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Abstract

Intron retention (IR) has been implicated in the pathogenesis of complex diseases such

as cancers; its association with Alzheimer’s disease (AD) remains unexplored. We per-

formed genome-wide analysis of IR through integrating genetic, transcriptomic, and

proteomic data of AD subjects and mouse models from the Accelerating Medicines

Partnership-Alzheimer’s Disease project. We identified 4535 and 4086 IR events in

2173 human and 1736mouse genes, respectively. Quantitation of IR enabled the iden-

tification of differentially expressed genes that conventional exon-level approaches

did not reveal. There were significant correlations of intron expression within innate

immune genes, like HMBOX1, with AD in humans. Peptides with a high probability of

translation from intron-retainedmRNAswere identifiedusingmass spectrometry. Fur-

ther, we established AD-specific intron expression Quantitative Trait Loci, and identi-

fied splicing-related genes thatmay regulate IR.Our analysis provides a novel resource

for the search for newAD biomarkers and pathological mechanisms.
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1 NARRATIVE

1.1 Contextual background

Compared to exon skipping, exon mutual exclusion, and alternative

donor/acceptor site, intron retention (IR) is probably the least under-

stoodmodeof alternative splicingmechanisms.1–3 Historically thought

of as the consequence of mis-splicing, IR has recently gained recogni-

tion for its role in regulating gene expression.4–9 Most retained introns

contain premature termination codons (PTCs), which often trigger the

nonsense-mediated decay (NMD) pathway to target intron-retained

mRNAs to be degraded.4,8 Consequently, many intron-retained

mRNAs are highly unlikely to be translated into proteins. However, in

some cases they are able to bypass NMD and produce proteins with

modified functions, as seen for such genes as P element transposase,10

Id3 (Inhibitor of DNA Binding 3),11 SCN1B (Sodium Channel, Voltage

Gated, Type I Beta Subunit),12 PRX (Periaxin),13 and CCND1 (cyclin

D1).14 In macrophages IR has recently been shown to play a key role

in the retention of the mRNA in the nucleus, where it can be rapidly

spliced, exported and translated in response to stimuli.15 Recent

studies show that IR is widespread in mammals,8 and is implicated in

cancers.6,16 Specifically, IR was shown to diversify the transcriptomes

in 16 cancer types, including acute myeloid leukemia and breast

cancers.7 These studies suggest that the largely understudied area

of IR deserves more attention as a potential contributing factor in

complex diseases.

1. Systematic Review: We performed genome-wide detection of

intron retention (IR) in human and mouse brain and analyzed its

features and association with Alzheimer’s disease (AD) by integrat-

ing genetic, transcriptomic, and proteomic data generated from the

AcceleratingMedicines Partnership-Alzheimer’s Disease project.

2. Interpretation: To the best of our knowledge, this is the first

genome-wide and multi-omics integrative analysis of IR in AD. We

found that IR was a widespread phenomenon in human and mouse

brain. Our integrative analysis implied the functional association of

IR with AD. We also identified genes in the splicing pathway that

potentially regulated IR.

3. Future Direction: The identified association between IR with AD

needs to be validated in independent samples. It would be valuable

to identify genetic determinants of IR.

Alzheimer’s disease (AD) is a complex, heterogeneous neurode-

generative brain disorder, and the most common form of dementia

estimated to affect over 40million people worldwide.17 To understand

disease mechanisms and eventually develop therapeutic drugs, exten-

sive research has been focused on AD through large collaborative

projects such as the International Genomics of Alzheimer’s Project

(IGAP),18 the Alzheimer’s Disease Sequencing Project (ADSP) and the

Accelerating Medicines Partnership-Alzheimer’s Disease (AMP-AD).

Specifically, within the AMP-AD consortium, we have generated a rich

dataset from humans and model systems19–21 at multiple molecular

levels including genome, transcriptome, and proteome data, providing

new opportunities to investigate AD, for example, by searching for

perturbed regulatory networks. Alternative splicing such as exon skip-

ping has previously been studied in AD.22–24 However, the association

between IR and AD remains unexplored.

Here we report the first genome-wide analysis of IR in autopsied

AD samples,19 as well as in two transgenic mousemodels of Aβ amyloi-

dosis, namely, CRND825 and APPPS1,26 using an integrated proteoge-

nomic approach. We identified IR events in humans and mice, respec-

tively, and characterized sequence features of retained introns. The

IR events were validated with alternative approaches. We explored

whether retained introns could be translated intoproteins by analyzing

mass spectrometry-based proteomic data, and assessed the functional

association of IRwithAD.Wecomputed intron expression quantitative

trait loci (ieQTLs) for AD and control samples, respectively, aiming to

identify potential genetic variants that determine intron expression

and to identify ieQTLs that might be relevant to AD. As the splicing

pathway is a key regulatory layer for IR, we constructed a Splicing

Pathway-based Intron RegulatiOn Network (SPIRON) to investigate

how IR was correlated with splicing factors. We showed how the

SPIRONs were differential between AD and control samples and

studied the association of modules in SPIRONswith AD.

1.2 Study conclusions and disease associations

We performed a systematic analysis of IR in humans andmice with AD

by integrating genomic, transcriptomic, and proteomic data, aiming to

identify functional relevance of IR in the context of AD. For the sake of

specificity, only independent introns that donot overlapwith any exons

of other isoforms/genes were considered. Of note, this work is only to

investigate the association between IR and AD.Whether IR causes AD

or is the result of AD remains to be explored.

Themain findings of this paper are as follows: (1) IRwaswidespread

inhumanandmousebrain,mainly inprotein-codinggenes; (2)we found

suggestive evidence for the translation of some retained introns; (3) IR

provided additional power to identify dysregulated genes compared to

conventional differential gene expression analyses that are based only

on exonic reads, and most of the differentially expressed introns were

upregulated in AD; (4) IR was associated with reduced level of protein

expression based on our analysis of matched RNA-seq and proteomic

data; (5) we identified QTLs for intron expression, of which some were

specific to AD or control samples; and (6) intron expression was corre-

lated with splicing factors, and somemodules in the SPIRON networks

were correlatedwith severity of AD neuropathology asmeasuredwith

Braak scores. We found that most introns, though regulated by the

orchestratednetworkofmultiple splicing factors, appear tobe strongly

regulated by amajor splicing factor.

The numerous IR events in both human and mouse brain were

mainly observed in protein-coding genes, but their roles in noncoding

RNAs should be of interest for future studies.We also found a progres-

sive age-related expression pattern of retained introns in mice, which

might be relevant to understanding AD progression and normal brain

aging.

We explored whether retained introns might be translated into

peptides. Inmice, we discovered possible novel intron-retained protein
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isoforms for six genes (Farp1, Slc4a4, Rcbtb1, Rad23a, Plin4 and Dos),

which were collectively supported by 14 intron-specific non-nested

unique peptides. The novel intron-retained peptides for all but two

of the genes (Rcbtb1 and Rad23a) could be independently identified,

when a different method, X!Tandem,27 was used to search the mass

spectra. The strongest proteomic evidence we found was for a lengthy

intron of Farp1 gene (800 AAs), which was detected with nine unique

peptides. The retention of this intron may result in a novel protein

isoform of Farp1 in mice. Interestingly, Farp1 functions in promoting

dendritic growth and synapse formation, processes known to be

impaired in AD pathology.28,29 We postulate that the novel protein

may disrupt synapse formation due to loss-of-function likely resulting

from missing critical domains. A gain-of-function scenario is also

possible with novel protein domains from the intronic region altering

Farp1 function and its associated networks. Of future interest is

characterizing the Farp1 protein isoforms in a context relevant to

synaptic formation and predicting the functional networks of each

intron-retained isoform.30 For Farp1, we further looked into the

annotation of its human counterpart FARP1, and found that the intron

sequence retained inmousewas annotated to be an exon of the human

transcript ENST00000319526 (Ensembl v77). The annotation evi-

dence of this intron in mouse (Ensembl v75) is weak with a Transcript

Support Level 5 (TSL5), which means being not supported at all by any

mRNA or expressed sequence tag (EST). Therefore, our finding about

the retention and translation of the Farp1 intron provides rationale for

improving the current annotation of mouse transcriptomes, which is

critical in identifying and comparing IR events between species.

In humans, peptides unique to intron-retained isoforms of EIF2D

(58AAs) and PLEC (174AAs) were identified. The retained intron

of EIF2D has no homologous sequence in its mouse counterpart in

Ensembl v75, and the retained intron of PLEC is not annotated to

be exonic in its mouse homologue. PLEC is involved in interlinking

cytoskeleton molecules, and EIF2D functions as a translation initia-

tion factor. The peptides for the retained introns of these two genes

were not detected independently by another method, JUMP,31 mak-

ing the evidence for translation of the introns putative. Further evi-

dence is needed to confirm the translation of the retained introns iden-

tified in mice and humans. In addition, the full-length sequence of the

IR-derived protein isoforms remains to be discovered. The structure

of such isoforms and their detection could become very complicated

when multiple introns are retained in the same transcript. Although

determining the amino acid sequence of the full-length protein iso-

forms is challenging and beyond the scope of this work, in the future

we plan to focus on these retained introns and perform experiments

toward the determination of their amino acid sequence. Specifically,

onemay focus on candidate transcripts showing retained introns in the

3′ untranslated region (UTR) as these are unlikely to undergo NMD or

nuclear degradation. However, it should be noted that this would only

provide a narrow validation encompassing a small subset of geneswith

IR in the 3′UTR.We also plan to experimentally test the relevance of IR

proteins to AD and their functional consequences.

The proteomic results point to the existence ofmechanisms through

which intron-retained transcripts can escape NMD. Such mechanisms

may be a multifactorial orchestration of transcription and splice factor

availability. Differences in IR events across a population are likely a

function of genomic variants at splicing sites and RNA-binding pro-

teins in spliceosomes as well as differences in expression availability of

splicing genes.We have noted that levels of retained introns are differ-

entially expressed in AD versus controls, even when there is no differ-

ential expression of combined transcripts of that gene based on exonic

reads. This suggests that differentially expressed isoforms resulting

from IR events may be masked by other isoforms that may be more

abundant or have the opposite direction of regulation. IR identifies

evidence of differentially expressed transcripts and pathways which

cannot be captured using conventional approaches that only consider

exonic expression. We found that most of the retained differentially

expressed introns (DEIs) were upregulated in AD samples, which

was consistent with the previous finding that the expression level of

intron-retained transcripts of 12 AD-associated genes were increased

due to the deficiency of splicing machinery in AD cases.23 Of interest,

for three of the 12 genes, namely BACE1, BIN1 and PICALM, the IR level

was also increased in AD samples in our data, suggesting that splicing

defects might be associated with AD. The DEI that best correlated

with Braak score was inHMBOX1 (positive correlation), a transcription

factor involved in the innate immune system. This suggests potential

roles of IR in regulating innate immune functions. This DEI could also

be the result of different proportions or levels of immune cells found

in the AD samples compared to controls or due to increased microglial

activity. Immune processes are currently under investigation for their

importance in AD.32–34 By integrative analysis of the human RNA-seq

data and thematched proteomic data, we found that an increased level

of IR was associated with reduced expression of proteins, an observa-

tion that could be explained either by the NMDor nuclear retention.34

As IRmay be regulated by genetic variants, we carried out an ieQTL

analysis to discover loci that residewithin 100 kb of genes (cis) and that

associate with their intron levels (cis ieQTLs). We identified 2102 and

1583 cis ieQTLs for the AD and control samples, respectively, strongly

supporting the existence of genetic determinants of intron expression.

Using independent eQTL data from the ExSNP and GTEx databases,

these ieQTLs were validated to be accurate. The ieQTL approach can

help identify genetic variants associated with retained intron expres-

sion. However, the mechanism that mediates the association between

single nucleotide polymorphisms (SNPs) and retained intron expres-

sion remains unclear. As the retained intron expression is the conse-

quenceof both transcription and splicing, a potentialway to investigate

themechanism is to test whether SNPs are located in the transcription

factor binding site and/or the RNAmotif bound by the related proteins

during splicing. Furthermore, it is of interest to experimentally inves-

tigate the relevance of IR-associated SNPs to AD pathogenesis, which

requires model organisms or cell-based studies. In future studies, we

plan to experimentally study the mechanism underlying SNP-intron

expression associations and the relevance of IR-associated SNPs to

AD pathogenesis, as they are beyond the scope of this work.

As a major mode of alternative splicing, IR appears to be most

directly related to the splicing pathway that involves the formation

of U1-type spliceosome for the removal of introns,4 which motivated

us to build a SPIRON to map how IR might be affected by splicing

factors. SPIRONbuilds a co-expression network of introns and splicing
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factors to determine which splicing factors are most likely to influence

retention of introns. On the same human dataset used for IR identi-

fication, we found that although multiple genes correlated with their

expression, most introns were highly correlated with levels of a single

splicing gene. We identified modules that may suggest the existence

of sub-pathways of alternative splicing. This splicing modularity

was also observed in the mouse SPIRON. For example, the modules

of several major splicing factors such as ACIN1, RNPC3, SNRNP70,

PRPF40B, PUF60, FUS, and SRRM1 appeared in both the human and

mouse SPIRONs. This observation suggests the conservation of the IR

pathways between species. In future work, we plan to experimentally

investigate the influence of the conserved splicing factors on IR. For

example, we can knockdown the splicing factors and analyze how IR

would change compared to the controls without knockdown. In addi-

tion to those introns that are mainly regulated by a single gene, there

was also a proportion of retained introns that were linked to more

than one major splicing factor. Such introns are presumably subject to

co-regulation by the above-mentioned sub-pathways.

Another finding from SPIRON was that the regulatory direction (to

increase or decrease intron expression) of most splicing factors was

robust in the cases studied, being either positive or negative. Positive

correlation may reflect up-regulation of splicing factor transcripts to

compensate for loss of function at the protein level, and vice versa. For

example, ACIN1 in the human AD-specific SPIRON was mainly posi-

tively correlated with retained introns, while the correlation of PUF60

with intronswasmainly negative. Only a few splicing factorswere seen

to be bi-directional, presumably from a context-dependent regulatory

pattern.Overall, the regulatory patterns of splicing factors appeared to

be conserved betweenhumans andmice, but intron regulation by splic-

ing factors also showed species specificity.

In conclusion, we systematically identified IR as a widespread

phenomenon in both human and mouse brains, and explored its

functional association with AD through integrating genomic, tran-

scriptomic, and proteomic data. We identified intron-retained genes

that were associated with AD. There are also limitations in our study.

For example, our identified IR events were specific to temporal cortex

(human) and forebrain (mouse), which may not generalize to other

brain regions or cell types because of the high heterogeneity of brain

tissues. Indeed, the analysis of RNA-seq data has shown differences in

cell type composition between cases and controls.20,35 Building a high

resolution map of IR in different cell types and brain regions would be

very useful for understanding specific regulatory mechanisms of IR

as well as revealing other brain regions in which IR might be related

to AD. For example, mapping hippocampus-specific IR events could

be of interest since it is particularly vulnerable in AD.36,37 Another

limitation is that mouse models only partially re-capitulate features

of AD, in our case representing models of amyloidosis. Since the type

of introns that completely overlap with exons of other isoforms/genes

was not considered, their possible retention could not be revealed.

IR events were not distinguishable across splice isoforms, so further

efforts are needed to achieve isoform-level resolution of IR.30 Despite

these limitations, our work presents an initial attempt to exploit the

association of IR with AD and opens up new ways for identifying

biomarkers and therapeutic targets for AD. Our studies also have

implications for single cell RNA-seq studies in both humans and mice.

Given the abundance of IR events we have noted, we believe that

single cell studies could help understand the IR pattern in different cell

types and how the pattern is related to AD.

2 CONSOLIDATED RESULTS AND STUDY
DESIGN

2.1 Widespread IR in human and mouse AD
brains

The overview of our work is depicted in Figure 1. A total of 164 human

brain samples (AD: n = 84, Control: n = 80), as described in,19 were

used in this study.We identified 4535 IR events (originating from 2173

unique genes) (Figure 2). Most of these genes with IR are protein-

coding based on neXtProt38 (Figure 3). Compared with non-retained

introns, retained introns were shorter (P < 1.0 × 10−6) and of higher

guanine-cytosine (GC) content (P< 1.0× 10−6) (Figure 3), in linewith a

previous report.8

We also detected IR from mouse brain samples (n = 128) of two

models of amyloidosis: CRND8 and APPPS1. We detected 4086 IR

events (from 1736 genes). We observed that both the number and

expression levels of retained introns vary across ages for both mouse

models, implying development-specific regulation of IR.

We tested the cell type specificity for intron-retained genes. Using

the brain cell type specific genes and the method described in,39 we

identified 111 human IR genes and 70 mouse IR genes that showed

specific expression in one of the five brain cell types, namely, astrocyte,

endothelial cell, microglia, neuron, and oligodendrocytes.

We investigated the expression correlation between retained

introns and their parental genes. For both humans and mice, we found

that the correlation could be either positive or negative, consistent

with a previous report.40 Overall, the correlation was weak in both

humans andmice.

We validated the IR using two alternativemethods: Nanostring chip

and RT-PCR (Figure 4). We tested a subset of retained introns in both

humans and mice. In both species, we found that 90% of the selected

retained introns could be validated experimentally, demonstrating the

reliability of our identified IR events.

Splice isoforms with retained introns are rarely translated into pro-

teins because they are often degraded by the NMD pathway.4 We

explored the possibility that our identified retained introns may be

translated by interrogating mass spectrometry–based proteomic data

(Figure 4). Inmice, we identified likely translated introns for four genes

(Farp1, Slc4a4, Plin4 and Dos). In humans, we obtained weak evidence

for intron translation for PLEC and EIF2D.

2.2 Functional association of IR with AD

First, we tested retained introns for their association with AD through

differential expression (Figure 5). We identified 2598 DEI retention

events (false discovery rate [FDR] < 0.05). Most DEIs were up-

regulated. The parental genes of the DEIs were enriched in AD-related
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F IGURE 1 Overview of the identification and characterization of intron retention (IR) in Alzheimer’s disease (AD). (A) AD cases and control
brain samples were collected for both human samples (temporal cortex) andmousemodels of amyloidosis, CRND8 and APPPS1 (forebrain) and
their transcriptomes were sequenced. (B) IR detection from the RNA-seq data. (C)Analysis and characterization of IR in AD. Sequence features
such as guanine-cytosine (GC) content were analyzed for both retained and non-retained introns. Differentially expressed IRs were identified and
GeneOntology enrichment of the intron-retained gene set was performed. Selected IR events were validated using RT-PCR and customized
Nanostring chips. Protein-level expression of all identified IR events was examined usingmass spectrometry-based proteomic data. To explore how
IR is regulated by the splicing pathway, wemodeled intron expression as a function of expression levels of splicing genes and constructed a Splicing
Pathway-based Intron RegulatiOnNetwork (SPIRON), a unique and rich resource for understanding splicing-level regulatory networks of IRs

functions such as neurodevelopment and AD pathology. A total of 63%

of the parental genes of DEIs were not differentially expressed based

on exonic reads, suggesting that IR provides additional discriminant

information for the AD transcriptome compared to exonic expression.

Second, to assess the association of IR with AD severity, we corre-

lated intron expression with Braak scores for tau pathology severity

(Figure 5). Interestingly, we found that 73% of DEIs were correlated

with severity of AD tau neuropathology (FDR< 0.01), supporting their

association with AD.

Third, by comparing the human RNA-seq and the matched pro-

teomic data,41 we observed that genes with higher intron expres-

sion tended to have lower levels of protein expression, in support

of an NMD mechanism (Figure 6). More importantly, we found that

70 proteins translated from intron-retaining genes were differentially

expressed (FDR<0.05), suggesting an association of IR with AD.

2.3 Intron expression QTL in AD and control
brains

To identify potential genetic determinants for intron expression, we

performed a genome-wide retained intron expression QTL analy-

sis (ieQTL). We ran eQTL analysis on the adjusted intron expres-

sion data and for AD and control samples separately. We iden-

tified QTLs for 277 and 199 introns in AD and control sam-

ples, respectively (Figure 7). Further, we identified AD or control-

specific ieQTLs, suggesting that genetic regulation of intron expres-

sion may be differential in brains with AD and thus providing a

new window into the molecular etiology of AD. We showed that

the identified ieQTLs were reliable by indirectly validating them

against gene-level QTLs in two public databases: exSNP42 and

GTEx.43



LI ET AL. 989

F IGURE 2 Genome-wide intron retention (IR) in human brains with Alzheimer’s disease (AD) and controls. (A) The distribution of IR events
across chromosomes. Only introns with retention frequency>5% are displayed. (B) TheManhattan plot for retained introns with the false
discovery rate (FDR)-corrected P-value calculated for differential expression between control and AD samples. The dot indicates a differentially-
expressed intron whose host gene is not differentially expressed based only on exonic reads. (C) The single nucleotide polymorphisms (SNPs) from
genome sequencing of our samples were used to analyze intron expression quantitative trait locis in human AD and control samples, respectively

2.4 Splicing pathway-based IR regulatory
networks and their association with AD

Motivated by reports that intron expression is regulated partly by

the regulatory network consisting of splicing factors in the splicing

pathway,40,44–46 we built the SPIRON to systematically explore the

regulation of intron expression by splicing factors. In this network, an

edge connects an intron to its corresponding splicing factor; theweight

of the edge indicates the absolute correlation between introns and

splicing factors.

For humans, both the AD and control-specific SPIRONs showed

patterns of highly structured modules, each containing a set of co-

regulated introns and centeredonamajor splicing factor (Figure 8).We

observed that most introns appear to be dominantly regulated by one

major splicing factor.We also observed the highly structured pattern in

themouse SPIRONs.

Motivated by the finding that some splicing factors such as Snrnp70

and Prpf40bwere major splicing factors in both the human and mouse

SPIRONs, we tested the conservation of SPIRONs between the two

species.We found that the regulatory patterns ofmore than half of the

homologous splicing factors were conserved (FDR<0.05) (Figure 9).

Further, we investigated the network alteration between the AD

and control-specific SPIRONs. In humans, we found that some splicing

factors showed large differences in their topological properties includ-

ing both degree and the averageweight (Figure 8). This finding held for

the transgenic versus non-transgenic mouse SPIRONs.

Next we tested whether the module in the SPIRON was associated

with humanAD traits using themethod described in theweighted gene

co-expression network analysis (WGCNA).47 We correlated the eigen-

gene expressionwithBraak score and identifiedmodules thatwere sig-

nificantly correlatedwithBraak score (FDR<0.01) andhadappreciable

correlation (|r |>0.5) (Figure 8).
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F IGURE 3 Intron retentions (IR) in temporal cortex of 164 human brains. (A) The biotype distribution of intron-retained genes. (B) The length
comparison between retained and non-retained introns. (C)Guanine-cytosine (GC) content comparison between retained and non-retained
introns binned by length

3 DETAILED METHODS AND RESULTS

3.1 Methods

3.1.1 Brain RNA-seq and proteomic data

For human studies, 164 postmortem brain samples (84with AD and 80

elderly controls without neurodegenerative disease) were collected.

All AD samples were collected from the Mayo Clinic Brain Bank. The

control samples were collected from two sources: the Mayo Clinic

Brain Bank and theBanner SunHealth Institute. All brain sampleswere

sequenced in the same place, namely, Mayo Clinic Genome Analysis

Core. To ensure balance with respect to sex, age, RNA integrity num-

ber (RIN), Braak stages and diagnosis, the samples were randomized

across flow cells. RIN for all samples were selected to be higher than

5.0. Total RNAwas extracted from temporal cortex using Trizol reagent

with RIN measured using an Agilent Technologies 2100 Bioanalyzer. A

cDNA librarywaspreparedusing theTruSeqRNASamplePrepKit (Illu-

mina, San Diego, CA), followed by 101 base pair paired-end sequenc-

ing on Illumina HiSeq 2000 sequencers. The sample is sequenced with

an average of 100 million reads, translating to a sequencing depth of

approximately 70 reads per base of the human transcriptome. A more

detailed description can be found here.19 The raw sequencing data

are available at https://www.synapse.org/#!Synapse:syn4894912. For

all our analysis (including differential expression, the construction of

the SPIRON and the eQTL analysis), the human gene expression data

were adjusted for covariates including sex, age, sample sources (the

two places where the samples were collected) by regressing out their

confounding effects.

In addition, 109 of these human brain samples were also ana-

lyzed with LC-MS/MS, with a NanoAcquity UHPLC (Waters, Milford,

FA) in combination with a Q-Exactive Plus mass spectrometer (Ther-

moFisher Scientific, San Jose, CA). The mass spectrometer cycle was

programmed to collect one full mass spectrum (MS) scan followed by

10 data dependent MS/MS scans. The MS scans in the range of 300-

1800m/z were collected at a resolution of 70,000 at m/z 200 in profile

mode and the MS/MS spectra were acquired at a resolution of 17,500

at m/z 200. Protein expression were quantified with the MaxQuant

v1.5.2.8 with Thermo Foundation 2.0 with default parameters. A total

of 3838 proteins were quantified and the data are available at https:

//www.synapse.org/#!Synapse:syn20801227. For differential expres-

sion, the protein expression data were adjusted for sex and age. As the

samples for the proteomic data were all from the Mayo Clinic Brain

Bank, no adjustment for sample source was necessary.

For mouse studies, two transgenic mouse models were used19:

(1) CRND8 and APPPS1. CRND8 is a transgenic mouse strain that car-

ries both the Swedish and Indiana mutations in the amyloid precursor

protein App gene25; APPPS1 mice have a human APP gene with the

Swedish mutation (K670N andM671L) and a human PSEN1 gene with

Delta exon 9 mutation.26 Both strains over-express APP. Across a time

series of 3, 6, 9, 12, and 20 months, a total of 128 mouse forebrain

samples were obtained. At each time point, the transgenic and non-

transgenic mice represent cases of amyloidosis and non-transgenic

wild type control samples, respectively. The covariates of each sam-

ple, such as sex, age, mouse models, being transgenic or not, are pro-

vided in Supplementary Table 1. Total RNAwas extracted and a library

was prepared with Illumina TrueSeq kits. Paired-end sequencing with

101 base pair reads were performed using an Illumina HiSeq 2000

https://www.synapse.org/#!Synapse:syn4894912
https://www.synapse.org/#!Synapse:syn20801227
https://www.synapse.org/#!Synapse:syn20801227


LI ET AL. 991

F IGURE 4 Transcriptomic and proteomic-level validation of intron retention (IR). (A) Validation of IR using our custom-designed Nanostring
chip for BAIAP2 and CELF1 in humans. (B) Nanostring based validation of IR in C4b and Per1 in mice. (C)Mass spectrometry-based protein
expression validation of retained introns of themouse protein Farp1 as an example. Shown in the upper part are tandemmass spectra of three
peptides that are translated from the intronic region of the Farp1 gene. The probabilities of peptide-spectrum-match of these spectra are 1.00with
false discovery rate (FDR)< 0.001, calculated using PeptideProphet in the TPP (trans-proteomics pipeline) software (v4.8.0). The lower part
displays all peptides (orange) detected in the intron-retained isoform of Farp1, with 45.3% (363/800 residues) of the amino acid sequence covered.
Blue color indicates amino acid residues in introns

sequencer. Each sample was sequenced with approximately 100 mil-

lion reads, translating to a sequencing depth of approximately 110

reads per base of the mouse transcriptome. The raw sequencing data

are available at https://www.synapse.org/#!Synapse:syn3157182. For

all the construction of SPIRON, the mouse gene expression data were

adjusted for covariates, including sex, age, RIN, and the mouse models

by regressing out their confounding effects.

3.1.2 IR detection and differential expression
analysis

Wedeveloped apipeline to identify IR fromRNA-seqdata in four steps:

(1) align reads to reference genome; (2) count reads that physically

overlap with intronic regions; (3) calculate entropy for each intron;

and (4) use a set of filters to identify IR events with high confidence.

This pipeline takes aligned reads in BAM format and an intron coordi-

nation file in bed format as input. Short reads were aligned to refer-

ence genome and transcriptome using STAR48 (version 2.4.2a). For the

input of STAR, the versions of genome assemblies for humans andmice

wereGRCh38 andGRCm38, respectively, and the genemodel versions

wereENSEMBL38.77 for humans andENSEMBL38.75 formice.Other

parameters were default. To avoid ambiguity, only introns that did not

overlap with any exons of other splice isoforms/genes were consid-

ered in our study. Specifically, the human genemodel contains 965,083

introns (including overlapping ones among splice isoforms of the same

gene), from which 232,088 independent introns were identified; the

mouse gene models contain 531,859 introns, from which 197,631

https://www.synapse.org/#!Synapse:syn3157182
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F IGURE 5 Association of intron retention (IR) with Alzheimers’ disease (AD). (A)Heatmap based on the 50most differentially expressed
retained introns (DEIs) (the top 25 up-regulated and the top 25 down-regulated) and the GeneOntology biological process terms enriched in all
differentially expressed introns (DEIs). (B)An example of DEI (chr4:42209986-42219493) whose parental gene ENSG00000182606 (TRAK1) was
not differentially expressed based on exonic reads (CPM: counts per million). The read coverage of this intron in an AD and a control sample is
shown using Integrative Genomics Viewer. (C) The correlation of the intron (chr8:29056685-29063881) of ENSG00000147421 (HMBOX1) with
Braak score, a measurement of tau pathology severity of AD

independent introns were identified. Because IR detection was per-

formed for the independent introns and the independent introns are

obtained based on annotated gene models, the number of detected IR

events may change according to the annotation used. Taking the Ref-

Seq and ENSEMBL genemodels as an example, if a chromosome region

is annotated as an intron in one model and as an exon in the other, it

will affect the annotation of independent introns and the subsequent

IR detection. If a chromosome region is annotated as an intron in both

models, it will not affect IR detection. Reads that fell into introns were

counted and converted to fragments per kilobase million (FPKM) val-

ues. Library sizewas calculated as the total number of exonic reads and

was used for calculating FPKM of both introns and genes. Then, the

number of raw counts, FPKM, the number of junction reads spanning

exon-intron boundary and the normalized entropy score (NE-score)

that measures the evenness of the distribution of reads across the

intron regionwere used to filter for high confident IR events. Details of

this pipeline were described in.49 To reliably identify retention events,

we applied strict thresholds to the above filters. An IR event was called

if its number of reads ≥20, its FPKM ≥3, its NE-score >0.9, and it has

at least one junction read that spans the exon-intron boundary. In this

study, we added another filter: the ratio of its expression to its parental

gene. This ratio was set to be higher than 0.2.

Based on the criteria above, we first identified IR events from RNA-

seq data. For each of the retained introns, we recorded the total num-

ber of reads mapped to it in each sample. Given there are n retained

introns and m samples, we can obtain an n × m matrix containing the

read counts for n introns in rows andm samples in columns. Thismatrix

was then used as input for the edgeR method (version 3.28.1, with

default parameters) to identifyDEIs and differentially expressed genes

(DEGs).WeusedanFDR-correctedP-value smaller than0.05anda fold

change (FC) larger than 1.2 as the threshold parameters to call signifi-

cant DEIs/DEGs.

3.1.3 Transcriptomic validation of human and
mouse IR

For mouse and human samples, we custom-designed Nanostring chips

to validate retained introns. Using mouse samples, we first vali-

dated IR events using both RT-PCR and Nanostring chips. We found
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F IGURE 6 Influence of intron retention (IR) on protein production. (A) Increased intron expression is associated with reduced level of protein
expression (note that the dashed line only indicates the diagonal and is not obtained by fitting the points with a linear regressionmodel). Each point
corresponds to a gene/protein. The x-axis is the log2 transformed fold change (FC) of retained intron expression between AD and controls,
denoted by log2(FCintron). The y-axis is the log2 transformed fold change (FC) of protein expression between the same set of Alzheimer’s disease
(AD) and controls, denoted by log2(FCprotein).When intron expression is higher in AD (ie, log2[FCintron])> 0), the value of log2(FCprotein) is mostly
smaller than log2(FCintron) (ie, below the diagonal line).When intron expression is lower in AD (ie, log2[FCintron]< 0), the value of log2(FCprotein) is
mostly higher than log2(FCintron) (ie, above the diagonal line). This observation suggests that the protein expression for the genewith higher
retained intron expression tends to decreasemore than that for the same genewith lower retained intron expression, likely secondary to
nonsense-mediated decay (NMD). (B) An example suggesting NMD. For the TRIM9 gene, its mRNA expression level is similar between AD and
control samples. However, the intron expression level in AD is significantly higher than that in control samples, with reduced level of protein
expression likely due to increased activity of NMD

Nanostring ismore robust and therefore used it to validate IR in human

samples. For Nanostring, ProbeSets were designed and assayed sepa-

rately for each intron (Supplementary Table 2). The choice of introns to

validate was again based on the overall expression of the sequence in

the RNA-seq data and found to be differentially expressed in AD sam-

ples. For each intron, in collaboration with NanoString, we designed

Capture ProbeSets to target each exon-intron boundary sequence.

Reporter CodeSets were designed to hybridize within the adjacent

intron. In mice, for each hybridization reaction, 100 ng of purified

total RNA was used in each nCounter XT Gene Expression Assay

and hybridized with the Reporter ProbeSet for 16 hours at 65◦C.

Hybridized reactions were processed on the Nanostring Prep Station

with the high sensitivity setting and then imaged on the NanoString

Digital Analyzer under a high resolution setting (280 FOVs). RNA sam-

ples from CRND8 transgenic and non-transgenic mice at 12 and 20

months of age were used to validate retained introns events with

Nanostring ProbeSets. In humans, the same protocol was used, except

that 200 ng of total RNAwas used.

3.1.4 Proteomic validation of human and mouse
IR

We performed proteomic validation of IR according to Human Pro-

teome Project Mass Spectrometry Data Interpretation Guidelines

2.1.50 For human material, we performed quantitative proteomics
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F IGURE 7 Intron expression quantitative trait loci (ieQTL) analysis. The ieQTLs were identified usingMatrixEQTL at the threshold of false
discovery rate (FDR)<0.05. (A) Manhattan plot of eQTLs for AD (upper panel) and control (lower panel) samples. (B) Example associations
between intron expression level and genotypes. The retained introns shown the left and right are chr3:150584242-150585393 and
chr20:35545404-35547261, respectively. (C) The sharing of ieQTL (left panel) and retained intron (right panel) between AD and control group

on homogenate for a total of 266 samples from Brodmann area 10

(anterior prefrontal cortex) (see details at https://www.synapse.org/#!

Synapse:syn5759470). Briefly, brain-derived tryptic peptide mixtures

were separated on a self-packed C18 fused silica column (25 cm ×

75 uM internal diameter; New Objective, Woburn, MA) by a NanoAc-

quity UHPLC (Waters, Milford, FA) and monitored on a Q-Exactive

Plus mass spectrometer (ThermoFisher Scientific, San Jose, CA). Elu-

tion was performed over a 120-minute gradient. The MS scans (300-

1800 m/z range) were collected at a resolution of 70,000 at m/z 200

in profile mode and the MS/MS spectra were acquired at a resolution

of 17,500 at m/z 200. Dynamic exclusion was set to exclude previous

sequencedprecursor ions for 30 secondswithin a 10ppmwindow. Pre-

cursor ionswith+1 and+6 or higher charge stateswere excluded from

sequencing. RAWdata for the samples were analyzed usingMaxQuant

v1.5.2.8with Thermo Foundation 2.0. The search engine Andromeda, a

component ofMaxQuant, was used to build and search a concatenated

target-decoy Uniprot human reference protein database (retrieved

April 20, 2015; 90,411 target sequences), plus 245 contaminant pro-

teins from the common repository of adventitious proteins and 11,006

intron-retained proteins that were in silico 3-frame-translated from

our generated intron-retained transcripts by merging ENSEMBL tran-

scripts with its retained introns. Only translated proteins with at least

30 amino acidswere considered.Methionine oxidation, asparagine and

glutamine deamidation, and protein N-terminal acetylation were vari-

able modifications; cysteine was assigned a fixed carbamidomethyl

modification. Only fully tryptic peptides were considered with up to

two missed cleavages in the database search. A precursor mass toler-

ance was set to ±20 ppm. Default values were used for other param-

eters. Following established guidelines,50 only peptides with at least

nine amino acids (AAs) were considered. The FDR for peptide spec-

tral matches, protein identification based on peptides, and site decoy

fraction were all set to 0.01. As peptide identification may vary with

search engines, we also applied another method, namely, the JUMP

search engine (v1.2.1, April 2016),31 to test whether intronic pep-

tides (if there were) could be replicated by a different method. For

JUMP, carbamidomethyl was used as fixed modification for cysteine,

and dynamic modification of methionine, asparagine, and glutamine

was used. Precursormass tolerancewas set to 0.05Da. Other parame-

ters were default.

For mouse data, we searched the PRIDE data repository (http://

www.ebi.ac.uk/pride/archive/) for brain-specific datasets.51 We iden-

tified a dataset (PXD001250), which is most suitable to our study

because the proteome was resolved at the cell type- and brain-region

level, including cerebellum, prefrontal cortex, hippocampus, olfactory

bulb, corpus callosum, striatum, thalamus, neurons, astrocytes, oligo-

dendrocytes (for details see Sharma et al.52). Briefly, mouse brain

regions or cell types (acutely isolated or cultured) were lysed and

proteins were digested using LysC and trypsin. LC-MS/MS analysis

was performed in a quadrupole Orbitrap mass spectrometer with a

high field analyzer. A total of 270 RAW data files (including biolog-

ical replicates) were generated. We downloaded all these RAW files

and converted them to mzML files using the msconvert software in

the Trans-Proteomics Pipeline (TPP, version 4.8.0) and searched the

raw mass spectral data using the Comet software (version: 2014.02

rev. 2) against the target-decoy concatenatedmouseUniProt database

(55,276 proteins, retrieved on Jan. 2, 2016), appended by 5465 intron-

retained proteins that were in silico 3-frame translated from custom-

created ENSEMBL transcripts generated by including retained intron

sequences. Only translated proteins with at least 30 amino acids were

considered. Following the mass spectra search pipeline used in the

studywhere this datasetwas originally generated and analyzed,52 con-

taminant protein sequences were not considered. The contaminant

https://www.synapse.org/#!Synapse:syn5759470
https://www.synapse.org/#!Synapse:syn5759470
http://www.ebi.ac.uk/pride/archive/
http://www.ebi.ac.uk/pride/archive/
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F IGURE 8 SPIRONs and the association of networkmodules with Braak score. (A) The human SPIRONs built with Alzheimer’s disease (AD)
and control samples, respectively. (B) Themouse SPIRONs built with transgenic andwild-type control samples, respectively. In all these networks,
lines represent edges that connect an intron to its splicing factor. Only edges with weight>0.2, indicating absolute correlation between an intron
and its splicing factor are shown for visualization; yellow circles and blue hexagons represent splicing factors and introns, respectively. Purple and
gray edges indicate positive and negative regression coefficients in the LASSOmodel, respectively. Genes withmore than 15 first-degree
neighbors are labeled. (C) Comparison of the degree (left panel) and average weight (right panel) of each splicing factor between the control and
AD-specific SPIRONs. (D) The correlation of the eigengene (PC1 stands for the first principal component) of the SF3B4 and SNRPA1module with
Braak scores
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F IGURE 9 Comparison of the regulatory patterns of splicing factors between human andmice in the Alzheimer’s disease (AD) samples. (A) For
each splicing factor, we computed a conservation score (ranging from -1 to 1) between the human andmouse Splicing Pathway-based Intron
RegulatiOnNetwork (SPIRON; see Section 3.1, Methods). Most splicing factors show conserved regulatory patterns (false discovery rate
[FDR]<0.01). (B) Illustration of conserved regulatory patterns with SRSF5. (C) Illustration of opposite regulatory directions of splicing factors
between human andmouse with CSTF2, which negatively regulates retained introns in human but positively in mouse. (D) In contrast,U2AF2
positively correlates retained introns in human but negatively in mouse. Note:Weight is the edgeweight between splicing factors and introns in
the SPIRON network

signal is typically <1% of the total signal across all proteins quantified

in a proteomic sample, so it is negligible. Cysteine carbamidomethy-

lation was used as fixed modification, and N-acetylation of proteins

and oxidation of methionine were used as variable modifications. The

precursor mass tolerance was set to ±20 ppm. Two missed enzy-

matic cleavages were allowed at most. Only peptides with at least nine

AAs were considered. After Comet analysis, Peptide-spectrum match

(PSM) probabilitywas calculated using the PeptideProphet software in

the TPP software. As peptide identification results may vary between

search engines, we further tested whether intron-specific peptides (if

there were any) identified by Comet could also be identified by a dif-

ferent method. We used another widely used tool, namely, X!Tandem

(version 2017.2.1.4, with default parameters), to search the samemass

spectral dataset against the protein sequence database.

3.1.5 Intron expression QTL analysis

The AMP-AD consortium has performed genotype calling from whole

genome sequencing data for the human samples. Quality controls

(QCs) have been performed for the removal of SNPs with genotyping

call rate <98%, minor allele frequency <0.02, Hardy-Weinberg dise-

quilibrium P<3.4× 10−8 in controls, duplicate variants andmultiallelic

SNPs. The post-QC SNP data were available at https://www.synapse.

org/#!Synapse:syn10845773.We obtained this data for 80 AD and 76

elderly control samples from Mayo Clinic that have matched SNP and

RNA-seq data. Intron expression was log2-transformed by following

the conventional practice.Weused theRpackageMatrixEQTL (version

2.3) for eQTL analysis.53 The cisDist parameter that defines cis-SNPs

was set to 100,000 by default. For control samples, the intron expres-

sion was adjusted for sex, age, RIN, and sample source as control sam-

ples were collected from two different brain banks. Because AD sam-

pleswere collected fromonlyonebrainbank, the intronexpressionwas

adjusted only for sex, age, and RIN. FDR= 0.05was used as the thresh-

old to identify significant eQTLs.

3.1.6 Constructing SPIRONs

Genes in the U1-type major splicing pathway, the U12-type minor or

atypical splicing pathway and the spliceosome were first downloaded

from the PathCards database (http://pathcards.genecards.org/). After

removing redundant entries, a set of 192 RefSeq gene symbols was

obtained. Of these, 165 and 173 genes were able to be one-to-one

mapped to human and mouse ENSEMBL genes, respectively, and were

used in our analysis. As a summary, the human intron expression data

consist of 4535 IRs measured in 164 samples (84 Alzheimer’s and

80 elderly controls without neurodegenerative diseases); the mouse

data contain 4086 IRs in 128 samples. The expression of each intron

and splicing gene was log2-transformed and standardized to have zero

mean and unit variance.

To build parsimonious models, the LASSO method54 was used to

select a subset of splicing genes that collectively explain the variance

of expression values of retained introns. Due to the fact that LASSO is

sensitive to variations in samples, we used a Monte Carlo approach to

identify splicing factors that can robustly predict intron expression as

https://www.synapse.org/#!Synapse:syn10845773
https://www.synapse.org/#!Synapse:syn10845773
http://pathcards.genecards.org/
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follows. Let an n× kmatrix X denote the expressionmatrix of k splicing

factors in columns and n samples in rows. For an individual intron, let

an n× 1 vector y record its expression values in n samples. This dataset

was denoted by (X, y). We identified splicing factors for predicting

intron expression in three steps. First, for each intron, we randomly

selected 80% of the n samples without replacement as the training

set, denoted by (Xtrain, ytrain). The remaining 20% of the samples were

used as the test set, denoted by (Xtest, ytest). This 80% to 20% split

was adopted by following the convention for sample partition as

used in 5-fold cross-validation, where all samples are divided into 5

groups and 4 of the 5 groups (80%) are used to build a model with

the remaining group (20%) used for testing. Using the training set, we

built a linear model using LASSO with the penalty factor λ optimized

by cross-validation using the one standard error rule. The LASSO

model was built using the R package glmnet (version 3.0-2). The LASSO

model was enabled by setting the parameter alpha to 1.0 in the glmnet

function. Default parameters were used for the LASSO method. We

then calculated the predictive performance in terms of R2 on the test

set. R2 measures the fraction of the intron expression variance that can

be explained by splicing factors. The regression coefficient associated

with each splicing factor, denoted by β, was also recorded. In the sec-

ond step, we repeated the above procedure 50 times, calculated the

average R2, the average β, and the selection probability (the number of

times selected by LASSO divided by 50) for each splicing factor. Third,

wedeterminedwhether an intronwill be included for building SPIRON:

an intron will be chosen if its average R2
≥ 0.50, namely, if the splicing

pathway can explain 50% of the variance of intron expression consid-

ering the fact there are actually many other regulatory factors, such as

DNA methylation, contributing to IR.1 If an intron was selected, only

those splicing factorswith a selection probability≥0.5will be used. The

averaged β between the splicing factor and the intron was used as the
weight of edges in SPIRON. We applied the approach to both human

and mouse data, and built SPIRONs on the AD and control samples

separately.

To quantitatively compare the regulatory pattern of splicing path-

ways on introns between species, we calculated a conservation score

for each splicing gene as follows. First, for each splicing gene in SPIRON

network, we identified all its neighboring introns. The edge weights

between the splicing gene and neighboring introns were extracted and

collected intoavector, denotedaswh forhumanandwm formouse. Sec-

ond, we compared the distribution between wh and wm. Note that wh

and wm denote the edge weight vectors between a splicing factor and

its directly connected introns for the two species, human and mouse,

respectively. For the same splicing factor, its directly connected introns

in the two species are different. Therefore, we cannot directly com-

pare the individual element values inwh andwm.However,we can com-

pare the distribution of the values inwh andwm to investigatewhether

the correlation pattern between splicing factors and their connected

introns are different or not for the two species. To do so, we calcu-

lated their distributions by discretizingwh andwm into 15-dimensional

vectors of density values, denoted as dh and dm, respectively. Third,

we calculated the Pearson correlations between dh and dm as the con-

servation score of splicing factors between species. In doing so, we

computed for each splicing factor a conservation score describing its

similarity between its regulatory pattern for IR in humans and that in

mice.

3.2 Results

3.2.1 Widespread IR in human and mouse AD
brains

A total of 164 human temporal cortex poly-A enriched RNA-seq sam-

ples from 84 AD patients and 80 elderly controls without neurodegen-

erative diseases (described in19) were used in this study. Our method

for IR identification is described in Figure 1. At our chosen thresh-

old (see Section 3.1, Methods), we identified a total of 4535 unique IR

events (within a total of 2173 unique genes) across the human samples

(Figure 2a). These retained introns and their expression level in terms

of counts per million (CPM) are provided in Supplementary Table 3. A

hotspot for IR appears on chr19, which is interesting because chr19 is

small. A possible explanation is that the splicing of the genes on chr19

might be susceptible to repression if the splicing pathway does not

function normally. Of the 2173 genes with IR, 2104 are protein-coding

in neXtProt,55 representing 10.7% of the 19,587 predicted human

protein-coding genes recorded in the Human Proteome Project (Fig-

ure 3a).56 This indicates that many proteins may be regulated by IR.4

We then analyzed sequence features of the retained introns. Com-

pared with non-retained introns, retained introns were significantly

shorter (P <1.0 × 10−6) (Figure 3b), and had significantly higher GC

content (P <1.0 × 10−6) regardless of intron length (Figure 3c), which

is consistent with a previous report.8 Note that the number of non-

retained introns exceeds substantially that of retained introns. To con-

trol for the substantial difference in the numbers between the retained

and non-retained introns, we randomly sampled the same number of

non-retained introns as that of retained introns. We tested whether

the GC content or length of the group of retained introns was signif-

icantly different from that of the group of non-retained introns using

the Mann-Whitney U test. Of note, this test was conducted not for

individual introns but for comparing the two groups of introns, that is,

retained versus non-retained. Consequently, this test was run only one

time for GC content and once for intron length, therefore the resulting

P-values do not need to be adjusted for multiple testing. In addition, as

the sampling of non-retained introns is a random process, we repeated

the sampling process 10 times and showed that thedifferencebetween

retained and non-retained introns is significant regardless of the ran-

dom selection of non-retained introns. Most of the human IR events

were shared between the control and AD samples. Based on the IR

threshold applied, we found five retained introns that were expressed

only in AD brains but not in controls (Supplementary Table 4). Of the

five, themost frequently retained intron is the one between exon 8 and

9 in the RTKN gene (chr2:74428737-74428847), which is retained in

24% of AD samples (vs 0.0% of control samples).

IR is also common in mice; 4086 IR events were identified from

1736 unique genes (Supplementary Figure 1). These retained introns
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and their expression level in terms of CPM are provided in Supple-

mentary Table 5. The number of IR events and the expression levels of

retained introns vary across ages for both CRND8 and APPPS1 mice

(Supplementary Figure 1a and 1b; Supplementary Table 6), suggesting

that IR may be subject to development-specific regulation. An intron

(Chr17:34734207-34734364) of C4b (a gene functioning in the com-

plement system) shows the most prominent positive correlation with

age (Supplementary Figure 1c). Similar to humans, IR in mice was iden-

tified in both AD and control brains, enriched in protein-coding genes,

andwith higherGCcontent compared to non-retained introns (Supple-

mentary Figure 1c-e).

Because brain cell types are heterogeneous, we tested whether

intron-retained genes show cell type specificity.We obtained brain cell

type–specific genes for both humans and mice fromMcKenzie et al.39

The genes that were specific to five brain cell types, namely, astro-

cyte, endothelial cell, microglia, neuron, and oligodendrocytes, were

provided. The cell type specificity was calculated as theminimumFC in

expression between the cell type of interest and each of the other cell

types and the threshold of FC = 4 was used to identify cell type spe-

cific genes.39 We found that 111 of the human IR genes and 70 of the

mouse IR genes were cell type specific. Taking the IR gene SLCO1C1 as

an example, its minimum FC of expression between astrocyte and the

other cell types is 14, indicating that itwas highly specifically expressed

in astrocytes. The cell type–specific IR genes for humans andmicewere

provided (Supplementary Table 7).

We investigated the correlation between the expression of retained

introns with that of their parental genes. For each intron, we fitted

a linear regression model to correlate the expression with that of its

parental gene. The statisticalmetric R2 (also called coefficient of deter-

mination) was used to quantify the correlation. The sign of the slope of

the regression model indicates the direction of correlation (positive or

negative). For both the human and mouse data, we found that the cor-

relation between intron expression and the parental gene expression

can be either positive or negative (Supplementary Figure 2), which is

consistent with the observation that both positive and negative cor-

relation may occur between introns and the parent genes in previous

work.40 Briefly, we found that most retained introns were positively

correlated with the expression of the parental genes and the overall

correlation was weak with the median of R2 being 0.36 and 0.015 for

thepositively andnegatively correlated intron-genepairs, respectively,

in humans, and 0.199 and 0.169 for the positively and negatively corre-

lated intron-gene pairs, respectively, inmice (Supplementary Figure 2).

The factor underlying the direction of correlation between the expres-

sion of introns and that of the parental gene may be complex. It has

been shown that the direction of correlation partially depends on gene

functions.40

We next askedwhether IRwas conserved between human andmice

in the context of AD. We identified a set of 743 homologous genes

whose introns were retained in both humans and mice (Supplemen-

tary Table 8). For each gene, we compared the DNA sequence of every

retained intron in mice to that in humans using BLAST with default

parameters (version 2.3.0+). We found that only 33 retained introns

(from 31 unique genes) showed high sequence similarity (>80%)

between humans and mice (Supplementary Table 9). One of the most

conserved retained introns is from SRSF6 (Serine/Arginine-Rich Splic-

ing Factor 6), a gene whose transcripts are involved in mRNA splicing.

The nucleotide sequences (350 bases) of its retained intron in human

andmouse have a similarity of 93% (Supplementary Figure 3).

3.2.2 Experimental validation of IR by nanostring
chip and RT-PCR

We selected a subset of IR events identified from poly-A rich RNA-

seq data for experimental validation. In human samples, we selected

30 introns from 26 genes which are both highly expressed and differ-

entially expressed between elderly control and AD patients (FDR <

0.01). We custom-designed a Nanostring chip (Section 3.1, Methods;

Supplementary Table 2), and tested expression levels of these introns.

We found 29 of 30 showed significantly higher expression (P < 0.01)

compared to the negative control probes (Supplementary Figure 4). As

an illustration, intronic counts for BAIAP2 (an innate immunity gene)

and CELF1 (a splicing factor) are much higher than that of negative

control probes (Figure 4a), suggesting our identified IRs are reliable.

These Nanostring results support our identification of IR events from

the human RNA-seq data.

Formice,we selected 21 retained introns fromeight genes using the

samecriteria as for humans.Due toprobedesign requirements, only 15

of them could be targeted by Nanostring probes. Of these 15 introns,

14 were validated based on Nanostring expression, with an IR from

the Trem2 gene being the only one that could not be validated by this

approach (Supplementary Figure 5). All of the 21 retained intronswere

also tested using RT-PCR by designing primers to the exonic regions

and visualizing the length of the PCR product. Except for two introns

(one in Trem2 and one in Nr4a1), the other 19 introns were confirmed

(Supplementary Figure 6). Figure 4b shows the retention of intron 20

in C4b and intron 15 in Per1 (component of the circadian clock). These

Nanostring and RT-PCR results validate our findings at a rate of>90%,

supporting the reliability of our method.

3.2.3 Protein-level expression of retained introns

Splice isoforms containing introns are rarely translated into proteins

because they generally trigger theNMDpathwayandare subsequently

degraded.4 To the best of our knowledge, there are only a few reported

cases where introns have been observed to avoid the NMD pathway

and be translated.11,12 To test the hypothesis that a small percentage

of our identified retained introns may escape NMD and be translated

into proteins, we searched the tandem mass spectra data from mouse

and human brain samples against the customized protein sequence

databases that include both in silico translated intron-specific proteins

and all proteins from UniProt for humans and mice, respectively (Sec-

tion 3.1, Methods).

For mice, we searched the mass spectra of 270 mouse brain region

samples and identified 255 retained-intron specific PSMs mapping to
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14 unique non-nested peptides from six proteins (FDR <0.01) (Sup-

plementary Figure 7). The uniqueness of these detected peptides was

validated using both the nextProt “peptide uniqueness checker” tool

and PeptideAtlas.57 Themost confident identification was a novel pro-

tein isoform of the Farp1 gene (800 AAs), which was supported by nine

non-nested intron-specific peptides (with 9-32 AAs) resulting from

a total of 244 PSMs (FDR <0.001) in 132 brain samples covering a

wide range of regions and cell types, including cerebellum, prefrontal

cortex, hippocampus, olfactory bulb, corpus callosum, striatum, tha-

lamus, neurons, astrocytes, and oligodendrocytes. The significance of

PSMs of these unique peptides and their detection in multiple sam-

ples provided evidence that the Farp1 intron was translated. The mass

spectra of three peptides observed in an olfactory bulb sample are

shown (Figure 4). As Farp1 is involved in synapse formation,28 our

finding implies that IR in this gene may be related to synapse func-

tion. Whether the IR of Farp1 is related to AD still needs to be inves-

tigated as synapse function can be unrelated to AD. For each of the

other five proteins (Slc4a4, Rcbtb1, Rad23a, Plin4, and Dos), only one

unique and intron-specific peptide was detected (Supplementary Fig-

ure 7), not satisfying the PE1-level evidence to claim expression of

novel proteins based on the Human Proteome Project (HPP) protein

discovery guidelines50 (requiring twonon-nested proteotypic peptides

of ε 9 AAs), but only making them potential proteins translated from

intronic regions. Further, as peptide identification may vary between

spectra search engines, we searched the same proteomic data using

another commonly used approach, namely, X!Tandem,58 and examined

whether the peptides detected by Comet59 could also be detected by

X!Tandem in the same sample. The results are provided in Supplemen-

tary Table 10. We found that all the peptides of Dos, Farp1, Slc4a4 and

Plin4were also detected byX!Tandem, increasing the confidence of the

translation of retained introns. For Rcbtb1 and Rad23a, their peptides

were not detected by X!Tandem in the same samples as detected by

Comet, suggesting that the translation of retained introns of the two

genes is putative.

For humans, we searched an independent human brain pro-

teomic dataset (266 samples, see details at https://www.synapse.org/

#!Synapse:syn5759470) from theMount Sinai Brain Bank project. We

identified peptides unique to two intron-retained protein isoforms:

PLEC (involved in interlinking cytoskeleton molecules) and EIF2D (a

translation initiation factor), using FDR < 0.01. For the PLEC isoform

(174 AAs), two intronic peptides were uniquely detected (FDR< 0.01).

Onepeptideof 19AAs spans the exon-intronboundarywith twoAAs in

the intron; the other peptide arising fromwithin the same intron is less

stringent since it contains only eight AAs (Supplementary Figure 8).50

For the EIF2D isoform (58 AAs), a peptide with nine AAs was detected

fully inside the intron region, which does not meet the PE1-level cri-

terion of two unique non-nested peptides.50 The JUMP search engine

was also used to attempt independent identification of the three IR

peptides with the best MaxQuant match scores for those peptides.

Unfortunately, the three peptide sequences were not detected. These

results suggest that the evidence for translation of the introns in PLEC

and EIF2D is weak.

3.2.4 Functional association of IR with AD

We investigated the biological functions of the 2173 human intron-

retained genes throughGeneOntology (GO) enrichment analysis (Sup-

plementary Table 11). The most enriched GO biological processes

include RNA splicing pathways (GO:0008380, P = 1.78 × 10−6),

chromatin modification (GO:0016570, P = 5.24 × 10−5) and neuro-

logical functions such as Schwann cell differentiation (GO:0014037,

P = 0.008), neurotrophin signaling pathway (GO:0038179, P = 0.004),

and regulation of neuron projection development (GO:0010975,

P = 0.01). The P values above were all Bonferroni-corrected. RNA

splicing and chromatin modification was reportedly associated with

AD pathology.22,60 Dysregulation of neurotrophinwas suggested to be

involved inmemory loss, a main symptom of AD.61

We tested for differential expression of retained introns between

AD cases and controls (Section 3.1, Methods). We identified 2598 DEI

retention events (FDR < 0.05) (Figure 2B, Supplementary Table 12)

after adjusting for sex, age, RIN, and sample source, of which 2366

and 232 were up and down, respectively. The parental genes of the

DEIs were enriched in functions associated with neurodevelopment

or AD pathology, including Schwann cell differentiation (GO:0014037,

FDR = 8.0 × 10−4), regulation of cell morphogenesis involved in dif-

ferentiation (GO:0010769, FDR = 0.001), regulation of axonogene-

sis (GO:0050770, FDR = 0.001), and regulation of mRNA splicing

(GO:0050684, FDR= 0.008) (Figure 5A).

We compared genes with DEIs to the differentially expressed genes

(DEGs) identified using only exonic reads. This analysis showed that

63% of the parental genes of DEIs are not identified as DEGs based

on exonic reads (Supplementary Figure 9). One possible reason for this

could be that RNA-seq data represent expression from a population

of cells in which multiple isoforms of the same gene are expressed,

with the exonic read counts from a lesser-expressed isoform being

obfuscated by the more highly expressed isoforms. When only the

intronic reads are considered, differences in isoform expression are

more apparent. TRAK1 (Trafficking Kinesin Protein 1) is an example, a

gene involved in lysosome trafficking; one of its introns is highly differ-

entially expressed even though the gene is not (Figure 5B).

To quantitatively assess how IR is related to AD severity, we corre-

lated theexpression level of retained intronswithBraak scores, reflect-

ing tau pathology severity. We used the 159 human samples from

Mayo Clinic with Braak scores available for this analysis. The intron

expression adjusted for sex, age, RIN, and sites was used. We found

that 1907 of the 2598 DEIs were significantly correlated with Braak

staging scores (FDR < 0.01) with absolute Pearson correlation val-

ues ranging from 0.30 to 0.72 (Supplementary Table 13). An example

intron high correlating with the Braak score was in HMBOX1 (correla-

tion= 0.72, P= 2.6× 10−23 (Figure 5C), a transcription factor reported

to regulate natural killer (NK) cell functions through suppressing the

NKG2D/DAP10 signaling pathway.62 Also, NK cells were shown to be

associated with AD,63 implying a relationship between HMBOX1 and

AD. This finding suggests an association between IR and innate immu-

nity, which in turn was reported to be associated with AD.33

https://www.synapse.org/#!Synapse:syn5759470
https://www.synapse.org/#!Synapse:syn5759470
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As IR may lead to NMD and thus reduce the protein expression,

we analyzed whether the proteins encoded by the parental genes of

the DEIs were also associated with AD by comparing the Mayo Clinic

RNA-seq data reported here and its matched proteomic data (Section

3.1, Methods).41 We used the data from 109 samples with matched

RNA-seq and proteomic data. Protein expression for 366 parental

genes of the DEIs was available in the proteomic data. The protein

expression data were adjusted for sex and age by regressing our their

effects. First, we examined whether the IR could lead to NMD in our

data, because NMD is generally the major pathway that IR transcripts

undergo. We calculated the log2 transformed FC of retained intron

expression between AD and controls, denoted by log2(FCintron). The

FC of protein expression between the same set of AD and controls

was also calculated, denoted by log2(FCprotein). We found that most IR

transcripts were likely degraded by NMD, as indicated by the finding

that the protein expression for the gene with higher retained intron

expression tends to decrease more than that for the same gene with

lower retained intron expression (Figure 6A). For example,when intron

expression is higher in AD samples (ie, log2[FCintron] >0), the value of

log2(FCprotein) is mostly smaller than log2(FCintron) (ie, below the diag-

onal line).When intron expression is lower in AD (ie, log2[FCintron]<0),

thevalueof log2(FCprotein) ismostly higher than log2(FCintron) (ie, above

the diagonal line). This observation suggests that protein expression is

reduced when the mRNA contains a higher level of intron expression,

reflecting the activity of NMD. We illustrated this likely NMD mech-

anism with the TRIM9 gene as an example. As shown in Figure 6B, its

mRNA expression level is similar between the AD and control samples.

However, the intron expression level in the AD samples is significantly

higher than that in the control samples, which results in reduced level

of protein expression likely due to increased NMD. Second, we tested

whether the proteins corresponding to the genes with IR were associ-

ated with AD. For the 366 proteins above, we performed differential

expression between AD and control with the Mann Whitney U test.

We found that 70 were significantly expressed (FDR <0.05), suggest-

ing an association of the protein products of the IR genes with AD. The

differential proteins were provided in Supplementary Table 14. Third,

for these differentially expressed proteins, we examined how the pro-

tein expression level was affected by the expression of its parent gene

as well as the retained intron. To this end, we built a linear regres-

sion model for protein expression where parent gene expression and

intron expression were included as two variables. We found that pro-

tein expression was weakly correlated with the expression of parent

genes and retained introns, with a Spearman correlation of 0.26± 0.12

across all these differentially expressed proteins.

3.2.5 Intron expression QTL in AD and control
brains

To explore the genetic determinants of the expression of retained

introns, we performed a genome-wide retained intron expression QTL

analysis (ieQTL) for AD and control samples separately. SNPs in cis

(1000 kb upstream of the intron or within the intron) were analyzed

(Figure 2C). The intron expression data for both AD and control sam-

ples was adjusted for sex, age, and RIN. As control samples were col-

lected from two different brain banks, the intron expression was also

adjusted for sample source (see details in Section 3.1, Methods). We

ran eQTL analysis for AD and control samples separately. The Man-

hattan plot of all the significant associations is provided (Figure 7). In

AD samples, we identified 2102 ieQTLs that were significantly associ-

ated with the expression of 277 introns (FDR < 0.05); in control sam-

ples, 1583 ieQTLswere identifiedwith significant associationwith 199

introns. These numbers translate to approximately seven QTLs per

intron for both AD and control data, suggesting that intron expres-

sion may be controlled by multiple factors. For intuitive understanding

of how intron expression is correlated with genotypes, we plotted the

expression of retained introns against the genotype using two exam-

ples of eQTLs (Figure 7B). Shown in the left panel is the association

between intron chr3:150584242-150585393 and its QTL rs2090916

in AD samples. Clearly, this intron showed the lowest, medium, and

highest expression in the reference allele group (AA), heterozygous

group (AG) and the alternative allele group (GG), respectively, suggest-

ing a strong genetic control of the expression of retained introns. The

second example of association between chr20:35545404-35547261

and rs1010759 (Figure 7B, right) also suggests the possible genetic

regulation of intron expression level.

We compared ieQTLs that were separately identified in the AD

and control samples. We found that 932 ieQTLs were shared between

the AD and control samples and that 1170 and 651 ieQTLs were

specific to the AD and control samples, respectively (Figure 7C).

This finding of condition-specific ieQTLs suggests that ieQTLs pro-

vide a new window into the difference between the AD and control

samples. Among the AD-specific ieQTLs, the SNP rs2589949 (G >A

mutation) was a significant one, strongly associated with the expres-

sion of the intron (chr15:90439399-90440501) of the gene IQGAP1

(FDR = 1.94 × 10−9). Of interest, IQGAP1 has been shown to regu-

late spinedensity and cognitiveprocesses.64 Our analysis suggests that

the IR and cis-genetic variantsmight be associatedwith the function of

IQGAP1. Another example is the intron of SH3TC2 (chr5:149004902-

149006880), a gene functioning in myelination. Its expression is sig-

nificantly associated with rs11168078 (T >Cmutation) (FDR = 5.60 ×

10−10). For the above two examples, their associations in control sam-

ples are insignificant, suggesting that the regulatory network of intron

expression in disease status may be disrupted and that ieQTL analysis

may provide a newwindow into themolecular etiology of AD.

We further validated our identified ieQTLs. Because there is no

available benchmark ieQTL data for validation, we chose to vali-

date ieQTLs indirectly by comparing them with gene eQTLs. The rea-

son is that intron expression reflects one aspect of gene expression

and a proportion of ieQTLs should also be conventional eQTLs. We

converted the SNP-intron associations to SNP-gene associations and

tested whether SNP-gene associations could be validated by bench-

mark eQTL data.

We performed the validation against two public databases. The

first is for eQTL data, that is, SNP-gene associations, from the ExSNP

database (http://www.exsnp.org/Download).42 We found that26%and

http://www.exsnp.org/Download
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31% (far above the baseline 0.0%) of the SNP-gene associations of the

corresponding ieQTLs identified in AD and control samples were able

to be validated. The second eQTL dataset is from the GTEx database

(version: v6p).We considered the significant SNP-gene pairs identified

in human brains (involving 10 brain regions, see details in Supplemen-

tary Table 15).We found that 35%and 43% (the baselinewas near zero

percentage) of the SNP-gene associations in the AD and control data

could be replicated. These results suggest that our ieQTLs are likely

valid and many of them reflect traditional coding gene based eQTLs,

thoughmost seem to be specific to the retained introns.

3.2.6 SPIRONs and their association with
AD-related traits

Alternative splicing has been previously implicated in AD.22,23 It has

been reported that the expression of retained introns are partly reg-

ulated by a cooperative regulatory network consisting of the splic-

ing factors in the splicing pathway.40,44–46 Therefore, we hypothe-

sized that the expression level of retained introns was correlated

with that of splicing factors. The numbers of splicing genes annotated

for mice and humans may vary depending on the database used. For

example, 71 human splicing factors were annotated in the SpliceAid-

F database.65 A total of 56 mouse splicing factors were annotated in

the SFMetaDB database.66 The PathCard database67 has a more com-

prehensive annotation, containing a total of 192 splicing factors func-

tioning in the major splicing pathway, in the minor splicing pathway

or in the spliceosome. We used the splicing factors obtained from the

PathCards database for both humans and mice (Section 3.1, Methods).

The correlation between introns and splicing factors forms a network,

whichwe call the SPIRONfor brevity. This SPIRONwas inferredby cor-

relating the expression level of introns to that of splicing genes using

a multivariate linear regression model with features selected by the

LASSOmethod (Section 3.1, Methods). For both humans and mice, the

gene and intron expression data were adjusted for sex, age, and RIN.

Specifically for humans, the expression data were also adjusted for

sample source for controls (Section3.1,Methods). Specifically formice,

the expression data were also adjusted for mouse models. Regression

coefficients of these models, denoted as β, between intron and splic-

ing genes were used as edge weights in the network. To understand-

ing the relevance of SPIRON to AD, we built SPIRON for the AD and

control samples, respectively for both humans and mice, thus totaling

four SPIRONs. The full network data of the four SPIRONs are provided

in Supplementary Tables 16-19. The distributions of edge weights of

the networks are provided in Supplementary Figure 10. For visual-

ization, we showed the four networks by keeping only the edge with

weight>0.2 (Figure 8).

For humans, both the AD (Figure 8A, left) and control-specific (Fig-

ure 8A, right) SPIRONs were highly structured with a number of co-

regulated introns forming modules that centered on a major splic-

ing factor. From the SPIRONs, we found that most introns, although

regulated by the orchestrated network of multiple splicing factors,

appear to be strongly regulated by a major splicing factor. This find-

ing was shown to be consistent when a different model was used

to build SPIRON (Supplementary Figure 11 and Supplementary Fig-

ure 12), implying the robustness of the network. We observed sev-

eral major splicing factors such as SNRNP70, PRPF40B, HSPA2, SRRM1,

SRSF6, RBM5, THOC1, HNRNPH1, POLR2F, and ACIN1. SNRPNP70 is

a component of the U1 snRNP complex, essential for recognizing 5′
splicing sites and recruiting proteins for assembling the spliceosome.

It has been shown that SNRPNP70 knockdown or inhibition of U1

snRNP were associated with increased RNA splicing deficiency in AD

pathogenesis.23 PRPF40B is a splicing factor involved in pre-mRNA

splicing. HSPA2 is a heat shock protein that mediates folding of pro-

teins, is associated with assembly of spliceosomes, and is involved in

cellular stress response.68 Notably, thePathCards database shows that

HSPA2 has only low-ranking evidence for being involved in the gen-

eral splicing pathway, but it appears to be a major player in IR based

on our network. Some of the major splicing factors such as SNRNP70,

PRPF40B, SRRM1, and ACIN1 appear in both the AD- and control-

specific SPIRONs, suggesting the conservation ofmajor splicing factors

in different conditions. Regarding the regulation direction (the sign of

weight), we found that most splicing factors were positively correlated

with introns among the edgeswithweight>0.2 shown in Figure8.Note

that In the full human or mouse SPIRON, neither the positive correla-

tion nor the negative correlation dominates in numbers. Likewise, we

also found that neither upregulated nor downregulated splicing fac-

tors dominated in numbers in both humans and mice. Two examples of

exceptions were PUF60 and BCAS2 that appeared to dominantly reg-

ulate IR in a negative manner. In contrast, SNRNP70 and RBM5 corre-

lated mainly in a positive direction with their corresponding introns in

both AD and control-specific SPIRION. Other genes such as POLR2G

(in AD SPIRON) and LSM4 (in control SPIRON) displayed both positive

and negative correlations.

The mouse SPIRON showed similar patterns with the human

SPIRON. For example, both the AD- and control-specific SPIRONs

were also highly structured with most introns correlated with a single

splicing factor (Figure 8B). The major splicing factors such as Snrnp70,

Prpf40b, Acin1, Srrm1, Thoc2, and Fus appeared in both networks. By

comparison, we found that some of these major splicing factors such

as Snrnp70, Prpf40b, Acin1, and Srrm1 occur in both the two human

SPIRON and the twomouse SPIRON and the direction of regulation of

them were also consistent between humans and mice, suggesting that

the regulatory relationship between splicing factors and introns might

be conserved between the two species. In addition to this similarity,

there were differences between the human and mouse networks. For

example, the HSPA2was part of a robust module in the human but not

themouse network. In contrast,Rnps1was correlatedwith a number of

introns in mice but not in humans.

We tested whether the SPIRON between humans and mice were

conserved. For each splicing factor, we computed the correlation of

its regulatory patterns between humans and mice as its conserva-

tion score (Section 3.1, Methods). First, we compared the AD-specific

SPRION for the humans and mice. We found that, for 91 of the 152

homologous splicing factors in the SPIRON, their regulatory patterns

for IR were likely conserved between humans and mice (FDR < 0.05;
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corresponding to correlation>0.55) (Figure9A).Oneexample is SRSF5,

a component of the U1-type spliceosome (Figure 9B). For splicing

geneswith uncorrelated patterns, it is interesting to find that their reg-

ulation directions were often opposite between species. For example,

CSTF2 appears to correlate with retained introns in human in a pre-

dominantly negative manner but positively in mice (Figure 9C), while

U2AF2 correlates positively with retained introns in humans but neg-

atively in mice (Figure 9D). Second, we compared the control-specific

SPRION for the humans and mice. We found that the regulatory pat-

terns of 81 splicing factors were likely conserved between humans and

mice (Supplementary Figure 13).

Motivated by the previous report that RNA splicing is associated

with AD,22 we investigated the network alteration between the AD-

and control-specific SPIRONs. First, we tested whether the degree

(ie, the number of correlated introns) of splicing factors was different

between the two networks. We calculated the degree of each splicing

factor based on the full AD- and control-specific SPIRONs. We found

that although the degree of splicing factors in the two networks was

significantly correlated, the correlation coefficient (r = 0.58) was not

high, with some splicing factors having amuch higher degree in theAD-

specific SPIRON than in the control-specific SPIRONandothers having

a much higher degree in the control-specific SPIRON (Figure 9C, left).

For example, PHF5A (PHD Finger Protein 5A) was connected with 112

introns in the control-specific SPIRONwhile only 38 introns were con-

nected to it in the AD-specific SPIRON. This observation suggests that

the degree of some splicing factors was differential. Second, we calcu-

lated theaverageβ for each splicing factorover all its connected introns
and compared it between the AD- and control-specific SPIRONs (Fig-

ure 9C, right).We found that some of the splicing factors showed large

differences in between the two networks. For example, the average β
for SF3A1 is 0.028 in the control-specific SPIRON while it was altered

to –0.081 in the AD-specific SPIRON. We also compared the degree

and β for splicing factors between the two networks in mice and the

results were similar (Supplementary Figure 14).

Next we analyzed whether the modules centered on the splicing

factors were associated with human AD pathological traits. We used

the Braak score as the trait. For each splicing factor, we identified the

introns shared between the AD- and control-specific networks. These

shared introns together with the splicing factor were considered as a

module. Following the established method to correlate modules with

traits as described in the weighted gene co-expression network analy-

sis (WGCNA)method,47 we considered onlymodules involving at least

20 genes and tested the correlation of the eigengene (ie, the first prin-

cipal component [PC1] of themodule) with the Braak score.We identi-

fied six modules with a significant Spearman correlation (denoted by

r) (FDR < 0.01) and with an appreciable correlation (|r | > 0.5). For

example, the PC1 for the SF3B4 module was significantly correlated

with the Braak score (r = –0.55, FDR = 3.9 × 10−12) (Figure 8D, left).

Another example was for the SNRPA1module, which was significantly

correlated with Braak score (Figure 8D, right). The correlations with

Braak scores of the eigengenes for the remaining fourmodules (SNRPF,

PCF11, HNRNPH1, PTBP1) are shown in Supplementary Figure 15. In

summary, we showed that the network properties of degree or edge

weight of a subset of splicing factorswerealteredbetween the twonet-

works and identified modules associated with AD severity measured

with Braak scores.
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