressed nicely. PA;75-GFP
transfection resulted in expression of PA;7s-GFP and free GFP (presumably through internal
initiation), which precludes analysis by immunofluorescence. Unfortunately, several attempts for
gene synthesis of poly-GP failed and we had to resort to GGGGCC-based expression. For
control experiments a TAG-GA149-myc construct and several GGGGCC repeat constructs
lacking ATG start codons were used. (B) Cell viability of HEK293 cells transfected with
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GGGGCC-repeat expressing constructs of increasing length (lacking an ATG start codon) was
measured by XTT assay on day 3. No significant toxicity compared to an empty vector control
(Ctrl) was observed (one-way ANOVA, Dunett’s post-test). (C) HEK293 cells were transfected
with the five different poly-DPR constructs (GA;75-GFP, GFP-GR 149, GPgo-V5, PA;75-myc and
PR;175-GFP) or GFP as in Figure 1. Immunoblotting with indicated antibodies shows expression
of DPR species and control GFP in transfected HEK293 cells. GA;75-GFP, GFP-GR 149, PA;75-
myc and PR;,s-GFP are detected at the top of the gel (arrow). p62 is upregulated in poly-GA

expressing cells. B-actin was used as a loading control.
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Fig. S2: DPR proteins differentially aggregate in HEK293 cells without inducing cell death.
HEK293 cells were transfected with GFP, GA75-GFP, GFP-GR 149, GPgo-V5, PA;75-myc and
PR;175-GFP or empty vector as control for 3 days. (A) A fraction of nuclear GA,,5-GFP inclusions
(magenta arrows) is p62-positive. Scale bar 5 um. (B) Immunofluorescence analysis as in Figure
1 shows that myc and V5 antibodies are specific. Scale bar 15 um. (C) LDH release assay
detects no significant toxic effect upon DPR expression compared to GFP control in HEK293
cells. Treatment with 1 UM Staurosporine was used as a positive control. n=3 experiments with
10 replicates each; mean = SD, *** p<0.001 in one-way ANOVA with Dunett’s post-test. (D)
Filter trap assay for detection of insoluble protein in HEK293 homogenates containing 2% SDS.
Immunodetection with anti-GFP. Aggregation of PA;7s-myc and GPg-V5 was not detectable with

anti-PA and anti-V5 (not shown).
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Fig. S3: Lentiviral poly-GA expression levels in primary neurons are comparable to
C9orf72 patients.

Immunostaining of primary cortical neurons transduced with GA4-myc (DIV6+17) and a thin
smear of cortical tissue (superior frontal gyrus from patient C9-1) under identical conditions with
poly-GA antibodies. In the in vitro system a larger fraction of cells shows poly-GA inclusions than
in patient brain (A) Scale bar depicts 20 um. The poly-GA aggregates have similar size in both
settings, but the integrated intensity of poly-GA staining is about two-fold higher in the inclusions
in patients. Poly-GA aggregate area and intensity was manually quantified for 50 inclusions of
each condition with ImageJ. Mean = SD, Student’s t-test, *** p<0.001(B). Thus, lentiviral

transduction might even underestimate poly-GA toxicity.
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Fig. S4: TUNEL assays detects neuronal apoptosis upon poly-GA expression.

Primary hippocampal neurons transduced with GA4-myc or empty vector (DIV6+17). TUNEL
assay reveals apoptotic DNA fragmentation. Co-staining for poly-GA and nuclei. GA49-myc
transduces neurons show ~2.5 fold increased apoptosis (arrow). Quantification is shown in
Figure 3C.
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Fig. S5: Immunoprecipitation of poly-GA aggregates for LC-MS/MS analysis

(A) Primary cortical neurons (DIV6+17) transduced with either GFP or GA49-GFP lentivirus and
subjected to anti-GFP immunoprecipitation. Samples were used for quantitative mass
spectrometry analysis (see Figure 4A and Table 1). Immunoblotting with anti-GFP confirms
immunoprecipitation of GFP and GA;4-GFP (arrowheads). Asterisks indicated immunoglobulin

heavy and light chain. Arrow indicates top of gel. (B) Expression of GA;;s-GFP did not affect the
7
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chymotrypsin-like, trypsin-like and caspase-like protease activity of the proteasome in HEK293
cells compared to GFP control (n=3 experiments with 6 replicates each, mean + SD, no
significant change in one-way ANOVA). The proteasome inhibitor epoxomycine (8 uM, 2 hours)
significantly blocks proteasome activity in GFP-transfected cells (one-way ANOVA with Tukey’s
post-test, *** p<0.001; ** p<0.01). (C) Expression of proteasomal subunits (PSMC2, PSMC4)
was not affected by expression of DPRs in HEK293 cells (GA175-GFP, GFP-GR 149, GPgo-V5,
PA;7s-myc and PR;;5-GFP). (D) Expression of proteasomal subunits (PSMC2; PSMC4) was
unchanged in GA4-myc transduced cortical neurons compared to GFP transduced controls.
Three separate transductions are shown (DIV6+17). (E) Coimmunoprecipitation of Unc119 and
poly-GA. HEK293 cells cotransfected with HA-Unc119 and GA;;5-GFP or GA4-myc for 3 days.
The poly-GA proteins were immunoprecipitated with GFP or myc antibodies. Note that in freshly
prepared protein extracts monomeric poly-GA can be resolved when directly loaded (asterisks).

Aggregated poly-GA is stuck at the top of the gel (arrow).
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Fig. S6: Unc119 co-aggregates with poly-GA in HEK293 cells.

Immunofluorescence of HEK293 cells co-transfected with GFP or GA;75-GFP and HA-Unc119 or
empty vector. GFP fluorescence, anti-HA immunostaining and DAPI as nuclear marker.
Compare the HA-Unc119 localization in column 2 and 4. Many GA,7s-GFP inclusions show co-

aggregation of HA-Unc119 (examples marked with arrows). This figure shows separate
channels of the images shown in Figure 4B.



Supplementary Materials: Co-aggregation of poly-GA and Unc119

rat Unc119
hu Unc119

ctrl

Uncl19#1 [ —eiil|
Unc119#2
Unc9-HA[  cemt|

(o N,
o T -
[O-CUN | w —— o
[
B -)
1.2 <
% 1.0
= 0.8
o 0.61
o 0.4
C
D 0.2 wxk
0.0-
c shCtrl shUnc
shCtrl shUnc
Unc119#1| = ==

UNC119#2 | s

Calnexin |— ss— a— —

Fig. S7: Unc119 antibodies #1 and #2 are specific.

(A) Uncl19 antibodies #1 and #2 detect rat and human HA-Unc119 overexpressed in HEK293
cells. Note that HEK293 cells show very little endogenous Unc119. (B-E) Primary cortical
neurons were transduced with a shRNA targeting Unc119 or a control shRNA (DIV7+10). (B)
RT-gPCR shows efficient reduction of Unc119 mRNA normalized to the reference gene GAPDH.
mean + SEM. N=3. p<0.001 in Student’s t-test. (C) Two Unc119 antibodies (#1 and #2) show
reduced Unc119 protein levels upon Unc119 shRNA transduction compared to controls in
immunoblots. Two separate transductions are loaded. (D, E) Both antibodies detect reduced

Uncl19 protein levels by immunostaining. tagRFP co-expressed from the shRNA lentivirus
shows high transduction efficiency. Scale bars represent 20 um.
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Fig. S8: Unc119 neuronal cytoplasmic inclusions in C9orf72 patients.
(A-C) Immunohistochemistry for Unc119 in three C9orf72 mutation carriers (C9-1, C9-2 and C9-
3) and a control case (Ctrl-2) using Unc119#2 antibody. In mutations carriers Unc119-positive
cytoplasmic inclusions are detectable in large neurons in the superior frontal gyrus (SFG) (A)
and the dentate gyrus region of the hippocampus (B). No Unc119 inclusions are found in a
healthy control (C). (D) Using antibody Unc119#1 no inclusions are seen in hippocampal cornu
ammonis regions 3/4 (CA3/4), in the superior frontal gyrus (SFG), the dentate gyrus (DG) as well
as in the cerebellar (CBL) granular cell layer of control cases (Ctrl-2 and 3). Counterstains were
done with haemalum. Scale bars represent 10 um. Stainings shown in (A) and (B) confirm the
findings seen for Unc119#1 antibody (Figure 6).
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Fig. S9: Antigen preincubation confirms speéificity of Unc119 staining in patient material.
(A) Immunoblots of HEK293 cells transfected with rat and human HA-Unc119 using antibodies
Uncl19#1 and #2. To confirm specificity Unc119 antibodies were preincubated with 25 pg/ml
native or denatured GST-Unc119 or denatured GST as a control. While specific Unc119#2
signal is best blocked with denatured GST-Unc119, the Unc119#1 antibody is best blocked with
native GST-Unc119, which may explain the better sensitivity of Unc119#1 for
immunohistochemistry. (B) Using the Unc119#1 antibody preincubated with GST-Unc119 but
not with GST alone abolishes the staining of cells and inclusions strongly indicating antibody
specificity for immunohistochemistry as shown for the superior frontal gyrus (SFG) and the
hippocampal dentate gyrus/cornu ammonis region 4 (DG/CA4) of a C9orf72 mutation carrier.
Scale bars depict 10 um for SFG and 30 um for DG/CA4.
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Fig. S10: Unc119 co-aggregation with poly-GA detected with second Unc119 antibody.
Double immunofluorescence analysis of Unc119 with poly-GA or phospho-TDP-43 in C9orf72
mutation cases C9-1 and C9-3. (A) In the superior frontal gyrus (SFG), a subset of poly-GA
positive NCI also contains Unc119. (B) There is no co-localization of poly-GA and TDP-43 in the
frontal cortex. Scale bars represent 10 um in overviews and 5 pum in close ups. These staining

confirm the findings with Unc119#1 antibody (Figure 7).
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Table S1 Clinical information of human brain samples

Case GGGGCC Clinical and neuropathological Age at
. Gender : )

number expansion diagnosis death

Ctrl-1 - female cpntrol, no neurological or psychiatric 47
disease

Ctrl-2 - male C(_)ntrol, no neurological or psychiatric 60
disease

: - control, no neurological or psychiatric

Ctrl-3 female disease 60

C9-1 + female FTD/ALS 65

C9-2 + female FTD/ALS 59

C9-3 + female ALS/beginning FTD 47

C9o-4 + male FTD/Parkinson 65

C9-5 + female ALS 63
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Supplemental Methods

Sequence of the open reading frames from the synthetic DPR expression constructs. The EGFP
sequences is shown in green.

GA175-GFP

at gggagct ggt gct ggt gcaggcgcet ggggcaggggct ggcgct ggt gccggt gect ggt gccggegeagg
cgctggtgetggtgct ggt gct gggget ggt gcaggecgcaggggct ggt gcaggggcaggcgcaggegetg
gt gct ggcgcaggggcaggcgct ggggct ggt gcaggceget ggt get ggecgcet ggt gcaggegcet ggegcet
ggt gct ggcgcet ggcgcaggggcaggcgcaggegcaggggcet ggt get ggt gccggt gcaggggcet ggggce
tggt gct ggt gct ggcgcaggegcet ggt gcaggeget gggget ggcgcaggggcet ggt get ggt gcaggeg
ctggtgct ggt gccggt gccggt get ggt gcaggggcet ggt gct ggggcet gggget ggt get ggt gcaggg
gcaggggct ggt gct ggt gcaggggct ggt gccggt get ggt gcaggggcaggggcaggegeaggeget gg
ggcaggcgct ggt gcaggggcaggcgct ggggcaggcgcaggegecaggegcet ggt gcagggget ggt getg
gt gcaggcgcaggcgcaggggct gggget ggcget ggt get ggt gct gggget ggeget ggt gceggt gee
ggt gcaggcgct ggt gccggt gcaggggcet ggt gcaggegcet ggt gct ggt gcaggggcet ggt get ggt g
tggtgccggt gct ggecget ggt gct ggggcaggegcet ggeget ggggcaggggcagggget ggeget ggtg
ct ggt gcaggcgcaggcgcet ggt gccggt gct ggcgcaggegcet ggt get ggt gcaggggcet ggecgcagge
gctggcgcaggggct ggt gcaggcegcet ggt gccggggcaggcgcagggget ggt get ggt get ggt gct gg
cgctggt gcaggggct ggt gccggt gcaggceget ggt gcaggggcet ggggcet ggt gct ggcget ggggetg
gt gcaggggct ggggcaggcgcaggggct ggt gccggt gcaggcgcaggggcaggcecgcacccat ggt gget
agaat ggt gagcaagggcgaggagct gt t caccggggt ggt gcccat cct ggt cgaget ggacggcgacgt
aaacggccacaagt t cagcgt gt ccggcgagggcgagggcegat gccacct acggcaagct gaccct gaagt
t cat ct gcaccaccggcaagct gccegt gccct ggeccaccct cgt gaccaccct gacct acggegt gcag
t gctt cagccget accccgaccacat gaagcagcacgact t ct t caagt ccgecat gcccgaaggcet acgt
ccaggagcgcaccat ct t ct t caaggacgacggcaact acaagacccgcgccgaggt gaagt t cgagggeg
acaccct ggt gaaccgcat cgagct gaagggcat cgact t caaggaggacggcaacat cct ggggcacaag
ct ggagt acaact acaacagccacaacgt ct at at cat ggccgacaagcagaagaacggcat caaggt gaa
ctt caagat ccgccacaacat cgaggacggcagegt gcagcet cgccgaccact accagcagaacaccccca
t cggcgacggecccgt get gct gcccgacaaccact acct gagcacccagt ccgecct gagcaaagacccc
aacgagaagcgcgat cacat ggt cct gct ggagt t cgt gaccgccgecgggat cact ct cggcat ggacga
gct gt acaagt aa

GA149-myc

At gggagct ggcgcaggcgct ggggcaggggct ggcgecggt gccggcgcaggggecaggecgcaggggcet gg
ggct ggggcaggcgct ggcget ggcgcaggggcet ggggcaggcgcaggggcaggegcet ggcgcaggggecg
gcgccggggccggggcaggegcet ggggcaggggcaggggct ggcgcaggcgcaggegcet ggggcet ggegcet
ggcgcaggcgcaggcgcaggcgct ggggcaggggct ggggcet ggggeccggecgecggggecggeget gggge
t ggcgcaggcgcet ggcgeccggggccggggecggcgcaggcegcet ggecget ggggcaggcgcaggggcagggg
caggcgct ggcgcet ggcget ggcgcaggggcet ggcget ggggcet ggggcaggggcaggggcet ggggcet gge
gct ggggct ggggcet ggcget ggcgcaggggcaggggcet ggggcaggggcaggecgcaggggecggegecgg
ggccggcegcet ggcgcaggggcet ggcgcaggegcet gggget ggcgcaggcgcaggggcaggcegcet ggggcet g
gcgccggggecggggcet ggggeccggegecggggecggggcaggggcaggcgcaggcgcaggggcaggggcea
ggcgcaggggct ggcgcaggggcaggggccggcgeccggggecggcgcaggggecggecgeccggggecggggce
cggggct ggggct ggggcet ggcgcaggggcaggcgcaggggct ggcgcaggecgcet ggcgcaggggcaggceg
caggcgcaggcgcaggggct ggggct ggcgcaggcgeccggggecggggcet ggecget ggcgcaggcegcet ggg
gcaggcgcaggcgct ggggct ggggcaggggct ggcgcet ggggct t ggagt ggcagagct agaggaagggce
t agaggcggcgcet gct gt gget gt gect get ccagcet get get gaagcet caggcet gt ggccageggcetct a
gaagcgct t ggagccacccccagt t cgagaagct ggaagaacagaagct gat ct ccgaagaggacct gggc
agcgact acaaggacgacgacgacaaat ga

15
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GFP-GR149

at ggt gagcaagggcgaggagct gt t caccggggt ggt gcccat cct ggt cgagcet ggacggcgacgt aaa
cggccacaagt t cagcgt gt ccggcgagggcgagggcegat gccacct acggcaagcet gaccct gaagtt ca
t ct gcaccaccggcaagct gcccgt gccct ggecccaccct cgt gaccaccct gacct acggegt gcagt gc
tt cagccgct accccgaccacat gaagcagcacgact t ct t caagt ccgecat gcccgaaggcet acgt cca
ggagcgcaccat ct t ct t caaggacgacggcaact acaagacccgcgccgaggt gaagt t cgagggcgaca
ccct ggt gaaccgceat cgaget gaagggcat cgact t caaggaggacggcaacat cct ggggcacaagct g
gagt acaact acaacagccacaacgt ct at at cat ggccgacaagcagaagaacggcat caaggt gaact t
caagat ccgccacaacat cgaggacggcagcgt gcagct cgccgaccact accagcagaacacccccat cg
gcgacggccccgt get get gcccgacaaccact acct gagcacccagt ccgecct gagcaaagaccccaac
gagaagcgcgat cacat ggt cct gct ggagt t cgt gaccgccgccgggat cact ct cggcat ggacgagct
gt acaagaagct t gccaccat gggacgcggccgcggaagaggcagaggaagggggaggggcagggggegag
gcaggggacggggacgaggaagagggcgcggacgggggagaggacggggcaggggaagaggaaggggcaga
ggccgcggaaggggaagggggagaggaagaggacgaggaagaggccgaggcaggggcagagggcgagggeg
aggaaggggaagaggcagaggacgcggccgaggccgaggacgcggaagaggaagaggccggggaagaggcea
ggggacgaggcagaggcaggggaaggggaagaggacggggacgggggcgaggcagaggaagaggccgagga
agaggacggggaaggggacgcggacgaggcagggggagaggcaggggcaggggcagaggcagaggacgagg
gcggggacgcggaaggggacgaggaaggggaaggggacgggggagggggaggggaagaggaagaggcaggg
gcagaggacgcggcagagggcggggaagaggcagaggcagaggaagaggacgaggccgcggaagggggcga
gggcggggacgaggacgcggacgcggcagaggaagaggcagaggccggggacgaggacgaggaaggggcag
aggacgaggacgaggcagaggaagaggacgcggcagggggagaggacgaggacgcggacgaggacggggaa
gaggaagggggagaggaaggggcagaggcaggggacgggggaggggccgaggacggggccgaggcaggggg
cgaggaagaggaagaggaaggggacggggacggggcagaggccgaggccgcggacggggcaggggacgcegg
aagaggacgcggcagaggcagaggaagaggaaggggaaggggcagaggaagggggagaggacgcggagt cg
t gggagct ggacct ggcgcaggacct ggaagaggat gt ggct gt ggcgect gt gct agaggcggcggaggce
gct gggggcggagaat gggt gt cagaggaagecgcect ct t ggagagt ggcegt gt ggggat ct geccget gg
caagagaagaggct ct agaagcgcct ggt cccacccccagt t cgagaagct cgaggaacagaagct gat ct
ccgaagaggacct gggcagct acccct acgacgt gccagact acgect ga

AP175-myc

at gcct gccecct get ccagcet cct gcaccagcaccagcet cccget ccagcgcect get cct gccceccgecacc
cgccccagcccct gcaccggegect gect ccagcet cccgcet cect get cccgcet ccagcaccggeccct gecac
cagccccagcgccagct ccggct ccagct ccagccccagcet cct gcgeccagcet cct get cect get cct gece
cctgcgcct gct ccagcaccageccct gecccct get cct gcaccggcet ccagcet ccaget cct gecgect ge
acccgcaccagcgccagcaccagcaccagct ccagcccct gct ccagcaccagcaccggcaccagct ccgg
caccagcaccagcgcct gcaccagct cccgct ccagct cct gcaccagct ccagcaccagcgcct gct cca
gcaccagcgccagct ccagct ccagcacccgcaccagcaccagcaccagct cccgct cccgcaccagcccc
t gct ccggcet ccggcet cct get cct get ccggcet cct gcaccagceccct get ccagcet ccagcet ccagegce
cagcaccagct ccagct ccggct ccagct cct gct cct gcaccagcccccgcacccgcacccgcacccgcet
ccagcgcccgct cct gcaccagcet ccagcecgcect get ccagcet cct gececcct gect ccageccct geccecccgce
t cct gcgect get cct get ccagcet ccagcet cccgcet cct gccccageccccagcaccagct ccagcaccag
cccctgcacccgceccct gcaccagcacccgct ccagcaccagcet ccggcet ccagcacccgcet ccagcetcca
gcaccagcacccgcccct gct ccagct ccagecccct gect ccggcet cct get cccgcaccggcacccgcet cc
agct ccagct cct gct cct gect cct gect ccagcacccgct cccgcaccggcgeccageccct get cctgecc
cagct ccagct cct gcgeccggcet ccagcgcect gcaccagcaccggcaccagcccct gct agcgaacagaag
ct gat cagcgaagaggacct ct ga
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PR175-GFP

at gcccagacccagacct agaccaaggcct aggccaagacct cgccct cgaccaagacct cgt ccaagacc
t agacct agacccagaccacgccct agacct cgaccacgt cct aggcct agaccaagaccaagaccccgac
caaggccacgt cct agaccacgt cccagaccaaggccaagacct agaccaagaccgaggcccaggcect aga
cct cgacct agacct agaccaagacct cggccccgt ccacgaccaagaccaagacct agacct aggccacg
acccagacct cgt cct cgt cct agaccaagacct aggcct cgacct aggccaaggcct cgt ccaagaccaa
gaccaaggccacgcccacgt cct agacct aggcct agacct cgt ccacggccacgacct agacct cgacca
agaccaagacccaggccaagaccaagaccacggcct agaccacgacct aggccacgt ccaagaccccgacc
t agaccaagacccagacct cgaccacgcccaagacct aggcct cgt cccagacct agacccagaccaagac
ccagaccccgt ccaagacct aggccaaggccaaggcct agacccaggcct agaccacgt cct cgt cct aga
cct cggect aggccaagacct agacct cgt cct agaccgecggect cgacct agacccagacct agacct ag
acct cgcccaaggccacgt ccaaggcccagaccacgt cct agaccaagacct cgeccct aggccaaggccaa
gaccacgaccaagacct cggcct agaccccgt ccaagaccaagacct cgaccaagaccaaggcct cgccct
agaccacgaccacgaccccgt cct aggcccagacct aggccaagaccacgacct aggcct agacccagacc
caggcct agaccaagacct cgaccacggcct agaccccgaccaagacccaggcect agacct agaccaaggc
caagaccccgccct agacct agacct agacct aggcct cggect agacct cggccagcet agaat ggt gage
aagggcgaggagct gt t caccggggt ggt gcccat cct ggt cgagct ggacggcgacgt aaacggccacaa
gt t cagcgt gt ccggcgagggcgagggcgat gccacct acggcaagct gaccct gaagt t cat ct gcacca
ccggcaagct gcecegt geccct ggecccaccct cgt gaccaccct gacct acggegt gcagt get t cageccgce
t accccgaccacat gaagcagcacgact t ct t caagt ccgccat gcccgaaggct acgt ccaggagcgceac
catcttcttcaaggacgacggcaact acaagacccgcgccgaggt gaagt t cgagggcgacaccct ggt ga
accgcat cgagct gaagggcat cgact t caaggaggacggcaacat cct ggggcacaagct ggagt acaac
t acaacagccacaacgt ct at at cat ggccgacaagcagaagaacggcat caaggt gaact t caagat ccg
ccacaacat cgaggacggcagcgt gcagct cgccgaccact accagcagaacacccccat cggcgacggec
ccgt gct gct gcccgacaaccact acct gagcacccagt ccgccct gagcaaagaccccaacgagaagcgce
gat cacat ggt cct gct ggagt t cgt gaccgccgecgggat cact ct cggcat ggacgagct gt acaagt a
a
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