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Alzheimer’s disease (AD) affects more than 10% of the population 265 y of
age, but the underlying biological risks of most AD cases are unclear. We show
anti-poly-glycine-arginine (a-polyGR) positive aggregates frequently accumulate in
sporadic AD autopsy brains (45/80 cases). We hypothesize that these aggregates are
caused by one or more polyGR-encoding repeat expansion mutations. We developed
a CRISPR/deactivated-Cas9 enrichment strategy to identify candidate GR-encoding
repeat expansion mutations directly from genomic DNA isolated from a-polyGR(+) AD
cases. Using this approach, we isolated an interrupted (GGGAGA), intronic expansion
within a SINE-VNTR-Alu element in CASP8 (CASP8-GGGAGAFX?). Immunostaining
using a-polyGR and locus-specific C-terminal antibodies demonstrate that the
CASP8-GGGAGA™? expresses hybrid poly(GR)n(GE)n(RE)n proteins that accumu-
late in CASP8-GGGAGA®X?(+) AD brains. In cells, expression of CASP8-GGGAGAEX?
minigenes leads to increased p-Tau (Ser202/Thr205) levels. Consistent with other types
of repeat-associated non-AUG (RAN) proteins, poly(GR)n(GE)n(RE)n protein levels
are increased by stress. Additionally, levels of these stress-induced proteins are reduced
by metformin. Association studies show specific aggregate promoting interrupted
CASP8-GGGAGA™" sequence variants found in ~3.6% of controls and 7.5% AD
cases increase AD risk [ CASP8-GGGAGA-AD-R1; OR 2.2,95% CI (1.5185 to 3.1896),
P =3.1 x 107°]. Cells transfected with a high-risk CASP8-GGGAGA-AD-R1 variant
show increased toxicity and increased levels of poly(GR)n(GE)n(RE)n aggregates. Taken
together, these data identify polyGR(+) aggregates as a frequent and unexpected type of
brain pathology in AD and CASP8-GGGAGA-AD-R1 alleles as a relatively common AD
risk factor. Taken together, these data support a model in which CASP8-GGGAGA®®

alleles combined with stress increase AD risk.

microsatellite expansion mutations | Alzheimer’s disease | repeat associated non-AUG (RAN) translation |
protein aggregates | RAN proteins

Alzheimer’s disease (AD), the most common form of dementia, is characterized by pro-
gressive cognitive decline and affects >10% of people older than 65 y of age (1). Rare
segregating mutations in amyloid precursor protein, presenilin 1 and 2 (PSENI and
PSEN?2) cause ~10% of early-onset AD (2), the common apolipoprotein €4 allele (APOE4)
is the strongest genetic risk factor for AD (3), and additional common and rare variants
across the genome influence late onset AD risk (4). Hallmark pathology in AD brains
includes extracellular p-amyloid (Af) plaques, intracellular phosphorylated Tau
(p-Tau)-positive neurofibrillary tangles (NFTs), dystrophic neurites, reactive gliosis, and
neurodegeneration (5, 6). However, the underlying mechanisms of most forms of AD are
unclear and the genetics of AD are not fully understood.
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Microsatellite repeats make up ~3% of the human genome and microsatellite expansion
mutations at various loci cause >67 neurological diseases (7, 8). Moreover, an intronic
G4C2 expansion mutation in C907/72 is the most frequent known genetic cause of both
amyotrophic lateral sclerosis and frontotemporal dementia (C9 ALS/FTD) (9, 10).
Molecular mechanisms of repeat expansion diseases include protein loss-of-function
(LOF), protein gain-of-function (GOF), RNA GOF, and the accumulation of toxic pol-
ymeric proteins that can be expressed by repeat-associated non-AUG (RAN) translation
(11). RAN proteins can be expressed from microsatellite expansion mutations in all reading
frames without requiring AUG or AUG-like close cognate initiation codons (12). RAN
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proteins have been reported in 11 different repeat expansion dis-
orders, and in vitro and in vivo studies support their pathologic
role in a growing number of diseases (11, 13-20). Interestingly,
pathological markers for a number of microsatellite expansion
diseases (e.g. Huntington’s disease, ataxia, and myotonic dystro-
phy) overlap with AD including increased p-Tau and the accu-
mulation of NFTs (21-24).

The abundance of repetitive elements in the human genome
raises the possibility that repeat expansions contribute to diseases
with unresolved genetic etiology including AD (25). However,
identifying these cases through traditional methods is challenging
as repeat expansion tracts are difficult to sequence and align back
to the human genome, and even with long-read sequencing require
a strong family history of disease. Computational tools to identify
repeat expansions in short-read NGS data, such as STRetch and
ExpansionHunter DeNovo, show promise but are only partially
concordant with long-read sequencing data (26-32). New tools
are needed to fully explore the contribution of repeat expansions
to AD and other disorders.

Here, we test the hypothesis that unidentified repeat expansions
produce polymeric RAN proteins that form aggregates in AD brains
and increase disease risk. Additionally, we show protein-coding

information in these aggregates can be used to design guide RNAs,
which in turn can be used to enrich and identify disease-causing
mutations directly from patient genomic DNA using CRISPR/
deactivated Cas9. Using this approach, we identified an inter-
rupted intronic GGGAGA repeat expansion in the caspase 8 gene
(CASP8), which encodes a cysteine-aspartic acid protease. We
show that a specific expansion variant of this intronic CASP8

GGGAGA expansion increases AD risk.

Results

polyGR Protein Frequently Accumulate in AD Autopsy Brain
Tissue. Because RAN proteins are found in the most common
known genetic form of FTD (33, 34), we tested the hypothesis
that similar RAN proteins may accumulate in AD autopsy brains.
We performed immunohistochemistry (IHC) using a previously
developed polyclonal rabbit antibody against the polyGR repeat
motif (a-polyGR), one of the most toxic C9orf72 ALS/FTD
dipeptide RAN proteins (14, 18, 20, 35). IHC staining using
formalin-fixed hippocampal sections showed a-polyGR positive
aggregates in sporadic AD but not age-similar control brains free
of AD pathological changes (Braak stage < 2, Thal stage < 2)
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Fig. 1. polyGR aggregates accumulate in AD autopsy brains. (A) Example polyGR IHC staining (red) detected by a rabbit polyclonal a-polyGR antibody in

hippocampal sections (HC) from AD and control cases. Each panel represents a different AD or control case. (B) Summary diagram showing location of polyGR
aggregates (red dots) in AD HC sections; HC = hippocampus, ERC = entorhinal cortex. (C) Quantification of polyGR aggregates in HC region indicated by red
square in (B) from AD (n = 80) and control (n = 18) cases. (D) Example dot blot of a-polyGR signal using a rat monoclonal a-polyGR antibody and protein extracts
of the frozen frontal cortex (FCX) from AD (n = 65) and control (n = 20) cases. (E) Relative polyGR levels in FCX protein lysates from AD and controls by dot blot. (F)
Example IHC staining showing distinct a-polyGR staining compared to other AD pathological hallmarks including p-Tau (5202 and T205), Ap plaques, and p-TDP43
in Cornu Ammonis (CA) and dentate gyrus (DG) of the HC. Positive staining shown in red, (Scale bar, 20 pm.) (G) Examples of double IHC staining showing a-polyGR
staining (pink) detected in brain regions with both high and low p-Tau (brown) subregions of the same AD brain section. Black arrows: cells with both polyGR
and p-tau signal, open arrows: cells with polyGR staining, blue arrows: cells with p-Tau staining. (H) Plot of a-polyGR and p-Tau (5202 and T205) staining detected
in sequential slides from 21 randomly selected AD cases shows a positive correlation. Data represent mean + SEM. Two-tailed, unpaired t test. ****P < 0.0001.
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(Fig. 1A and SI Appendix, Fig. S1A). To confirm antibody
specificity, we show a-polyGR recognizes GRy, but not human
tau in cells (SI Appendix, Fig. S1B). In a-polyGR(+) AD cases,
a-polyGR staining showed frequent perinuclear aggregates in
both neurons and glia in the hippocampal region, with the most
prominent staining found in CA1 and subiculum areas (Fig. 1B).
Quantification of a-polyGR IHC staining in hippocampal sections
from 80 sporadic AD brains showed a-polyGR aggregates in 45
of 80 (56%) AD cases [age at death (AAD): 79.0 £ 11.9 (mean
+ SD), 46.3% female, 53.7% male] compared to 18 age-similar
controls [AAD: 78.0 + 12.9 (mean + SD), 61.9% female, 38.1%
male] (95% CI [3.3 x 10 to 8.2 x 107, #statistic = 4.696,
P =1.05 x 107) (Fig. 1C). While minimal background staining
in controls was detected in automated quantification (Fig. 1C),
no similar a-polyGR aggregates were found in any of the 18
control samples.

To further explore the accumulation of polyGR-containing
proteins in AD, we performed protein dot blots of frontal cortex
lysates with available frozen tissue from a subset of the AD patient
cohort (n = 65) and age-similar controls (n = 20, with 18 as
described above plus two additional controls). Consistent with
the results above, protein lysate blots probed with a rat monoclonal
a-GR antibody (34, 36) showed increased levels of polyGR signal
above the highest levels found in controls in 31 of 65 (48%) AD
cases (relative intensity of 1.82 to 3.06) compared to age-similar
controls (relative intensity 0.18 to 1.74) [95% CI (0.6659,
1.2078), ¢ statistic = 6.938, P = 5.81x107"] (Fig. 1 D and E and
SI Appendix, Fig. S1C). In contrast, IHC staining using a-polyGR
on hippocampal tissue from other known tauopathy-related dis-
cases was mostly negative (S Appendix, Fig. S2). We observed
rare, mostly pin-like punctate aggregates in a few cases (1/9 LBD,
1/10 PSP, 3/10 Pick’s), which were distinct from the more fre-
quent, larger aggregates found in polyGR(+) AD cases.

Next, we compared the polyGR-containing aggregates found
in AD cases with known pathological hallmarks of AD by IHC
using serial hippocampal sections from the same AD cases. These
studies show a-polyGR aggregates accumulate in distinct patterns
compared to intracellular p-Tau tangles (AT8), extracellular AB
plaques, or the much smaller p-TDP43 aggregates (e.g. Fig. 1F).
Double IHC staining shows polyGR and p-Tau (AT8) staining is
found in both overlapping (Fig. 1 G, Lef?) and distinct (Fig. 1 G,
Right) subregions of the hippocampus with some cells positive for
polyGR alone, p-Tau alone, or both polyGR and p-Tau (e.g.
Fig. 1G). IHC staining of serial hippocampal sections shows
a-polyGR aggregate staining is correlated with p-Tau accumula-
tion and higher levels of polyGR aggregates are found in AD
hippocampal regions with high levels of AT8 p-Tau (r = 0.5760,
R? = 0.332, P = 0.0063) (Fig. 1H).

In summary, we show an unexpected type of a-polyGR(+)
aggregates are found in ~50% of tested sporadic AD autopsy
brains, and increased a-polyGR aggregate staining correlates with
increased levels of p-Tau staining.

Development of dCas9READ to Identify PolyGR Encoding Repeat
Expansions. The identification of a-polyGR aggregates in a
large fraction of sporadic AD autopsy brains that are negative
for C90rf72 and SCA36 expansions suggested the presence of
one or more unidentified GR-expressing repeat expansion
mutations. To identify putative polyGR-encoding expansion
mutations, we developed a repeat expansion enrichment method
we call CRISPR/deactivated Cas9-based repeat enrichment and
detection (dCas9READ) (Fig. 2A4). dCas9READ works on the
principle that putative repeat expansion mutations provide more
binding sites for repeat-containing single guide RNAs (rsgRNA)/

PNAS 2025 Vol.122 No.7 2416885122

dCas9 complexes than shorter repeats and pull down of these
complexes would allow the identification of repeat expansion
DNA and corresponding unique flanking sequences. In proof-
of-concept studies, dCas9READ pulldown with GGGGCC and
CAGG rsgRNAs resulted in a 4- to 6-fold increase by quantitative
PCR of C9orf72 and CNBP flanking sequences in C9 ALS/
FTD and myotonic dystrophy type 2 (DM2) patient samples,
respectively, compared to controls (S/ Appendix, Fig. S3 A-D).
Similarly, Illumina sequencing identified the C907f72 G4C2 and
CNBP CCTG expansion mutations and flanking regions as the
most enriched sequences from C9 ALS/FTD and DM2 patient
samples, respectively, after dCasOREAD pulldown (87 Appendix,
Table S1). As expected, no enrichment of the C907f72 G4C2 locus
was found without the G4C2 rsgRNA. These results demonstrate
that the repeat containing guide RNA is required for pulldown
specificity (SI Appendix, Fig. S3E). Additionally, dCas9READ
experiments performed using a mixture of 8 or all 24 possible
rsgRNAs that would target polyGR encoding hexanucleotide
repeats (2) successfully enriched the C90rf72 G4C2 repeat locus
(SI Appendix, Fig. S3F and Table S2). In summary, we show
dCas9READ successfully enriched the C907f72 G4C2 and CNBP
CCTG expansion mutations and corresponding unique flanking
sequences directly from the genomic DNA of C9 ALS/FTD and
DM2 patients. Additionally, our results highlight the utility of this
approach to enrich and identify candidate GR-encoding repeat
expansion mutations from patient DNA samples using pools of

all possible GR-encoding rsgRNAs.

Identification of an Intronic GR-Encoding GGGAGA Repeat
Expansion. Next, we used dCas9READ and a mixture of all
possible GR-encoding sgRNAs (87 Appendix, Table S2) to pull
down putative GR-encoding repeat expansions from genomic
DNA isolated from five a-polyGR(+) AD cases and as well as
an a-polyGR(-) AD and a non-AD sample as controls (Fig. 2B).
Fragment analysis of enriched restriction enzyme digested genomic
DNA showed a peak molecular weight of ~6 to 8 kb (S7 Appendix,
Fig. S44). We performed short-read Illumina and PacBio no-
amplification long-read sequencing on enriched DNA samples
as described in ST Appendix, Fig. S4B. Short-read sequencing
analysis identified 2,024 putative GR repeat loci with > twofold
enrichment over flanking sequence background in one or more AD
samples (S/ Appendix, Fig. S4C). Of these, 58.2% were intergenic,
33.1% intronic, and 8.7% were located in coding exons, 5" or
3" UTRs. These candidate loci were further prioritized based on
fold enrichment of the repeat in one or more AD cases compared
to control (S Appendix, Table S3). An analysis of enriched vs.
nonenriched loci for individual AD cases identified 19 loci with
>twofold enrichment in one or more a-polyGR(+) AD cases
compared to control (S Appendix, Table S3) with CASP8 by far the
most highly enriched locus (4.97x and 9.63x fold enrichment) in
two of the six AD cases (Fig. 2C and ST Appendix, Fig. S4D). Long-
read PacBio sequencing of this region identified an interrupted
intronic GGGAGA*TCTCCC candidate GR-encoding repeat
expansion in intron 8 of CASP8 (CASP8-GGGAGAFX). This
candidate repeat is located within a composite repetitive element
containing a short interspersed nuclear element with a retroviral
origin (SINE-R), variable number tandem repeat (VNTR), and
Alu-like sequences (SVA) type E referred to as an SVA-E element
(Fig. 2D). The CASP8 GGGAGA repeat in the reference genome
(hgl9 and hg38) contains seven GGGAGA units interspersed
with interruptions (Fig. 2D). Long-read PacBio no-amplification
sequencing reads detected CASP8-SVA expansions ranging
in length from 44 to 64 GGGAGA repeat units in AD cases
and controls (ST Appendix, Fig. SAE). These repeats are variably
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CASP8 encodes a member of the cysteine-aspartic acid protease
(caspase family). Rare protein-coding variants of CASP8 [K148R,
1/600 in AD and 1/1,500 in controls; 1298V, 1/300 in AD and
1/600 in controls] were previously associated with an increased
risk of AD (37). These variants were not detected by PCR using
primers listed in ST Appendix, Table S4 and Sanger sequencing of
DNA from 24 CASPS-GGGAGA®?(+) cases. Given the frequent
polyGR pathology in AD cases, the highest fold enrichment of
the CASP8 SVA-E sequence by dCas9READ in two out of six
enriched AD cases, and the presence of an expanded GR encoding
GGGAGA repeat in CASP8 SVA-E, additional studies were focused
on characterizing the potential role of the CASPS-GGGAGAFXF
in AD.
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our long-read sequencing data and the reference genome indicated
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with sequence interruptions, we modified the RP-PCR protocol
to use an interrupted repeat primer (intP) (GGGAGA);CG that
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expansions with a variety of distinct interruption patterns (e.g.
Fig. 2F). It was previously shown that the CASP8 SVA-E and
approximately 300 bp of unique upstream sequence from CASP8
intron 8 was transduced to chromosome 19 (39). To ensure we
were analyzing the CASP8 SVA insertion on chromosome 2, we
used primers that amplify the CASP8 SVA-E insertion on chro-
mosome 2 but not the transduced SVA-E element located on
chromosome 19 (87 Appendix, Fig. S5B).

SVA-E elements are one of the most recent types of transposable
elements to be inserted into the human genome. Consistent with
a recent insertion event, analysis of a tagging SNP [rs1035142(T)]
in linkage disequilibrium with the CASP8 SVA-E insertion (r* =
0.999) shows 53 to 65% of alleles tested in the 1,000Genomes,
TWINSUK, and A/ of Us datasets do not have the CASP8 SVA-E
insertion. The sum of the frequencies of alleles in individuals with
0, 1, or 2 copies of the CASP8 SVA-E insertion is equal to 1
(SI Appendix, Fig. S5C). Long-range PCR (LR-PCR) across the
GGGAGA repeat expansion (8] Appendix, Fig. S5D) or SVA ele-
ment (S Appendix, Fig. SSE) showed the CASPS-GGGAGAFX?
is overrepresented in AD compared to controls in our initial cohort
with approximately 70% of the tested AD (186/266) and 56% of
control cases (n = 224/400) positive for one or both alleles
(Fig. 2G) (P = 0.0029). Similarly, the overall allele frequency of
the CASP8-GGGAGA™® was higher in AD cases (42%,
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n = 221/532) compared to age-similar controls (34%, 268/800)
(P = 0.0003) (Fig. 2H).

To examine the effect of the CASP8 SVA insertion in an inde-
pendent unbiased dataset we evaluated two SNDPs in linkage dis-
equilibrium with the SVA insertion using a dataset with 344
individuals with AD and 138,365 non-AD individuals from the
NIH A/l of Us dataset (40). While first SNB, which tags all of the
CASP8 SVA insertions (rs1035142) is not associated with an
increased AD risk [OR of 1.13 (SE = 0.080, beta = 0.12,
P=0.129)], the second SNP (rs700635) which is found on subset
of CASP8 SVA (r2 = ~0.5) is associated with increased risk of AD
with an OR of 1.21 (SE = 0.088, beta = 0.19, P = 0.032) after
adjusting for age, sex, and the first three principal components.

LR-PCR and RP-PCR show similar repeat length (57 Appendix,
Fig. S5F) and interruption patterns (SI Appendix, Fig. S5G) in
genomic DNA isolated from the blood and frontal cortex from two
AD cases suggesting minimal somatic repeat instability. Repeat
lengths measured by LR-PCR showed CASP8-GGGAGA repeats
have ~47 to 76 GGGAGA repeats in AD and control cases in our
initial cohort (Fig. 27). qRT-PCR results showed a nonsignificant
trend toward increased CASPS transcript levels in end-stage frontal
cortex autopsy tissue from a small cohort of CASP8-GGGAGA™*"(+)
versus CASP8-GGGAGAMP(-) cases (ST Appendix, Fig. S5 H-L).

In summary, we used dCas9READ to enrich for GR encoding
repeat expansions using genomic DNA from polyGR(+) AD
brains and identified an intronic GGGAGAF*” in CASPS8-SVA as

a candidate noncoding repeat expansion that may produce
polyGR-containing proteins and contribute to the polyGR(+)
aggregates found in AD autopsy brains.

Polymeric Proteins Expressed from the CASP8-GGGAGAFXP
Accumulate in AD Autopsy Brains. Analysis of the upstream
flanking sequence of the CASP8-SVA expansion predicts sense
RAN proteins in two frames and in the third reading frame an
upstream ATG could potentially be used (Fig. 34). Additionally,
sequence interruptions within the repeat tract are predicted to
shift the reading frame resulting in the expression of chimeric
glycine-arginine (GR), arginine-glutamic acid (RE), and glycine-
glutamic acid (GE) repeat [(GR)n(RE)n(GE)n] proteins with
unique C-terminal regions for each reading frame (Fig. 34).
Similar chimeric proteins leucine-proline (LP), leucine-serine
(LS), and serine-proline (SP) or [(LP)n(LS)n(SP)n] may also
be expressed in the antisense direction. To directly test whether
sense polymeric proteins expressed from the CASP8-GGGAGAEX?
locus accumulate in a-polyGR(+) AD autopsy brains, we generated
antibodies to the C-terminal epitopes for CASPS8 sense frame 1
(Sf1) and sense frame 3 (Sf3) (CT-Sf1 and CT-Sf3 respectively)
(Fig. 3A4). Antibody validation experiments show CASP8 Sfl
(a-CT-Sf1) and Sf3 (a-CT-Sf35) C-terminal antibodies colocalize
with 5° FLAG epitope-tagged recombinant proteins expressing
the corresponding unique C-terminal regions from frames 1 and

3 (81 Appendix, Fig. S6). No similar signal was detected in cells
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Fig. 3. CASP8-GGGAGA®™® produces polyGR(+) aggregates in CASP8-GGGAGAF*"(+) AD brains. (A) Diagram showing putative expansion proteins translated from
sense and antisense CASP8-GGGAGA®® transcripts. Amino acid sequences highlighted in red were used to generate frame-specific C-terminal (CT) antibodies.
S, sense; AS, antisense; f1-3, reading frames 1 to 3; * stop codon. Analysis of the upstream flanking sequence of CASP8-GGGAGA®® showed an upstream ATG
that could be used in one of the three frames; however, this ATG-containing frame shifts reading frame depending on the highly polymorphic interruptions
within the repeat tract. (B) IHC detection of CASP8 RAN Sf3 protein aggregate staining (red) in the hippocampus of CASP8-GGGAGA®®(+) AD patients detected
with a-CT-Sf3 antibody. Each photo panel represents a different AD or control case. (C) Double IF showing colocalization of a-polyGR (red) and a-CT-Sf3 (green)
staining in the frontal cortex (FCX) of CASP8-GGGAGAEXP(+) AD patients. Each row represents a different AD case.
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transfected with control plasmids or in cells overexpressing FLAG-
tagged CT-Sf1 or CT-Sf3 incubated with preimmune serum
(81 Appendix, Fig. S6). These data demonstrate that a-CT-Sf1
and a-CT-Sf3 antibodies recognize their respective CASP8 CT-
Sf1 and CT-Sf3 targets.

IHC experiments using these antibodies were performed on hip-
pocampal and frontal cortex sections using AD and control brains.
IHC using a-CT-Sf3 detected aggregate- or fibril-like staining in
CASPS-GGGAGAF*(+) AD cases but not CASP8-GGGAGAF*(-)
AD or CASPS-GGGAGA™?(+) unaffected controls (Fig. 3B and
SI Appendix, Fig. S7). The a-CT-S13 staining was detected in 11 out
of 11 tested CASP8-GGGAGA™ " (+) AD cases while no signal was
detected in 4 CASP8-GGGAGA®X?(-) AD, 5 CASP8-GGGAGA™(+)
control, and 3 CASP8-GGGAGA™®(-) control [95% Cl (10.5213,
31424.4787), P = 0.0019)]. Statistical analysis was performed using
the odds ratio calculation tool (41), to test whether a-CT-Sf3 signal
is associated with CASPS-GGGAGA™(+) AD cases compared to the
group of CASP8-GGGAGA™P(-) AD cases and controls. In the
hippocampus, a-CT-Sf3 staining varied among AD cases and was
robustly and frequently found in some cases and less frequent in others
(81 Appendix, Table S5). In the frontal cortex, a-CT-Sf3 and a-CT-
Sf1 staining was found in gray and white matter regions from a subset
of CASP8-GGGAGAF®(+) but not CASP&-GGGAGAM®(-) AD cases
or CASP8-GGGAGA™®(x) controls (SI Appendix, Fig. S8 and
Table S5). Double immunofluorescence (IF) experiments on FCX
tissue showed a-polyGR (34, 36) staining partially colocalizes with
a-CT-Sf3 staining (Fig. 3C and S/ Appendix, Fig. S9). Taken
together, these results demonstrate that GR-containing polymeric
proteins are expressed from at least two reading frames across the
CASP8-GGGAGA®X and that CASPS expansion proteins cause at
least part of polyGR pathology found in CASPS-GGGAGA®*"(+)
AD cases.

Of the 36 polyGR(+) autopsy brains with DNA available for
genotyping, 27 were CASP8-GGGAGA™P(+) and nine CASPS-
GGGAGA®P(-). These data suggest additional GR-encoding AD
expansion mutations remain to be identified. Additionally, of the 11
CASP8-GGGAGAF*’(+) AD autopsy brains available for additional
IHC experiments, all were positive for a-polyGR, a-CT-Sf1, or
a-CT-S13 (81 Appendix, Table S5). Taken together, these data demon-
strate that the CASPS-GGGAGAFF expresses polymeric proteins in
CASP8-GGGAGAF*"(+) AD brains and provides a molecular expla-
nation for a large portion of the polyGR staining found in our AD
autopsy brain set.

CASP8-GGGAGAFXP Minigenes Express Poly(GR)n(GE)n(RE)n RAN
Proteins in Cells. To test whether the CASPS-GGGAGAEX®
expresses poly(GR)n(GE)n(RE)n proteins, we performed a series
of minigene experiments in transfected cells. These minigene
constructs (C8-GGGAGA™P-3T) contain six upstream stop codons
(2 in each reading frame), 100-bp of unique upstream sequence of
the GGGAGAF and one of several different interrupted CASP8-
GGGAGA™" alleles identified by long-read PacBio sequencing
(SI Appendix, Fig. S10), and 3'-epitope tags (FLAG, HA, or Myc) in
each reading frame (Fig. 44). These minigenes, contain interrupted
GGGAGA repeats with 44, 63, or 65 repeats. Each of these clones
are predicted to express hybrid poly(GR)n(GE)n(RE)n proteins.
The endogenous sequence upstream of the repeat in the HA but
not the other frames for each of these constructs contains a potential
upstream ATG-initiation codon. Protein blots of HEK293T cells
transfected with C8-GGGAGA™T-3T plasmids detected proteins
in the FLAG and HA frames (Fig. 4B) and IF showed proteins are
expressed in all three reading frames (Fig. 4C).

Because the interrupted CASPS-GGGAGA™? produces mixed
poly[(GR)n(RE)n(GE)n] proteins with only short interspersed
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stretches of 3-7 consecutive GR repeats (SI Appendix, Fig. S11), we
tested whether these hybrid repeat proteins can be detected by the
a-polyGR antibody (14) when expressed in cells. Double IF showed
colocalization of a-polyGR and a-FLAG staining in SH-SY5Y cells
transfected with minigenes that express AUG-initiated FLAG-tagged
CASP8 [(GR)n(RE)n(GE)n] proteins (S/ Appendix, Fig. S11). This
result demonstrates that in addition to detecting pure polyGR tracts
that are expressed in C907f72 (14), the a-polyGR antibody (14) also
detects interrupted polyGR stretches found in the hybrid CASP8
[(GR)n(RE)n(GE)n] proteins. These data further support that CASP8
polymeric proteins contribute to the a-polyGR pathology found in
CASPS8-GGGAGA®*®(+) AD brains.

Stress Increases CASP8 RAN Protein Levels and PolyGR and CASP8
polyGR-GE-RE Proteins Increase p-Tau in Cells. Given the lack
of staining in CASPS-GGGAGAF*F(+) age-matched controls
without typical AD pathology (Braak stage < 2, Thal score < 2),
we hypothesize that stress or environmental factors, which are
known to increase RAN translation (16, 42—46), may increase the
expression of CASPS poly[(GR)n(RE)n(GE)n] proteins. To test
this hypothesis, we examined the effects of thapsigargin, which
increases endoplasmic reticulum (ER) stress (47, 48), on CASP8
poly[(GR)n(RE)n(GE)n] protein levels. Thapsigargin-treated
cells transfected with C8-GGGAGAPX’-3T show increased levels
of poly[(GR)n(RE)n(GE)n] of ~2 and ~1.5 fold in the FLAG
(P < 0.0001) and HA (P = 0.0002) frames, respectively (Fig. 4
D and E and SI Appendix, Fig. S12A). Additionally, we show
that metformin, an FDA-approved type 2 diabetes drug that was
recently shown to decrease RAN protein levels expressed from
other repeat expansions (GGGGCC, CCTG, CAGG, and CAG)
(16), reduced poly[(GR)n(RE)n(GE)n] levels in thapsigargin-
treated cells in the FLAG (P < 0.0001) and HA (P < 0.0001)
reading frames (Fig. 4 D and E and SI Appendix, Fig. S12A)
without changing the C8-GGGAGA™P’-3T transcript levels
(SI Appendix, Fig. S12B).

Because higher polyGR levels were detected in AD cases with
higher p-Tau (5202 and T205) (Fig. 1H), we tested whether expres-
sion of polyGR or poly[(GR)n(RE)n(GE)n] proteins alter p-Tau
levels in cells. Double IF shows SH-SY5Y cells transfected with
plasmids containing alternative non-hairpin forming GR codons
(3xFLAG-AItGR) plasmid (SI Appendix, Fig. S1B), have signifi-
cantly higher p-Tau signal (AT8) compared to cells transfected with
empty vector (< 0.0001) (Fig. 4 Fand G). Similarly, we detected
increased p-Tau levels in poly[(GR)n(RE)n(GE)n](+) cells as
C8-GGGAGA™-3T was transfected in SH-SY5Y cells (Fig. 4H).

In summary, ER stress induced by thapsigargin increases CASP8
poly[(GR)n(RE)n(GE)n] RAN protein levels, suggesting stress
conditions favor the accumulation of CASP8 RAN proteins.
Overexpression of polyGR or CASP8-GGGAGA™’-containing
constructs leads to increased levels of p-Tau. Additionally, our data
highlight the potential beneficial effects of metformin, which
decreased poly[(GR)n(RE)n(GE)n] protein levels in thapsigargin-

treated cells.

A CASP8-GGGAGA™® Variant (CASP8-GGGAGA-AD-R1) Increases AD
Risk. Because the CASP8-GGGAGA™?® produces polyGR-containing
polymeric poly[(GR)n(RE)n(GE)n] proteins in transfected cells
and AD autopsy brains, we asked whether this repeat expansion is
genetically associated with AD. Interestingly, we noticed a specific
repeat configuration R1 (Fig. 2E) was frequently found in AD cases.
'This variant group, which contains the R1 repeat interruption pattern
is distinct from other variants (e.g. R2-R5) (Fig. 2E and S/ Appendix,
Fig. S5A4). Pacbio long-read amplicon sequencing of individuals with
AD and the R1 variant identified an extra 48 to 50 bp repeat motif in
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the VNTR region (long VNTR), 3 to 4 units of [(GGGAGA),CG]
within the repeat tract, and 5 to 7 units of (GGGAGA) at the 3’
end (Fig. 5 A-C). We refer to these sequence subvariants as CASPS-
GGGAGA-AD-R1 (Fig. 5B). The long VNTR is found both in the
CASP8-GGGAGA-AD-RI1 subvariants and a common variant with
ashorter hexamer region (Fig. 5C). Next, we used LR-PCR and RP-
PCR that amplify the hexanucleotide repeat region to test whether the
CASP8-GGGAGA-AD-RI subvariants are associated with AD using
genomic DNA samples from three independent AD patient cohorts
along with age-similar cognitively unaffected White non-Hispanic
controls. Cohort 1 was collected as part of the National Centralized
Repository for AD and Related Dementias (NCRAD). The odds
ratio (OR) of finding CASP8-GGGAGA-AD-RI1 variants in AD
vs. controls in Cohort 1 (n = 734 AD and n = 748 controls) was 1.8
(95% CI [1.1248, 2.8394], z statistic 2.458, P= 0.0140) (Fig. 5D and
Table 1). Cohort 2 contained samples from Johns Hopkins University,
1Florida ADRC and Coriell. For cohort 2 (n = 278 AD, n = 449
controls) the OR of carrying a CASP8-GGGAGA-AD-R1 variant in
AD vs. controls was 3.6 (95% CI [1.8284, 7.1186], z statistic 3.700,
P=0.0002) (Fig. 5D and Table 1). A third independent replication
cohort, Cohort 3 from the Massachusetts General Hospital ADRC
showed a similar trend with 10/162 AD cases (6.2%) vs 1/42 controls
(2.4%) positive for the CASP8-GGGAGA-AD-R1 variant. For the
combined cohort (n(AD) = 1,174, n(control) = 1,239), the OR of
the CASP8-GGGAGA-AD-R1 variant in AD vs controls was 2.2
[95% CI (1.5185, 3.1896), z statistic 4.166, P = 3.10x107] (Fig. 5
and Table 1). In the combined cohorts, repeat lengths of the CASPS-
GGGAGA-AD-R1 variant ranged in size from ~57 to 68 repeats.
It is important to highlight that the SVA insertions are hominid
specific and that SVA-E subtype elements are human specific and
evolutionarily recent (49). The CASPS insertion event is found
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Fig. 4. CASP8-GGGAGA®™® produces polyGR(+)
proteins and increases p-Tau in transfected cells.
(A) Diagram showing C8-GGGAGAF*-3T constructs
containing 6xStop codons (two in each reading
frame), a 100-bp of CASP8 flanking sequence
upstream of the repeat, interrupted GGGAGA
repeat expansions, and triple epitope tags in
each of the three reading frames. (B) Protein plot
showing C8-GGGAGA™P-3T expresses mutant
proteins in FLAG and HA frames in transfected
HEK293T cells but not empty vector controls. (C)
Mutant proteins in all three reading frames (FLAG,

b
o

0.2
HA, and Myc) were detected by IF in HEK293T cells
0.0 transfected with C8-GGGAGA®P-3T but not empty
Tg - + + vector plasmids. (D) Protein blotting showing

effects of Thapsigargin (Tg) and metformin (M)
on the levels of CASP8 RAN proteins expressed in
the FLAG frame. (E) Quantification of CASP8 RAN
proteins expressed from the FLAG and HA frames
with Tg or Tg + metformin treatment (n =7 to 12/
condition). (F) IF images showing increased p-Tau
levels in SH-SH5Y cells expressing FLAG-tagged-
(GR)go protein encoded using alternative codon
sequences. (G) Quantification of p-Tau levels in
polyGR(+) (n = 46) and polyGR(-) SH-SY5Y cells
(n = 287), Cntl: empty vector control. (H) IF images
showing increased p-Tau levels in SH-SY5Y cells
transfected with C8-GGGAGA™®-3T plasmids. Data
represent mean + SEM. One-way ANOVA Holm-
Sidak’s multiple comparisons test (£) and unpaired
two-tailed t test (G). ***P < 0.001, ****P < 0.0001.

C8-GGGAGA®**-3T

on ~54% of human alleles and this insertion has continued to
mutate at a higher rate than the flanking sequences. The proposed
model shown in Fig. 5F illustrates the order in which the various
CASP8 SVA-E alleles flanking SNDPs arose. The rs1035142 SNP,
which is in complete LD with the CASP8-SVA-E insertion arose
carlier than the rs700635 SNP which is evolutionarily closer to
the R1 variant. Although the rs700635 SNP does not exclusively
tag the R1 alleles it is a better tag for the longer VNTR, which
is one of the molecular changes found on both the R1 allele and
a subset of other more recent CASP8 SVA alleles.

In addition to the association of the CASP8-GGGAGA-AD-R1
allele with AD in the 65+ population, in the 87+ age range we
found CASP8 SVA insertions are overrepresented in AD (235/341
— 68%) compared to controls (118/192 — 61%) [OR 1.39, 95%
Cl (0.8448 to 1.4884), P = 0.08]. While these data are not sig-
nificant with this relatively small 87+ cohort, the trend suggests
the need for further studies of the risk of CASP8-GGGAGA-AD-R1
and other CASP8 SVA insertion alleles in AD.

Because APOE4 is a strong AD risk factor, we tested whether
the increased AD risk associated with the R1 variant is influenced
by APOE alleles (S7 Appendix, Table S6). No significant increases
in R1 association with AD were detected in R1(+) AD cases with
one or more ApoE4 alleles. However, in a subcohort of APOE4
negative AD cases (n = 275) and controls (n = 550) from NCRAD,
the association of the CASP8-GGGAGA-AD-R1 variant with AD
was marginally increased with an OR of 2.5 [95% CI (1.3927,
4.5092), z statistic 3.065, P = 0.0022] (S Appendix, Table S7).
Takentogether, thesedatasuggest thatthe CASP8-GGGAGA-AD-R1
association with AD is independent of APOE4.

In summary, our results show that the CASP8-GGGAGA-
AD-RI repeat expansion variant is an AD risk factor.
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AD-Associated CASP8-GGGAGA-AD-R1 Shows Increased RAN
Proteins, RNA Inclusions, and Cell Toxicity. To better understand
the differences in expression of the CASPS-GGGAGA-AD-RI
and other CASP8-GGGAGAFX? variants, we generated plasmids
containing 6xSTOP codons (two in each reading frame) followed by
GGGAGAF*¥ sequences cloned from patients. CASP8-GGGAGA-
AD-R1 (p-AD-R1 plasmids) or another CASPS8-GGGAGAFX?

[rs700635

longer VNTR, and the interrupted hexanucleotide
stretch on the AD-R1 alleles arose.

variant (p-C-Var plasmids) were transfected into HEK293T cells
(Fig. 6A). We further characterized the CASP8-GGGAGAM®
p-AD-R1 and p-C-Var variants using RP-PCR and LR-PCR
(SI Appendix, Figs. S13 and S14). IF experiments show a-polyGR
levels were 4.2X higher in cells transfected with high-risk p-AD-R1
repeats compared to the other CASP8-GGGAGA™F variant allele
(p-C-Var) (P=0.0045) (Fig. 6B and SI Appendix, Fig. S15). Plasmid

Table 1. Association of CASP8-GGGAGA-AD-R1 with AD in three independent cohorts

All other

CASP8-GGGAGA-AD-R1 variants* Total cases Odds ratio 95% CI z statistic P value
Cohort 1 - NCRAD
AD 51 (6.9%) 683 734
Control 30 (4.0%) 718 48 1.8 1.1248, 2.8394 2.458 0.0140
Cohort 2 - 1Florida ADRC, JHU, and Coriell
AD 27 (9.4%) 251 278
Control 13 (2.8%) 436 449 3.6 1.8284,7.1186 3.700 0.0002
Cohort 3 - MGH ADRC
AD 10 (6.2%) 152 162
Control 1(2.4%) a1 4 2.7 0.3355, 21.6863 0.933 0.3508
Total AD and control cohorts
AD 88.(7.5%) 1086 117 2.2 1.5185,3.1896  4.166  3.1x 107
Control 44 (3.6%) 1,195 1,239 ‘ . ) 3. . .

Cohort 1 - NCRAD: 734 AD samples (51% female, 49% male, non-Hispanic, White, age at death (AAD) [(min, max), median + SD] = [(65, 90+), 81.0 + 5.1 y], and 748 cognitively healthy
controls (50% female, 50% male, non-Hispanic, White, AAD = [(65, 90+), 78.0 + 5.2 y]. >95% of genomic DNA samples are from blood. Cohort 2 - 1Florida ADRC, JHU, and the Coriell: 278
autopsy-confirmed cases from UF and JHU ADRCs (58% females and 42% males, non-Hispanic, White), genomic DNA samples are extracted from AD brain tissue, AAD = [(65, 102), 83.0
+7.4y], and 449 cognitively healthy Coriell controls (48% females and 52% males, race: non-Hispanic, White), genomic DNA are from blood samples, Age at sampling (AAS) [(min, max),
median + SD] = [(65, 95), 73 + 5.9 y). Cohort 3 - MGH ADRC cohort: 162 AD samples (53% female, 47% male, non-Hispanic, White, AAD = [(65, 90+), 81 + 6.6 y] and 42 Control samples (49%
female, 51% male, non-Hispanic, White AAD = [(73, 90+), 77.5 + 5.8 y]. Genomic DNA samples were extracted from brain tissue.

*All other variants include non-R1 CASP8-GGGAGAEXP variants and cases without CASP8 SVA-E insertions found at the CASP8 locus.
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RNA levels were comparable between the experimental groups
(SI Appendix, Fig. S16). To understand the effects of the repeat
interruptions on RNA foci/condensate formation, fluorescence
in situ hybridization (FISH) using a (TCTCCC); probe was
performed. In p-AD-R1 transfected cells, a higher number of
large and intense tGGGAGA™ RNA foci or condensates were
observed (Fig. 6Cand SI Appendix, Fig. S17) compared to p-C-Var
transfected cells (2 = 0.0085). Additionally, the p-AD-R1 plasmid
is more toxic compared to p-C-Var (Fig. 6D). Transfection of
p-AD-R1 or p-C-Var plasmids increased cell death by ~20X
(P=0.0032) or 10X (2= 0.046) compared to empty vector controls,
respectively (Fig. 6D). p-AD-R1 transfected T98 cells showed a ~2X
increase in cell death compared to cells transfected with p-C-Var
plasmids (P = 0.029).

Interestingly, examination of the CASP8-GGGAGA™? variants
in the a-polyGR(+) and a-CT-Sf3 positive autopsy brains shown
inSI Appendix, Table S5 werepositivefor CASP8-GGGAGA-AD-R1
(1/11) and other CASP8-GGGAGA™" variants (10/11).
Additionally, 4/11 of these cases were homozygous for the CASPS-
GGGAGA™?, with one of these cases carrying both a CASPS-
GGGAGA-AD-RI1 and another CASP8-GGGAGA®? variant
allele. While our association data demonstrate that the CASPS-
GGGAGA-AD-R1 variant increases AD risk (OR 2.2, P = 3.10
x 107), analysis of CASP8-GGGAGA™ autopsy tissue shows
that both CASP8-GGGAGA-AD-R1 and other CASPS-
GGGAGAF*P alleles can express CASP8-locus-specific RAN pro-
teins that accumulate in CASPS-GGGAGA™? positive AD brains.
Stress increases RAN translation of CASPS-GGGAGAFX? (Fig. 4
D and E) and other expansion mutations (16, 42, 50-52). These
results combined with the lack of a-polyGR and a-Ct-Sf3 staining
in CASP8-GGGAGAF*? control brains suggests that CASPS-
GGGAGA™? combined with stress or other genetic or environ-
mental risk factors that trigger CASP8 RAN translation contribute
to the development and progression of the full disease.

Taken together, our results support a model in which the
CASP8-GGGAGA-AD-R1 variant leads to higher AD-risk
because it produces increased levels of RAN protein aggregates
and RNA inclusions. RAN protein aggregates in turn, increase
p-Tau. Additionally, stress, which is known to increase RAN pro-
tein levels (16, 42, 50-52), increases the expression and accumu-
lation of poly[(GR)n(RE)n(GE)n] RAN aggregates from both the
CASP8-GGGAGA-AD-R1 and common CASPS8-GGGAGAFX?

variants which contribute to disease (Fig. 6E).

Discussion

We demonstrate that a-polyGR(+) aggregates are a frequent and unex-
pected pathological feature commonly found in sporadic AD cases
but not age-similar control autopsy brains. Anti-polyGR(+) aggregates
are distinct from A, p-Tau, and TDP43 aggregates. Hippocampal
regions with high levels of polyGR(+) aggregates also show increased
p-Tau. We developed dCasOREAD as a tool to enrich microsatellite
repeat expansions directly from a-polyGR(+) AD patient brains, and
used this method to identify an interrupted GGGAGA repeat expan-
sion in intron 8 of CASPS (CASP8-GGGAGA™?). This interrupted
GGGAGA™?, which is located within an SVA-E element oriented
in the opposite direction to CASP8 within intron 8, expresses hybrid
poly[(GR)n(RE)n(GE)n] RAN proteins. IHC using a-polyGR and
locus-specific C-terminal antibodies show that the hybrid poly(GR)
n(GE)n(RE)n proteins expressed from the CASPS-GGGAGAX®
form aggregates in CASP8-GGGAGA**’(+) AD brains. In cells,
stress-induced CASP8-RAN protein levels are reduced by metformin,
an FDA-approved type-2 diabetes drug that was recently shown to
lower RAN-protein levels and increase motor neuron survival in

PNAS 2025 Vol.122 No.7 2416885122

C9orf72 ALS/FTD BAC mice (16). Additionally, we found that a
specific CASP8 expansion variant (CASP8-GGGAGA-AD-R1) is
associated with AD in White non-Hispanic 65+ cohorts compared
to age-similar controls, OR 2.2 [95% CI (1.5185, 3.1896), = 3.10
x 107]. Finally, we show that the CASP8-GGGAGA-AD-R1 variant
produces higher levels of poly[(GR)n(RE)n(GE)n] RAN proteins
and RNA inclusions and is more toxic to cells than a common
CASPS-GGGAGA®X® variant. In summary, we identify a novel
intronic GGGAGA expansion in CASP8 as a risk factor for AD and
show that this poly[(GR)n(RE)n(GE)n] encoding repeat expresses
RAN proteins that explain part of the polyGR(+) staining seen in
AD autopsy brains. Additionally, we show that dCas9READ, a RAN
pathology to gene identification strategy developed here, enables the
unbiased identification of expansion mutations directly from genomic
DNA of RAN-positive patient samples.

The accumulation of intracellular pTau tangles is a pathological
hallmark of AD; however, the cause of this pathology in most
sporadic AD cases is unclear. Our data show hippocampal regions
with increased a-polyGR(+) staining also have increased p-Tau in
AD autopsy brains. Additionally, overexpression of polyGR or
CASP8 poly[(GR)n(RE)n(GE)n] proteins increases p-Tau levels
in cells. Although additional studies are needed to understand the
distribution of polyGR(+) aggregates and p-Tau throughout
CASP8-GGGAGAFXP(+) AD brains, our data suggest the possi-
bility that CASP8 RAN proteins trigger p-Tau accumulation. It
is also possible that p-Tau accumulation creates stress or other
conditions that further favor the accumulation of poly[(GR)n(RE)
n(GE)n] proteins. Either scenario could create a positive feedback
loop that increases RAN and p-Tau pathology and worsens disease.

In the related neurodegenerative disorder Corf72-linked ALS/
FTD, polyGR aggregates have been reported to induce TDP-43 pro-
teinopathy (53). Given 7/10 CASP8-GGGAGA-AD-R1(+) AD
brains from MGH also show TDP43 pathology, future studies aimed
at understanding the contributions that CASP8 poly[(GR)n(RE)
n(GE)n] RAN proteins and CASP8 expansion RNAs have on
p-TDP43 and additional aspects of AD pathology (e.g. AP accumu-
lation) and vice versa will provide further insight into the molecular
mechanisms of AD. It is possible that CASP8 poly[(GR)n(RE)n(GE)
n] proteins have shared toxic properties with C907f72 arginine-
containing RAN proteins (20, 54-58) although the hybrid nature of
the repeat motif is also likely to confer distinct cellular effects.

In contrast to the a-polyGR(+) and CASP8-GGGAGA®’(+) AD
cases, all five CASP8 GGGAGA*"(+) control brains were negative
for a-polyGR and CASP8 locus-specific C-terminal antibody stain-
ing. These data suggest the possibility that both the CASPS-
GGGAGA™? and one or more additional factors are required to
trigger CASP8 RAN protein production and accumulation in AD
brains. These results combined with the observation that CASP8
poly[(GR)n(RE)n(GE)n] RAN protein levels are upregulated under
ER stress in cells suggest stress conditions may increase susceptibility
to AD in CASPS-GGGAGA™"(+) carriers by increasing CASP8
RAN protein levels. This hypothesis is consistent with other studies
showing a role for oxidative stress in AD (59-61).

Among the polyGR-positive sSAD autopsy brains that we were
able to genotype, 27/36 were positive for the CASP8-GGGAGA™’.
Two different CASP8-locus-specific C-terminal antibodies showed
similar staining patterns in CASP8-GGGAGA®(+) AD brains.
These data combined with the colocalization of a-polyGR staining
with staining from the CASP8-locus-specific C-terminal antibody
a-CT-Sf3, demonstrates that the CASP8-GGGAGAFX? causes a
substantial portion of the polyGR pathology detected in a-polyGR(+)
AD autopsy brains. Interestingly, 9/36 a-polyGR(+) AD autopsy
brains were negative for the CASP8-GGGAGA™P. These data
suggest that additional, yet-to-be-identified repeat expansions,
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Fig. 6. AD risk variant CASP8-GGGAGA-AD-R1 increases RNA and polyGR-containing RAN aggregate levels in cells. (A) Schematic diagram of constructs used to
express CASP8-GGGAGA-AD-R1 (p-AD-R1) and a common CASP8-GGGAGA® variant (p-C-Var) in transfected cells. (B) Example IF images showing a-polyGR staining
in HEK293T cells transfected with p-AD-R1 or p-C-Var plasmids and the graph showing quantification of a-polyGR staining (n = 3/group), Cntl = empty vector control.
(C) Example FISH images showing rGGGAGA®® RNA staining in HEK293T cells transfected with p-AD-R1, p-C-Var, or empty vector control (Cntl) plasmids and graph
showing quantification of GGGAGA RNA inclusions (n = 3/group). (D) LDH toxicity assays showing effects of p-AD-R1, p-C-Var, and Cntl minigenes on survival of T98
cells (n = 3/group). (F) Model in which stress and allele configuration increase poly(GR)n(RE)n(GE)n and GGGAGAF*® and p-Tau aggregates, which leads to increased
AD risk. Data represent mean + SEM. (B and D) One-way ANOVA Holm-Sidak’s multiple comparisons test, (C) unpaired two-tailed ¢t test, *P < 0.05, **P < 0.01.

including potentially other SVA elements, underlie the polyGR
pathology found in CASP8-GGGAGA™"(-) AD autopsy brains.
Among the 2,413 AD and control cases, we found CASP8
GGGAGA expansion of = 47 repeats. Given that the reference
genome sequence of the CASP8 SVA reports an interrupted
(GGGAGA) with seven repeats, it is likely that short-read sequencing
methods used were not able to accurately sequence the complex
repeat expansion at the CASP8 SVA locus. The identification of path-
ogenic repeat expansion mutations is challenging and has historically
required families with strong histories of disease. dCas9READ com-
bined with RAN protein pathology signatures in patient samples
now enable the direct identification of pathogenic repeat expansions
from individual patient DNA samples. This approach opens the door
for personalized medicine that will allow the direct identification of
novel RAN-protein encoding repeat expansion mutations in indi-
vidual patients and testing the efficacy of RAN-protein lowering
drugs including metformin (62). In the future, second generation
dCas9READ strategies that use CRISPR/Cas9 variants with more
relaxed PAM sequences (63—65) will enable the isolation of additional
types of repeat expansion motifs, which will further facilitate efforts
to understand the role of the repeatome in biology and disease.
SVA elements have been found at ~3,000 loci in the human
genome (66, 67). SVA elements have recently been linked to
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X-linked dystonia parkinsonism (68), Fukuyama congenital mus-
cular dystrophy (69), and Parkinson’s disease (70). Additionally,
the CASP8 SVA-E insertion has been linked with several types of
cancers (71, 72). De novo SVA insertions have been shown to
contribute to disease and other phenotypes by disrupting gene
expression (73-75). Despite growing evidence that SVA elements
contribute to disease and phenotypic diversity, there is still limited
knowledge about SVA biology. Our work shows that expanded
GGGAGA repeats within the CASP8 SVA-E element produce
polymeric proteins that accumulate in AD brains and identify a
novel SVA mediated mechanism for neurodegenerative disease.
The CASP8 GGGAGA™ shows minimal repeat length varia-
tion in brain and blood from two AD cases using bulk genomic
DNA and long-range PCR although it is possible that repeat
length instability may be detected in some cell populations by
small pool PCR. Interruptions are highly variable from case to case.
Our data demonstrating that expression of the AD-associated
CASP8-GGGAGA-AD-R1 variant leads to increased polyGR-RE-
GE protein aggregates and RNA inclusions compared to a common
CASP8 GGGAGA™ variant allele suggests R1 molecular differ-
ences in the accumulation of expansion proteins or RNAs may lead
to increased AD risk. A potential similarity with other microsatellite
expansion diseases is that interruptions within the CASPS-

pnas.org



GGGAGAFX® can affect disease penetrance and age of onset (76,
77). In the future, it will be important to better understand the
molecular effects of CASPS-GGGAGA-AD-R1 and other
CASPS8-GGGAGAFX? variants in disease.

The CASP8-SVA-E insertion is a recent human event found in
~56% of the White non-Hispanic population. While tagging
SNPs (e.g. rs1035142) are in linkage disequilibrium (r* = 0.999)
with the CASP8 SVA insertion, previous GWAS studies would
likely have missed the association of the CASP8-GGGAGA-AD-R1
variant with AD because the previously used rs1035142 SNP does
not distinguish the less common CASP8-GGGAGA-AD-RI1 var-
iants from the more frequent CASP8-SVA-containing alleles.
These data highlight that the increased mutability of tandem
repeats (78, 79), masks LD with flanking SNPs even within LD
blocks, which have no recombination. In SCA2, another micro-
satellite expansion disorder, CAG repeats with intermediate
lengths in ATXN2 were identified as an ALS risk factor through
interactor screens (80). Similar to our CASP8 study, SCA2 expan-
sions as a modifier of ALS may have been initially missed by GWAS
studies because tagging SNPs used in GWAS studies would not
have been able to specifically tag A7XN2 intermediate repeat-length
alleles compared to other SCA2 expansion alleles. While our study
was focused on three independent White non-Hispanic cohorts the
CASP8-GGGAGA-AD-RI variant was also detected in a small
cohort of African American AD cases. In future studies, it will be
interesting to test whether the CASP8-GGGAGA-AD-RI1 variant
is also associated with AD in other ethnic groups.

The caspase-8 protein plays roles in amyloid metabolism, synaptic
plasticity, learning, memory, and the regulation of microglial proin-
flammatory activation (81, 82). Potential protein loss of function
caused by CASP8-GGGAGA™? alleles would be consistent with
the LOF effects previously reported for rare CASPS8 protein-coding
variants (37). Protein LOF through haploinsufficiency is a common
theme in repeat expansion disorders (83). Additionally, the CASP8
SVA-E allele was previously reported to associate with increased
intron 8 retention (39). Both CASP8 SVA-E tagging SNPs, rs700635
and rs1035142, were previously shown to be strongly associated with
increased CASP8 transcript levels in brain tissue and a possible cryp-
tic splicing event upstream of the SVA insertion (39) (GTEx Portal
on 12/26/2024). Although not significant, we observed a similar
trend toward increased CASP8 transcript levels in a small cohort of
CASP8-GGGAGAP* (+) versus CASPS-GGGAGA™P(-) AD cases
using end-stage frontal cortex tissue. Additional studies will be
required to fully understand the effects of CASP8-GGGAGA-AD-R1
and other common CASP8-GGGAGAFX! variants on caspase-8
activity and CASP8 developmental and tissue-specific expression
patterns. It is possible that splicing alterations including intron reten-
ton caused by CASP8-GGGAGA-AD-RI or other common
CASP8-GGGAGAPX® variants contribute to disease as has been
reported in other repeat expansion disorders (84).

The CASP8-GGGAGA-AD-RI1 expansion variant is strikingly
different from other AD risk loci. Most variants that cause mono-
genic AD (APP PSEN1, PSEN2) or elevate AD risk (TREM2,
ABCA7, SORLI) with strong effect sizes (OR>3) are relatively
infrequent in the general population (<1.5%), except for APOE4
(OR>3, <20%) (85, 86). In contrast, AD risk alleles with the
highest frequencies in the general population [e.g. ACE (~45%),
ECHDC3 (~39%), PTK2B (~37%)] have low effect sizes
(OR<1.2). The CASP8-GGGAGA-AD-R1, which has a rela-
tively high OR (2.2) for AD, is also frequently found in 7.5%
of AD and 3.6% of controls. These findings, combined with
pathological data showing the CASP8 polymeric proteins
detected with locus-specific antibodies accumulate in AD brains

carrying both CASP8-GGGAGA-AD-R1 and other CASPS
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GGGAGAF*® variants, but not control brains, identify the
CASP8-GGGAGA repeat as an important and novel risk factor
for AD in non-Hispanic Whites.

Materials and Methods

IHC was used to detect a-polyGR(+) aggregates and the unique C-terminal regions
expressed from the CASP8-GGGAGA™® mutation in AD autopsy brains. CRISPR deac-
tivated Cas9-based pulldowns were performed using guide RNAs that target GR
encoding repeats to enrich and identify candidate repeat expansions express polyGR-
containing proteins in AD brains. The CASP8-GGGAGA expansions were characterized
using short- and long-read sequencing, repeat-primed PCR, and long-range PCR.
Case-control association studies were performed to study the frequencies of CASPS-
GGGAGA™P variants in AD and control cohorts. Transfected cells were used to study the
toxicity of CASP8-GGGAGA® variants and the production of polyGR-containing RAN
proteins from CASP8-GGGAGA expansion alleles. Additional details and experimental
procedures are provided in S/ Appendix, Materials and Methods.

Data, Materials, and Software Availability. All study data are included in the
article and/or S Appendix.
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