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Aberrant splicing of PSEN2, but not PSEN1,
in individuals with sporadic Alzheimer’s
disease

Meredith M. Course,”? Kathryn Gudsnuk,® C. Dirk Keene,®> Thomas D. Bird,»*>°
Suman Jayadev’® and ®Paul N. Valdmanis®

Alzheimer’s disease is the most common neurodegenerative disease, characterized by dementia and premature
death. Early-onset familial Alzheimer’s disease is caused in part by pathogenic variants in presenilin 1 (PSEN1) and
presenilin 2 (PSEN2), and alternative splicing of these two genes has been implicated in both familial and sporadic
Alzheimer’s disease. Here, we leveraged targeted isoform-sequencing to characterize thousands of complete
PSEN1 and PSEN2 transcripts in the prefrontal cortex of individuals with sporadic Alzheimer’s disease, familial
Alzheimer’s disease (carrying PSEN1 and PSEN2 variants), and controls. Our results reveal alternative splicing pat-
terns of PSEN2 specific to sporadic Alzheimer’s disease, including a human-specific cryptic exon present in intron
9 of PSEN2 as well as a 77 bp intron retention product before exon 6 that are both significantly elevated in sporadic
Alzheimer’s disease samples, alongside a significantly lower percentage of canonical full-length PSEN2 transcripts
versus familial Alzheimer’s disease samples and controls. Both alternatively spliced products are predicted to gener-
ate a prematurely truncated PSEN2 protein and were corroborated in an independent cerebellum RNA-sequencing
dataset. In addition, our data in PSEN variant carriers is consistent with the hypothesis that PSEN1 and PSEN2 variants
need to produce full-length but variant proteins to contribute to the onset of Alzheimer’s disease, although intri-
guingly there were far fewer full-length transcripts carrying pathogenic alleles versus wild-type alleles in PSEN2 vari-
ant carriers. Finally, we identify frequent RNA editing at Alu elements present in an extended 3’ untranslated region
in PSEN2. Overall, this work expands the understanding of PSEN1 and PSEN2 variants in Alzheimer’s disease, shows
that transcript differences in PSEN2 may play a role in sporadic Alzheimer’s disease, and suggests novel mechanisms
of Alzheimer’s disease pathogenesis.
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Introduction

Ranking as the most common form of both dementia and neurode-
generation, Alzheimer’s disease is progressively debilitating and
uniformly fatal. Almost six million Americans have the disease—
a number that will continue to escalate as our population ages—
and still there remains no effective treatment. To better develop
targeted interventions, we sought to uncover the complex tran-
scriptional changes that may take place in Alzheimer’s disease.
Here, we study transcripts produced by presenilin 1 (PSEN1) and
presenilin 2 (PSEN2).

Originally identified through linkage analyses, autosomal dom-
inant variants in PSEN1, PSEN2, and amyloid precursor protein (APP)
lead to early-onset Alzheimer’s disease (onset <65 years of age).
These three risk genes are mechanistically united in the following
way: either of the two presenilins form part of the y-secretase com-
plex, which cleaves APP to liberate a product called amyloid beta
(Ap) peptide. Though the mechanisms by which variants in PSEN1
and PSEN2 lead to Alzheimer’s disease are still debated, it is com-
monly thought that changes in PSEN1 or PSEN2 bias APP cleavage
to form versions of Af peptide that are more prone to aggregation.
Aggregation of A, in turn, is a hallmark pathology of Alzheimer’s
disease.*”

In addition to playing a role in early-onset Alzheimer’s disease,
variants in PSEN1 and PSEN2 can also increase risk for, or cause,
late-onset Alzheimer’s disease.®>*? It is generally thought that all
disease-causing variants in these genes impair normal function
of the y-secretase complex, resulting in abnormal cleavage of APP
and aggregation of AB. Tellingly, of all identified Alzheimer’s
disease-related PSEN1 variants (there are now over 200),"® not one
leads solely to a truncation or absence of protein product.** PSEN2
variants are not as common as those in PSEN1 (19 identified so
far),"®but they similarly do not appear to lead to haploinsufficiency.
These observations have led to a controversial hypothesis that
PSEN1 and PSEN2 produce full-length but variant proteins in the
context of Alzheimer’s disease. Determining whether this hypoth-
esis is true would notably increase our understanding of
Alzheimer’s disease pathogenesis.

Recently, we characterized the impact of an Alzheimer’s
disease-related PSEN2 variant, PSEN2 K115Efs.'® This variant is
a 2 bp deletion, which should lead to a frameshift and premature
stop codon, and therefore be the first known case of a
loss-of-function variant in PSEN2. Instead, however, we detected
a novel intronic splice acceptor site that added 77 bp to the tran-
script, which would restore the reading frame and generate a full-
length PSEN2 product with 25 extra amino acids.'® This transcript
was specific to patient brain tissue and was not observed in fibro-
blasts. We also observed the same intron retention splicing pat-
tern in brain tissues from patients with sporadic Alzheimer’s
disease (i.e. lacking the 2 bp deletion) and observed use of this al-
ternative splice site in RNA-sequencing data of anterior frontal
cortex in the Mount Sinai Brain Bank, leading us to hypothesize
that alternative splicing of familial Alzheimer’s disease risk
genes may also play a role in sporadic Alzheimer’s disease.

The reading frame of PSEN2 K115Efs could also be restored by
the omission of exon 6. Alternative splicing leading to skipping of
PSEN2 exon 6 occurs under hypoxic conditions—a condition in-
creasingly implicated in Alzheimer’s disease’’—and the truncated
splicing product is elevated in the brains of patients with sporadic
Alzheimer’s disease.'® This splicing event is thought to decrease
the unfolded protein response and increase y-secretase activity.®
Splicing is altered by high mobility group AT-hook 1 (HMGAI),
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which binds exon 6 and causes it to be skipped, resulting in a pre-
mature stop codon and thus a truncated protein product.?®?!
PSEN2 K115Efs acts in a manner similar to PSEN2 transcripts with
exon 6 spliced out—that is, both form similar truncated products
—but together, they form an almost full-length PSEN2 product,
lacking exon 6.

In this study, we set out to characterize full-length transcripts of
PSEN1 and PSEN2 in brain tissue from individuals with familial and
sporadic Alzheimer’s disease as well as controls using PacBio
Isoform-Sequencing (Iso-Seq). PacBio Iso-Seq is a state-of-the-art
technique that uses single molecule, real-time (SMRT) sequencing
to completely sequence all targeted mRNAs up to 20 kilobases
long.?? The long-read capability of PacBio Iso-Seq is the only way
to fully capture all exons in combination with pathogenic variants
in PSEN1 (2776 bp) and PSEN2 (2249 bp) transcripts. Unlike short-
read sequencing, it allows us to identify complete novel transcripts
and alternative splicing events, as well as quantify differences in
transcript abundance between samples.

Materials and methods

The University of Washington Alzheimer’s Disease Research
Center (UW ADRC) Neuropathology Core provided post-mortem
prefrontal cortex samples from the 20 cases listed in Table 1. All
samples were collected following informed consent approved by
the UW Institutional Review Board. Control individuals were re-
cruited through the Adult Changes in Thought study from Kaiser
Permanente Washington,”® a population-based cohort study in
which participants 65 years or older undergo cognitive screening
every 2 years. Tissues used for this study were collected during ra-
pid brain autopsy and flash frozen in liquid nitrogen or supercooled
isopentane. Here, two controls, two sporadic Alzheimer’s disease
and two PSEN1 samples were frozen in isopentane.

RNA was extracted from brain tissue samples using the RNeasy
Lipid Tissue Mini Kit (Qiagen). Then 300 ng of RNA was then con-
verted to cDNA, hybridized and prepared for Iso-Seq following a
protocol from PacBio called ‘Iso-Seq Express Capture Using IDT
xGen Lockdown Probes’. Briefly, RNA was converted into cDNA
and amplified using a combination of the NEBNext Single Cell/
Low Input cDNA Synthesis & Amplification Module (New England
Biolabs), the Iso-Seq Express Oligo Kit (PacBio), and barcoded pri-
mers (found in Appendix 3 of the PacBio protocol). RNA integrity
number scores for each sample varied on the basis of the quality
of the original tissue. Samples were then pooled into two groups
based on higher or lower RNA integrity number scores (researchers
were blinded to sample identity), and these two pools were hybri-
dized to a custom panel of xGen Lockdown Probes (Integrated
DNA Technologies) using the xGen Lockdown Hybridization and
Wash Kit (Integrated DNA Technologies). In total, the probe panel
contained 181 probes tiling both exonic and intronic regions of
PSEN1 (128 probes) and PSEN2 (53 probes) at approximately equal
intervals (Fig. 1Aand Supplementary Table 1). After 15 cycles of
amplification of the captured cDNA, pools were combined (after
confirming that both DNA pools had similar quality control scores)
and submitted to UW PacBio Sequencing Services for library prep-
aration and running on PacBio Sequel II for 1 SMRT Cell 8M with a
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Table 1 Samples used in study
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Cohort Age at death Sex PMI (hours) Cognitive status PSEN variant, APOE status Braak score CERAD score
(years) if applicable
Control 88 F 3.50 No dementia €3/€e3 111 0
Control 90 M 5.00 No dementia €3/e3 I 0
Control 88 F 3.18 No dementia €2/e3 I 0
Control 90 F 4.50 No dementia €2/e3 111 0
Control 78 M 10.02 No dementia €3/e3 0 0
Control 83 F 2.67 No dementia €3/e3 I 0
PSEN 43 M 2.50 Dementia PSEN1, [143T e3/e4 VI 3
PSEN 55 M 3.12 Dementia PSEN1, S212Y 2/c4 VI 3
PSEN 58 M 6.33 Dementia PSEN2, N141I €3/e3 VI 3
PSEN 73 M 5.50 Dementia PSEN2, N141I VI 3
PSEN 67 F 10.18 Dementia PSEN2, K115Efs e3/e3 VI 3
PSEN 40 F 4.65 Dementia PSEN1, V272A VI 3
PSEN 38 M 9.85 Dementia PSEN1, M146L VI 3
Sporadic 90+ M 6.00 Dementia €3/c4 VI 3
Sporadic 90+ F 4.50 Dementia e3/e3 v 3
Sporadic 88 F 3.33 Dementia €3/e3 VI 3
Sporadic 84 F 4.47 Dementia €2/e4 v 3
Sporadic 90+ F 5.50 Dementia €3/e4 VI 3
Sporadic 81 F 4.50 Dementia €3/e4 VI 3
Sporadic 60 M 8.68 Dementia VI 3

APOE = Apolipoprotein E; CERAD = Consortium to Establish a Registry for Alzheimer’s Disease; F = female; M = male; PMI = post-mortem interval; PSEN = presenilin.

30-h video time, using SQII v.2.0 polymerase and v.2.0 sequencing
chemistry.

We received full-length transcript information in FASTQ files,
which were initially assessed using the standard Iso-Seq Analysis
pipeline in SMRT Link (PacBio, v.10.1.0.119588). Briefly, barcoded
reads were sorted, and barcodes and poly-A sequences were
clipped using the Lima SMRT Analysis tool (v.2.2.0). Reads with a
quality score of 20 or greater were mapped to the human GRCh38
genome using pbmm? (v.1.3.0) and minimap?2 (v.2.23) to generate
a set of BAM files.

We counted the number of reads per sample with a transcript
origin in PSEN1 (GRCh38 coordinates chr14:73,136,507-73,223,691)
and PSEN2 (chr1:226,870,616-226,896,098). Of these, we quantified
the number of reads that contained both canonical and alternative
splice isoforms. To obtain total reads, we counted the number of
reads that mapped to transcript coordinates. To ascertain full-
length PSEN1 and PSEN2 transcripts, we extracted reads that con-
tained the expected start and stop codon sequences. For uniquely
mapped reads, all identical isoforms were counted as one.

Iso-Seq reads that mapped to the Alujb (chr1:226896582-226896815)
element in the PSEN2 3’ untranslated region (UTR) were assessed
for the number of guanine residues at each adenine position. The
percentage of total A-to-G changes was then quantified.

Mayo Clinic sample RNA-seq BAM files from the cerebellum and
temporal cortex were downloaded from Accelerating Medicines
Partnership Program for Alzheimer’s Disease, Synapse ID
syn5550404. Percentage splice inclusion of alternative splice pro-
ducts was measured by calculating junction spanning reads across

canonical and alternative splice junctions, confirmed by quantifica-
tion from Sashimi plots generated by Integrated Genomics Viewer.
Due to increased read depth at these positions, RNA editing was
calculated across both AluJb (chr1:226896582-226896815) and AluY
(chr1:226898626-226898913) elements in the PSEN2 3’ UTR.

Statistical analyses were performed using Prism v.9.2.0 (GraphPad
Software). The Shapiro-Wilk test (n<8) or D’Agostino-Pearson
omnibus K2 test (n>8) was first used to determine whether data
were normally distributed. A one-way ANOVA was used to compare
groups of more than two with parametric distribution. If the
ANOVA gave P <0.05, this analysis was then followed by Tukey’s
multiple comparisons. To analyse correlations, a Spearman correl-
ation coefficient was used for non-parametric data and a Pearson
correlation coefficient was used for parametric data.

RNA sequence reads from the Mayo Clinic are available from synap-
se.org with accession number syn5550404.

Results

To observe PSEN1 and PSEN2 transcripts in individuals with
Alzheimer’s disease and controls, we first prepared cDNA from 20
samples. These samples were composed of prefrontal cortex tis-
sues, from six non-demented donors with low or absent
Alzheimer’s disease neuropathological change (referred to as ‘con-
trols’), seven individuals with both familial Alzheimer’s disease
and a PSEN1 or PSEN2 variant, and seven individuals with neuro-
pathologically confirmed sporadic Alzheimer’s disease (Table 1).
Of the seven samples from individuals with PSEN1 or PSEN2 var-
iants, four had PSEN1 variants (all different), and three had PSEN2
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Figure 1 Iso-Seqreads mapping to PSEN1 and PSEN2. (A) Schematic of probe location and number of probes used per gene. (B) Iso-Seq reads mapping to
PSEN1 and PSEN2. Reads that mapped to PSEN1 and PSEN2 were not significantly different across cohorts (P =0.62 for PSEN1 and P =0.53 for PSEN2, one-
way ANOVA). Bars are mean and standard deviation. Sporadic Alzheimer’s disease (AD) n=7, PSEN variant carrier n=7, control n=6.

variants, one of which was the K115Efs variant and two of which
were N141I variants. Together, we refer to these samples as ‘PSEN
variant carriers’. As noted later in this study, we did observe that
one of our sporadic Alzheimer’s disease samples carried a PSEN1
variant of unknown significance, and we continued to consider
this sample sporadic, based on the known literature of this variant
of unknown significance (the individual’s late age of death at >90
years old also supports this decision). These samples were all ob-
tained within a post-mortem interval of less than 12 h. Controls
and sporadic Alzheimer’s disease samples were reasonably age-
and sex-matched. Due to the early-onset nature of familial
Alzheimer’s disease, we could not obtain age-matched controls
for the PSEN variant carriers (Table 1).

We obtained PSEN1- and PSEN2-specific transcripts from the
cDNA by hybridization capture, and then submitted these samples
for SMRT sequencing. We favoured the use of hybridization probes
over PCR amplification of transcripts to ensure that we would be
able to observe all alternative splice isoforms, including truncated
isoforms. Our hybridization probes corresponded to both coding se-
quence and genomic region (Supplementary Table 1), so that we
could identify potential intron retention products. The number of
probes used per gene and a schematic of probe location is provided
in Fig. 1A. A step in cDNA conversion involving selection for poly-A
tails suggests that our findings here reflect transcripts that have
undergone mRNA processing.

Alignment to PSEN1 and PSEN2

On average, we obtained 81034 + 36374 mapped reads per sample
(range 28444-167 125). Of these, 75.8 + 8.68% mapped to PSEN1 (range
53.8-86.1%) and 9.86 +£6.91% mapped to PSEN2 (range 2.69-31.5%).
Values were not significantly different across cohorts (Fig. 1B; P=

0.62 for PSEN1 and P=0.53 for PSEN2, one-way ANOVA). Analysis of
uniquely mapped reads instead of total reads led to similar results
(Supplementary Fig. 1). The higher mapping rate for PSEN1 may re-
flect an increased abundance of PSEN1 in the frontal cortex or could
be due to the higher number of probes used for PSEN1 mRNA versus
PSEN2 mRNA (Fig. 1A). The reads that did not map to PSEN1 or PSEN2
were evenly distributed throughout the genome, with no evidence
for biased enrichment of a particular gene when analysing unique
reads (Supplementary Fig. 2A), and some preferential amplification
of proteolipid protein 1 (PLP1) and myelin basic protein in just two
samples when analysing total reads (Supplementary Fig. 2B). The dis-
tribution of reads was comparable between cohorts.

PSEN1 isoforms

The generation of appropriately spliced and full-length PSEN1 was
largely efficient, with ~75% of reads encoding for an in-frame pro-
tein product. A minimum of 16 000 canonical full-length transcripts
of PSEN1 that encoded for an in-frame protein product were found
in each sample. Importantly, in the PSEN variant carriers, roughly
half of full-length transcripts of PSEN1 were observed to contain
the pathogenic variant.

Two predominant splice isoforms were detected, corresponding to
the omission or inclusion of 12 bp (the amino acids VRSQ) at the end of
exon 3 of 12 (first coding exon) of the PSEN1 transcript (Fig. 2A). The abun-
dance of the transcript without these 12 bp (463 aa; ENST00000357710.8)
versus with these nucleotides (467 aa; ENST00000324501.10) was compar-
able across sporadic Alzheimer’s disease, PSEN variant carriers and con-
trols, with short and long isoforms each occurring at the same rate
(Fig. 2B; P=1.00, one-way ANOVA). Transcripts missing the 12bp are
thought to be the alternative transcripts, as these nucleotides are con-
served in PSEN2 transcripts.
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Figure 2 Isoforms of PSEN1. (A) Schematic showing the three most predominant isoforms identified for PSEN1. (B) Ratio of 4 amino acid (aa) deletion to
inclusion isoform of PSEN1. Abundance (percentage of total PSEN1 transcripts) of PSEN1 (C) exon 3b inclusion isoform, and (D) intron 8 retention iso-
form, across cohorts. No isoform exhibited significantly different ratio or abundance across cohorts (P>0.05, one-way ANOVA, for each). (E)
Distribution of various PSEN1 isoforms as a percentage of all full-length transcripts with canonical start and stop codons. All bars are mean and stand-
ard deviation. Sporadic Alzheimer’s disease (AD) n=7, PSEN variant carrier n=7, control n=6.

The third most common isoform from our analysis, however,
was not annotated. This isoform of PSEN1 included a 130 bp alterna-
tively spliced exon in intron 3 (GRCh38 chr14:73,160,009-73,160,138)
(Fig. 2A). The extra exon (exon 3B) is composed of portions of AluJb
and LIMB2 repeat elements and introduces a frameshift and prema-
ture termination codon at amino acid 61. If an internal methionine
start codon is used, the N-terminally truncated protein product
would be 384 amino acids long. The inclusion of exon 3B remained
the same between controls, PSEN variant carriers, and sporadic
Alzheimer’s disease samples (Fig. 2C; P=0.084, one-way ANOVA).
One of the next most abundant isoforms contains an alternative
splice acceptor site in intron 8 that leads to an intron retention prod-
uctand is presentin ~1% of reads for all samples. Again, this number
remained the same across all three cohorts (Fig. 2D; P=0.79, one-
way ANOVA). All full-length transcripts carrying each of these alter-
native splice events in an otherwise canonical sequence are

quantified as a percentage of total full-length PSEN1 isoforms ob-
served across cohorts in Fig. 2E. Analysis of uniquely mapped reads
gave similar results for all PSEN1 isoforms (Supplementary Fig. 2).

In one sample annotated as sporadic, we identified a 3 bp dele-
tion in exon 4 of PSEN1 (p.Asp40del; GRCh38 coordinates
chr14:73,170,825-73,170,827). This 3 bp deletion has been previous-
ly observed in Alzheimer’s disease cases?*?*® and is present in
gnomAD (v.3.1.2) in 18 individuals (allele frequency of 0.0001183),
indicating that it is currently a variant of unknown significance.
In a recent systematic study, this variant was deemed a risk factor
for Alzheimer’s disease.®

PSEN2 isoforms

Alignment of Iso-Seq reads to PSEN2 revealed a more heteroge-
neous population of transcripts than those observed for PSEN1


http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac294#supplementary-data

512 | BRAIN 2023: 146; 507-518

(Fig. 3A). The generation of an appropriately spliced and full-length
PSEN2 was slightly less efficient than for PSEN1, with 62% of reads
encoding for an in-frame protein product. At least 882 canonical
full-length transcripts of PSEN2 were found in each sample. Like
PSENT1, full-length transcripts contained both wild-type and patho-
genic variant alleles for each of the PSEN variant carriers.

Again, after the canonical PSEN2 transcript, the second most
abundant transcript that spanned from start to stop codons was
one that contained an alternative splice site—an alternative ac-
ceptor site in this instance—at the beginning of exon 11 of 13, which
resulted in the removal of 3 bp (1 amino acid) from the total protein
product. Sporadic Alzheimer’s disease samples, controls and PSEN
variant carriers all had similar levels of this isoform, with the short
isoform occurring less often than the long isoform (Fig. 3B; P=0.11,
one-way ANOVA).

Also, like PSEN1, the third most abundant transcript was non-
productive (i.e. a premature stop codon is introduced). A 1657 bp
transcript was detected in 4.8% of full-length reads across all sam-
ples. This alternative exon appears between exons 9 and 10, herein
referred to as exon 9B (Fig. 3A). The exon is 310 bp, flanked by ca-
nonical splice sites, contains stop codons in all three reading
frames and is predicted to produce a protein truncated at 321 amino
acids. Reads mapping to the exon 9B region accounted for over 50%
of total PSEN2 reads for one sporadic sample and were significantly
more abundant in sporadic Alzheimer’s disease than in controls
(P =0.0007) or PSEN variant carriers (P =0.0013), while PSEN variant
carriers exhibited similar levels as controls (Fig. 3C; P=0.88, one-
way ANOVA followed by Tukey’s multiple comparisons). A known
isoform of PSEN2 (ENST00000487450.1) lists the presence of exon
9B, though mRNA abundance stemming from this isoform is low
based on GTEx data.”’ We observed several other transcript
isoforms that contained exon 9B in combination with intron reten-
tion and alternative splice products present in introns 8 and 9,
many of which were enriched in sporadic Alzheimer’s disease
(Supplementary Fig. 3). Exon 9B inclusion was not correlated with
age at death in sporadic or any other cases [Supplementary Fig. 4;
r=0.24, P (two-tailed) =0.30, Spearman correlation].

A fourth PSEN2 isoform was also detected corresponding to the
inclusion of 77 bp of intronic sequence prior to exon 6 (Fig. 3A). We
previously identified the presence of this 77 bp intron product in
the context of a 2bp deletion.’® This transcript is a full-length
mRNA including start and stop codons and all exons in between,
but due to a frame shift, is not predicted to form a full-length pro-
tein product. Again, sporadic Alzheimer’s disease samples had a
significantly higher abundance of this 77 bp intron product as com-
pared to controls (P=0.0050) or PSEN variant carriers (P=0.017),
while PSEN variant carriers exhibited similar levels as controls
(Fig. 3D; P=0.76, one-way ANOVA followed by Tukey’s multiple
comparisons). Average percentages were 6.59% for sporadic
Alzheimer’s disease, 1.91% in PSEN (although three samples had
zero reads) and 0.79% in controls. The highest level of the 77 bp in-
tron product in the PSEN variant carriers was observed in the PSEN2
2 bp deletion (PSEN2 K115Efs; highlighted in Fig. 3D), which corro-
borates our previous work.'®

An exon 6 skipped product, termed PS2V, is the subject of several
previous reports.'®?128:2% This exon skipping is induced by hypoxia
and mediated by binding of HMGA1.?>?! Here, we find few exam-
ples of reads that skip exon 6, including in the 2 bp deletion sample,
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where deletion of exon 6 would restore full-length protein produc-
tion (minus 48 aa).'® Abundance of transcripts exhibiting exon 6
skipping remained the same across cohorts (Fig. 3E; P=0.28, one-
way ANOVA). A notable exception to this lack of PS2V was in the
two carriers of the PSEN2 N141I pathogenic variant. In each, 8.26-
9.64% of all reads that mapped to PSEN2 contained a splice product
skipping exon 6 (highlighted in Fig. 3E). Interestingly, amino acid
141is in the middle of exon 6, suggesting that the nucleotide vari-
ant may influence alternative splicing of exon 6 (Fig. 3A). The
binding site consensus sequence of HMGA1 is CUGCUACAAG at
the end of exon 6 (amino acids 163-166), distal to the N141 codon
(Supplementary Fig. 5).

In one of the PSEN2 N141I carriers, we identified a heterozygous
position (rs1046240) in exon 5. Using this information, we could de-
duce that all 479 reads that skipped exon 6 also contained the alter-
nate allele atrs1046240 and therefore were in cis with the 141l allele.
For the second N141I individual, however, we did not identify het-
erozygous positions in the mRNA that could be leveraged for a simi-
lar analysis.

Finally, full-length PSEN2 transcripts carrying each of these
mentioned alternative splice events on their own were quanti-
fied as a percentage of all full-length PSEN2 isoforms (containing
canonical start and stop codons and an otherwise canonical tran-
script) observed across cohorts in Fig. 3F. These data include a
splice isoform that skips exon 9, though this isoform maintains
the PSEN2 reading frame and is not significantly different be-
tween cohorts (Supplementary Fig. 3). In contrast to PSEN1, the
proportion of full-length reads for PSEN2 is significantly lower
in sporadic Alzheimer’s disease cases relative to controls (P=
0.0055) or PSEN variant carriers (P=0.013, one-way ANOVA fol-
lowed by Tukey’s multiple comparisons). Of note, the ‘other’
group in Fig. 3F includes various combinations of alternative
exons and intron retention products whose commonality in-
volves the sharing of exon 9B sequence (Supplementary Fig. 3).
Analysis of uniquely mapped reads led to similar results for all
PSEN2 isoforms (Supplementary Fig. 2).

Long-read Iso-Seq also afforded us the ability to examine allelic bias
in PSEN variant carriers. An unresolved question from our previous
work was whether the 2 bp deletion could produce a full-length in-
frame product in combination with the 77 bp insertion in intron
6. Aligning reads from this individual revealed that the wild-type al-
lele accounted for 88% of the reads (2858 reads for full-length PSEN2
and 98 reads including the 77 bp intronic sequence). Of the 412
reads with a 2 bp deletion, about half spliced to the canonical
exon 6 junction and continued to the last exon of the transcript,
which is predicted to yield a truncated 124 amino acid protein prod-
uct (Fig. 4A). However, 190 additional reads included the 77 bp prod-
uct, generating a full-length transcript with 25 additional amino
acids inserted after exon 5.

The PSEN2 2 bp deletion allele (i.e. the K115Efs variant) only con-
tributes to 12% of total PSEN2 transcripts, therefore some nonsense-
mediated decay is probably active. The other two PSEN2 samples
(both with the N141I variant) displayed only 35-37% of transcripts
with pathogenic variants, further indicating that decreased sta-
bility of the variant allele (probably due to nonsense-mediated de-
cay) may take place. For PSEN1, the pathogenic variant was
present in transcripts in roughly equal amounts at 42-51% of the
time (Fig. 4B).
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PSEN variant carrier n=7, control n=6.

Confirmation of PSEN1 and PSEN2 alternative
splicing events in independent RNA-seq datasets

To determine whether the PSEN2 exon 9B splice product is a prom-
inent feature of Alzheimer’s disease, we queried RNA-seq datasets
made available through the Accelerating Medicines Partnership
Program for Alzheimer’s Disease. We determined that the exon
9B splice products were highest in the cerebellum from the Mayo
Clinic,*® which corresponds to increased expression of PSEN2 in
the cerebellum and cerebellar hemisphere relative to other brain
regions based on GTEx data.”’ The Mayo Clinic dataset contains
RNA-seq data from the cerebellum for 82 individuals with sporadic
Alzheimer’s disease, 76 controls, 25 individuals with pathological

ageing (AB deposits but no cognitive impairment) and 81 indivi-
duals with progressive supranuclear palsy. Exon 9B was included
17.4% of the time on average in Alzheimer’s disease samples, sig-
nificantly higher than in controls (9.81%, P <0.0001) and in the
pathological ageing cohort (11.0%, P=0.024) but not different than
progressive supranuclear palsy samples (Fig. 5A; 18.6%, P=0.87,
one-way ANOVA followed by Tukey’s multiple comparisons).

In addition, we observed both exon 6 skipping and 77 bp intron
inclusion alternative splice events at exon 6. Alternative splicing at
exon 6 was higher in Alzheimer’s disease samples versus controls
(4.37% versus 2.52%; P =0.045), as well as in progressive supranuclear
palsy versus controls (4.42% versus 2.52%; P=0.037), but not for
Alzheimer’s disease versus pathological ageing (P=0.54) or
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progressive supranuclear palsy (Fig. 6B; P=1.00, one-way ANOVA
followed by Tukey’s multiple comparisons). As in our Iso-Seq data,
the 1 amino acid deletion splice product was not significantly differ-
ent in PSEN2 in Alzheimer’s disease versus other samples
(Supplementary Fig. 6A; P=0.059) nor was splicing different for the
PSEN1 4 aa deletion product (Supplementary Fig. 6B; P=0.75), or in-
clusion of alternative exon 3B (Supplementary Fig. 6C, P=0.70, one-
way ANOVA). We found that exon 9B inclusion did not correlate with
age at death [Supplementary Fig. 7; P (two-tailed)> 0.10 for all
cohorts].

RNA from the temporal cortex was also sequenced for many of
the same samples in the Mayo Clinic dataset (82 Alzheimer’s dis-
ease, 74 controls, 28 pathological ageing and 80 progressive supra-
nuclear palsy). Here, we found fewer reads that mapped to the exon
9B splice junction, with several samples having no reads at all.
Alzheimer’s disease samples averaged 3.09% splicing to exon 9B
relative to 2.34% in controls, 1.75% in pathological ageing and
2.25% in progressive supranuclear palsy (Fig. 5C). Levels of this tran-
script were not significantly different between cohorts (P=0.15,
one-way ANOVA). The number of PSEN2 exon 6 skipping or 77 bp in-
tron inclusion events likewise were minimal in the temporal cor-
tex, and not significantly different between cohorts (Fig. 5D; P=
0.90, one-way ANOVA).

An extended PSEN2 3’ UTR is subject to RNA editing

During our analysis of PSEN2 N141I transcripts, we observed a ser-
ies of A-to-G changes present in the 3' UTR sequence. Upon further
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inspection of these variants, we found they were scattered across
all reads in a non-allelic manner (i.e. they were not specific to one
haplotype). The A-to-G nature suggested instead that these are
RNA editing events, reinforced by their enriched abundance at
AluJb and AluY short interspersed nuclear elements in the 3' UTR
sequence. Adenosine deaminases acting on RNA-mediated editing
of adenosine to inosine nucleosides can be detected by the pres-
ence of A-to-G mismatches in the cDNA as reverse transcription en-
zymes incorporate guanidine residues at inosine positions.

Weidentified two 3’ UTRs for PSEN2 (a short 3’ UTR of 507 bp and
long 3’ UTR of 2976 bp; Fig. 6A). The long 3' UTR included the Alu ele-
ments and is observed about one-third of the time across samples.
The level of RNA editing at Alu elements in the 3’ UTR of PSEN2 was
comparable in sporadic Alzheimer’s disease cases, PSEN variant
carriers and controls (Fig. 6B; P=0.69, one-way ANOVA). However,
the larger dataset from the Mayo Clinic also permitted evaluation
of RNA editing at Alu sites in the 3’ UTR of PSEN2. Here, we found
that RNA editing was significantly enriched in both Alzheimer’s
disease and progressive supranuclear palsy samples relative to
controls (P <0.0001 for both), and in progressive supranuclear palsy
relative to pathological ageing samples (Fig. 6C; P=0.011, one-way
ANOVA followed by Tukey’s multiple comparisons). We detected
the presence of both individual reads with several edits, and indi-
vidual residues with several edits (examples shown in Fig. 6D).

Motivated by our identification of RNA editing in the 3’ UTR of
PSEN2, we revisited alternative exons 3B in PSEN1 and 9B in
PSEN2, both of which include sections of repetitive elements. The
PSEN1 exon 3B sequence includes portions of AluJB and L1MB2
long interspersed nuclear element (LINE) repeats. There are several
RNA edits in this region, although the level of editing is low across
sporadic AD, PSEN variant carriers and controls. The alternative
PSEN2 acceptor site in exon 9B is in an L2 LINE. While we did not de-
tect RNA editing events, it is possible that some of the adjacent in-
tronic sequence is edited, thus strengthening the splice acceptor
sequence.

Discussion

In this study, we used long-read Iso-Seq to identify transcript vari-
ation in PSEN1 and PSEN2 in cases of sporadic and familial
Alzheimer’s disease. Our Iso-Seq findings for PSEN1 match its es-
tablished gain-of-function role in Alzheimer’s disease. We identi-
fied equivalent expression of wild-type and variant alleles for four
different PSEN1 pathogenic variants that were analysed. We ob-
served a high degree of splicing fidelity—even in aged individuals
—with little to no splicing differences between sporadic
Alzheimer’s disease versus controls (Fig. 2). In contrast, our findings
illuminate a previously under-appreciated role for PSEN2 alterna-
tive splicing in Alzheimer’s disease. Patients with the N141I Volga
German pathogenic variant were biased towards skipping of exon
6 and loss of the variant allele, skewing the ratio of mapped reads
towards wild-type PSEN2. The skipping of exon 6—which would
lead to a premature termination codon—indicates that a partial
loss-of-function property of PSEN2 may be implicated. How the vari-
ant might promote exon 6 skipping is currently unknown, though the
variant does not overlap an established binding site for HMGA1,
which can promote exon 6 skipping. In addition, we found increased
expression of the wild-type PSEN2 allele in a carrier of the K115Efs
variant, while the PSEN2 isoforms associated with the 2 bp deletion
were often linked to a 77 bp intron retention product, leading to an in-
frame protein product and confirming our previous work.™
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Figure 5 RNA splicing in Mayo Clinic RNA-seq samples. Proportion of spliced reads in cerebellum samples for PSEN2 (A) exon 9B, and (B) 77 bp intron
retention product or exon 6 skipping. Proportion of spliced reads in temporal cortex samples for PSEN2 (C) exon 9B, and (D) 77 bp intron retention or
exon 6 skipping products. PSP = progressive supranuclear palsy. P-values were determined by a one-way ANOVA, followed by Tukey’s multiple com-
parisons. *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001. All bars are mean and standard deviation. Sporadic Alzheimer’s disease (AD) n=82, controln=
76, pathological ageing n=25, progressive supranuclear palsy n=_81 for cerebellum samples. Sporadic AD n =82, control n =74, pathological ageing n=

28, progressive supranuclear palsy n= 80 for temporal cortex samples.

We also identified significant transcript differences in sporadic
Alzheimer’s disease cases versus controls and pathogenic PSEN
variant carriers, including more non-productive transcripts
(Fig. 3). While we would have predicted that individuals with patho-
genic variants in PSEN2 had the most disrupted splicing of PSEN2
mRNA, instead we found that it was in the sporadic Alzheimer’s
disease cases that demonstrated the greatest abundance of non-
productive intron 77 retention and exon 9B products (Fig. 3). In gen-
eral, many alternative splice events were observed for PSEN2 that
were enriched in sporadic Alzheimer’s disease. Our results are con-
sistent with the hypothesis that PSEN1 and PSEN2 produce full-

length but variant proteins to contribute to Alzheimer’s disease.
In addition, these data indicate that alternative splicing of PSEN2
is not unique to Alzheimer’s disease variants, but rather that tran-
script differences in PSEN2 may play an important role in the onset
of sporadic Alzheimer’s disease.

PSEN1 and PSEN2 are highly similar (65% identical at the amino
acid level). Despite their similarities, many more pathogenic var-
iants have been documented in PSEN1 than in PSEN2.27"! This phe-
nomenon may be explained by differences in cellular localization
(for example, PSEN2 plays a selective role in microglia),**3* subcel-
lular localization®® or function (PSEN1 has a greater effect on
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calcium signalling).>* It is also possible that pathogenic variants in
PSEN2 are more prevalent than currently thought, but that cases
with these variants are considered sporadic due to their later age
of onset.®® A modest shift to PSEN2 transcripts with premature
termination codons emerges both in individuals with PSEN2 patho-
genic variants and in sporadic Alzheimer’s disease. Whether these
non-productive isoforms have a pathogenic role is currently unclear.
However, the commonality is distinct from PSEN1, where ample

evidence demonstrates that loss-of-function variants appear unre-
lated to Alzheimer’s disease aetiology and instead predispose indivi-
duals to familial acne inversa.?” The evidence for or against PSEN2
loss-of-function variants in Alzheimer’s disease pathology is less
clear—they are not implicated in acne inversa for instance—and
our data suggest that further investigation is warranted.

Our confirmation that the PSEN2 exon 9B splice product is ele-
vated in sporadic Alzheimer’s disease cases in an external
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RNA-seq dataset (Fig. 5) is consistent with the idea that the exon 9B
product plays a role in Alzheimer’s disease aetiology, and further
experimental evidence of functionality could point to elimination
of the exon 9B product as a potential therapeutic target. However,
the fact that exon 9B inclusion is highest in the cerebellum is sur-
prising, considering that the cerebellum is relatively spared from
Alzheimer’s disease pathology until late stages of disease. Even
more surprisingis the similar inclusion of this splice product in pro-
gressive supranuclear palsy cerebellum samples (Fig. 6A).
Progressive supranuclear palsy exhibits tau pathology but not Ap
aggregation,®® which differentiates it from Alzheimer’s disease
pathology. The significant upregulation of exon 9B isoform in the
progressive supranuclear palsy samples thus presents a potential
connection between PSEN2 and tau. Perhaps tau aggregation and
mis-localization may promote exon 9B inclusion by sequestering
splice factors.?® However, given that PSEN pathogenic variant car-
riers also do not harbour increased exon 9B inclusion products,
additional genetic and/or environmental risk factors are probably
involved in sporadic Alzheimer’s disease.

These findings indicate that Iso-Seq of other brain regions that
have selective vulnerability in Alzheimer’s disease or ageing is war-
ranted to identify the proportion of reads that incorporate PSEN2
exon 9B. In addition, because our starting tissue was bulk brain tis-
sue, we cannot yet make conclusions about the cell-type specificity
of these transcripts, which would be similarly illuminating. These
findings also demonstrate the value of examining full-length tran-
scripts, as other databases created using short-read sequencing,
such as the Mount Sinai Brain Bank or from the Religious Orders
Study and Rush Memory and Aging Project,***" do not exhibit wide-
spread inclusion of the intron 77 bp or exon 9B product. Of note,
exon 9B splice junctions are not conserved in other species, includ-
ing mice and non-human primates. The human-specific nature of
exon 9B may help explain why mouse models of sporadic
Alzheimer’s disease have been difficult to establish.*?

The discovery of Alu short interspersed nuclear elements and
LINEs in a long 3’ UTR of PSEN2 raises intriguing questions about
the cell-specific usage of these isoforms. RNA editing of Alu repeat-
containing 3’ UTRs invokes a proposed mechanism to restrict the
transcripts to the nucleus: if they are exported to the cytoplasm,
they could precipitate a potent immune response.*® If the edited
mRNA is exported to the cytoplasm, reduced levels of polysomes
are found on the edited RNA,* indicating that this isoform of
PSEN2 may have reduced translation capacity.

Finally, the presence of alternative splice products with non-
productive exons deep within traditional introns of both PSEN1
and PSEN2 suggests that intronic variants surrounding these sites
may promote inclusion of these non-productive exons and act as
risk factors for Alzheimer’s disease. The increasing number of
whole genome sequences available for Alzheimer’s disease allows
us now to screen for these rare variants and test for cryptic exon in-
clusion in functional assays, such as minigene reporters.

Using long-read sequencing technology, we have considerably
expanded our understanding of PSEN1 and PSEN2 alternative
splicing—which is consistent with the hypothesis that pathogenic
variants in PSEN1 and PSEN2 lead to disease not through haploin-
sufficiency but rather an alteration of function—and identified no-
vel splice isoforms associated with disease. Specifically, we found
several transcript differences in PSEN2. Future work will help reveal
whether they play an important role in the onset of sporadic
Alzheimer’s disease-the form of which accounts for >95% of
Alzheimer’s disease cases.*” Our findings also reveal a direct con-
nection between sporadic and familial Alzheimer’s disease,
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strengthening the amyloid cascade hypothesis that Alzheimer’s
diseaseis caused by disrupted production or clearance of APP cleav-
age products.
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