Integrative functional genomic analysis of intron retention in human and mouse brain with
Alzheimer’s disease

Hong-DWory C. Funk®*, Karen McFarland®, Eric B. Dammer*, Mariet Allen®, Minerva M.

Carrasquillo5 pa Levties®, Paramita Chakrabarty3,Jeremy D. Burgesss, Xue Wangs, Dennis
Dickson’, @ . Seyfried4’7, Duc M. Duong4, James J. Lah’, Steven G. Younkin®, Allan I. Levey7,

Gilbert S. Omenn™*, Niltfer Ertekin-TanerS’g, Todd E. Golde3, Nathan D. Price®”
H I

"Hunan P

E

ial Key Lab on Bioinformatics, School of Computer Science and Engineering, Central

South Univgrsity, @hangsha, Hunan 410083, P.R. China

G

? Institute f s Biology, Seattle, WA 98109, USAik:

S

3 Departm roscience and Neurology, Center for Translational Research in

Neurodegenerati isease, and McKnight Brain Institute, University of Florida, Gainesville, Florida

3:

32611, US

N

4 Department of Biochemistry, Emory University, Atlanta, Georgia 30322 USA

ck

5 Mayo Clin rtment of Neuroscience, Jacksonville, FL 32224, USA.

6 Mayo Clinic, rtment of Health Sciences Research, Jacksonville, FL 32224, USA.

\

” Department of Neurology, Emory University, Atlanta, Georgia 30322 USA

8 Departm putational Medicine and Bioinformatics, University of Michigan, Ann Arbor, MI

{

48109, USO
o Mayo Clini rtment of Neurology, Jacksonville, FL 32224, USA.
*To wh ndence should be addressed: Tel: +1-206-732-1204;

{

Fax: +1-2 04; Email: nathan.price@systemsbiology.org

i

# Authors d equally.

A

This is the author manuscript accepted for publication and has undergone full peer review but has not
been through the copyediting, typesetting, pagination and proofreading process, which may lead to
differences between this version and the Version of Record. Please cite this article as doi:
10.1002/A1L.Z.12254.

This article is protected by copyright. All rights reserved.


https://doi.org/10.1002/ALZ.12254
https://doi.org/10.1002/ALZ.12254
https://doi.org/10.1002/ALZ.12254

{

Abstract
[ ]

[l

Intron ret ) has been implicated in the pathogenesis of complex diseases such as

cancers; it§ assogiation with Alzheimer’s disease (AD) remains unexplored. We performed

o

genome-wigde lysis of IR through integrating genetic, transcriptomic and proteomic data

S

of AD subj d mouse models from the Accelerating Medicines Partnership-Alzheimer’s

Disease project. We identified 4,535 and 4,086 IR events in 2,173 human and 1,736 mouse

Ui

genes, res y. Quantitation of IR enabled the identification of differentially expressed

[

genes tha tional exon-level approaches did not reveal. There were significant

correlatio on expression within innate immune genes, like HMBOX1, with AD in

d

humans. Peptides with a high probability of translation from intron-retained mRNAs were

identified usi ss spectrometry. Further we established AD-specific intron expression

Nk

Quanti

oci, and identified splicing-related genes that may regulate IR. Our

analysis provides a novel resource for the search for new AD biomarkers and pathological

1

mechanisms.

O
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1. Narrative

Contextull Bacpround
Compared ping, exon mutual exclusion, and alternative donor/acceptor site, intron

retentioE(IWably the least understood mode of alternative splicing mechanisms[1-3].

1

Historicall ught of as the consequence of mis-splicing, IR has recently gained recognition for its

role in regul@ting g&ne expression[4-9]. Most retained introns contain premature termination codons

G

(PTCs), whi n trigger the nonsense-mediated decay (NMD) pathway to target intron-retained

mRNAs to e degraded[4, 8]. Consequently, many intron-retained mRNAs are highly unlikely to be

S

translated i ins. However, in some cases they are able to bypass NMD and produce proteins

with modifi ns, as seen for such genes as P element transposase[10], /d3 (Inhibitor of DNA

U

Binding 3)[#6, 1B (Sodium Channel, Voltage Gated, Type | Beta Subunit)[12], PRX

n

(Periaxin)[ CND1 (cyclin D1)[14]. In macrophages IR has recently been shown to play a key
role in the [€te YW of the mRNA in the nucleus, where it can be rapidly spliced, exported and

translated in response to a stimuli[15]. Recent studies show that IR is widespread in mammals[8],

and is impli cancers[6, 16]. Specifically, IR was shown to diversify the transcriptomes in

M

sixteen , including acute myeloid leukemia and breast cancers[7]. These studies suggest

that the largely understudied area of intron retention deserves more attention as a potential

contributin complex diseases.

Alzheimer’ (AD) is a complex, heterogeneous neurodegenerative brain disorder, and the

OF

most comm of dementia estimated to affect over 40 million people worldwide[17]. To

underst [ mechanisms and eventually develop therapeutic drugs, extensive research has

n

t

been fo through large collaborative projects such as the International Genomics of

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

u

Accelerati ines Partnership-Alzheimer’s Disease (AMP-AD). Specifically, within the AMP-AD

consort ave generated a rich dataset from humans and model systems[19-21] at multiple

A

molecular leve uding genome, transcriptome and proteome data, providing new opportunities to

investigate AD, e.g., searching for perturbed regulatory networks. Alternative splicing such as exon
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skipping has previously been studied in AD[22-24]. However, the association between IR and AD

remains unexplored.

Here we rep. first genome-wide analysis of IR in autopsied AD samples[19], as well as in two
transgenic els of AR amyloidosis, i.e. CRND8[25] and APPPS1[26], using an integrated
proteog@hdmiei@pproach. We identified IR events in humans and mice, respectively, and

characterizgnce features of retained introns. The IR events were validated with alternative

approachegl We eXplored whether retained introns could be translated into proteins by analyzing

o

mass spectrgmeiry-based proteomic data, and assessed the functional association of IR with AD. We

S

computed ression quantitative trait loci (ieQTLs) for AD and control samples, respectively,

aiming to i tential genetic variants that determine intron expression and to identify ieQTLs

U

that might nt to AD. As the splicing pathway is a key regulatory layer for intron retention, we

constructedia 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 sanjple studied the association of modules in SPIRONs with AD.

a

Study and disease associations

r M

We perfor tematic analysis of intron retention in humans and mice with AD by integrating

genomic, tr omic and proteomic data, aiming to identify functional relevance of IR in the

context of AD. For the sake of specificity, only independent introns that do not overlap with 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.

U

The mai s of this paper are: (1) IR was widespread in human and mouse brain, mainly in

protein- enes, (2) We found suggestive evidence for the translation of some retained introns,

A

(3) IR provide itional 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
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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 coriHsplicing factors, and some modules in the SPIRON networks were correlated with

ppathology as measured with Braak scores. We found that most introns, though

regulated by
I

major splic!g factor.

The nur@ events in both human and mouse brain were mainly observed in protein-coding

estrated network of multiple splicing factors, appear to be strongly regulated by a

genes, but their roles in noncoding RNAs should be of interest for future studies. We also found a

progressiv -related expression pattern of retained introns in mice, which might be relevant to
understanzmgression and normal brain aging.
We explo ther retained introns might be translated into peptides. In mice, we discovered

possible nowgl intron-retained protein isoforms for 6 genes (Farp1, Slc4a4, Rcbtb1, Rad23a, Plin4 and

Dos), whic llectively supported by 14 intron-specific non-nested unique peptides. The novel
intron-retai des for all but two of the genes(Rcbtb1 and Rad23a) could be independently
identifi fferent method X!Tandem[27] was used to search the mass spectra. The
strongE evidence we found was for a lengthy intron of Farp1 gene (800 AAs), which was

detected with 9 unique peptides. The retention of this intron may result in a novel protein isoform of
Farp1in ms. Interestingly, Farp1 functions in promoting dendritic growth and synapse formation,

processes kngwn to be impaired in AD pathology[28, 29]. We postulate that the novel protein may

disrupt syn @ ation due to loss-of-function likely resulting from missing critical domains. A gain-
of-function i@ is also possible with novel protein domains from the intronic region altering Farp1
functiorzciated networks. Of future interest is characterizing the Farp1 protein isoforms in

a contew synaptic formation and predicting the functional networks of each intron-retained
isoform[30]. For 1, we further looked into the annotation of its human counterpart FARP1, and

found that the introp sequence retained in mouse was annotated to be an exon of the human

transcri 0000319526 (Ensembl v77). The annotation evidence of this intron in mouse

(Ensembl v75) i ak 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
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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 Ensemblwiédmanmd the retained intron of PLEC is not annotated to be exonic in its mouse

homologohis involved in interlinking cytoskeleton molecules, and EIF2D functions as a
translation @factor. The peptides for the retained-introns of these two genes were not detected
independentl another method JUMP[31], making the evidence for translation of the introns
putative. Fmdence is needed to confirm the translation of the retained-introns identified in
mice and h In addition, the full-length sequence of the IR-derived protein isoforms remains to
be discove:structure of such isoforms and their detection could become very complicated
when multigfe introns are retained in the same transcript. Although determining the amino acid

sequence of the full-length protein isoforms is challenging and beyond the scope of this work, in the

future, we mﬁus on these retained introns and perform experiments towards the determination

of their ami id_ sequence. Specifically, one may focus on candidate transcripts showing retained
introns in the nslated region (UTR) as these are unlikely to undergo NMD or nuclear
degrad er, it should be noted that this would only provide a narrow validation

encompassing a small subset of genes with IR in the 3’UTR. We also plan to experimentally test the

relevance heins to AD and their functional consequences.

The pro w sults point to the existence of mechanisms through which intron-retained

transcri;Iape NMD. Such mechanisms may be a multi-factorial orchestration of transcription

and spli ilability. Differences in IR events across a population are likely a function of
genomistplicing sites and RNA-binding proteins in spliceosomes as well as differences in
expression availas'ty of splicing genes. We have noted that levels of retained-introns are

differentially expressed in AD versus controls, even when there is no differential expression of

combin ripts of that gene based on exonic reads. This suggests that differentially expressed

isoforms resultin m IR events may be masked by other isoforms that may be more abundant or
have opposite direction of regulation. IR identifies evidence of differentially-expressed transcripts and

pathways which cannot be captured using conventional approaches that only consider exonic
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expression. We found that most differentially expressed retained introns (DEls) were upregulated in
AD samples, which was consistent with the previous finding that the expression level of intron-

retainedHof 12 AD-associated genes were increased due to the deficiency of splicing

s also increased in AD samples in our data, suggesting that splicing defects

V
I
might be a!ociated with AD. The DEI that best correlated with Braak score was in HMBOX1

(positive copgelatign), a transcription factor involved in the innate immune system. This suggests
potential roUin regulating innate immune functions. This DEI could also be the result of
different prw 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 i;grative analysis of the human RNA-seq data and the matched proteomic data,

we found thadsi sed level of intron retention was associated with reduced expression of proteins,
an observ. could be explained either by the NMD or nuclear retention[34].

As introfi re n may be regulated by genetic variants, we carried out an intron expression QTL
(ieQTL) ' iscover loci that reside within 100kb of genes (cis) and that associate with their

intron levels (¢ TLs). We identified 2,102 and 1,583 cis ieQTLs for the AD and control samples,
respect y supporting the existence of genetic determinants of intron expression. Using
independent eQTL data from the ExXSNP and GTEx databases, these ieQTLs were validated to be
accurate. Th, approach can help identify genetic variants associated with retained intron
expressionr, the mechanism that mediates the association between single nucleotide

polymorphis Ps) and retained intron expression remains unclear. As the retained intron

expressiong the consequence of both transcription and splicing, a potential way to investigate the

mechanismygis to tegt whether SNPs are located in the transcription factor binding site and/or the RNA

motif boun elated proteins during splicing. Furthermore, it is of interest to experimentally
investigate ance of IR-associated SNPs to AD pathogenesis, which requires model
organisms ased studies. In future studies, we plan to experimentally study the mechanism
underlyin intron expression associations and the relevance of IR-associated SNPs to AD

pathogenesis as they are beyond the scope of this work.
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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

motivateHﬂ a SPIRON to map how intron retention might be affected by splicing factors.

SPIRON b Ce-expression network of introns and splicing factors to determine which splicing

factors are most1ikely 1o influence retention of introns. On the same human dataset used for IR

I
identificatit!, we found that although multiple genes correlated with their expression, most introns
were highly gorrafated with levels of a single splicing gene. We identified modules that may suggest
the existen -pathways of alternative splicing. This splicing modularity was also observed in
the mousem 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

SPIRONSs. This ob;rvation suggests the conservation of the intron retention pathways between

species. In work, we plan to experimentally investigate the influence of the conserved

splicing fa intron retention. For example, we can knock-down the splicing factors and analyze
how intron would change compared to the controls without knock-down. In addition to those
introns that afe ly regulated by a single gene, there was also a proportion of retained introns that

were lin ore than one major splicing factor. Such introns are presumably subject to co-
regulatio above-mentioned sub-pathways.

Another finding from SPIRON was that the regulatory direction (to increase or decrease intron

expressionh splicing factors was robust in the cases studied, being either positive or negative.

Positive co @ ay 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 mainl&ositively correlated with retained introns, while the correlation of PUF60 with introns were
mainly negltive. gly a few splicing factors were seen to be bi-directional, presumably from a context-

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

conserved humans and mice, but intron regulation by splicing factors also showed species-

specificq

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,

transcriptomic and proteomic data. We identified intron-retained genes that were associated with AD.

This article is protected by copyright. All rights reserved.



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 intron retention 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 intron retention[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 intron retention pattern in different cell types

and how the pattern is related to AD.

2. Consolidated Results and Study Design

[

2.1. Widespr intron retention in human and mouse AD brains

The overvie r work is depicted in Fig. 1. 164 human brain samples from Mayo Clinic (AD: n=84,

Control: n580) as described in [19] were used in this study. We identified 4,535 IR events (originating

f

from 2,173 unique genes) (Fig. 2). Most of these genes with IR are protein-coding based on

neXtProt[3 ig. 3). Compared with non-retained introns, retained introns were shorter (p<1 .0><10'6)

and of higher GC g@ntent (p<1 .0><10'6) (Fig. 3), in line with a previous report[8].

We ted IR from mouse brain samples (n=128) of two models of amyloidosis: CRND8 and

)

APPPS1. We ed 4,086 IR events (from 1,736 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.
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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

showedHression in one of the five brain cell types, namely, astrocyte, endothelial cell,

microglia, @ d oligodendrocytes.

We inue stigateaaithe expression correlation between retained introns and their parental genes. For

¢

both humahice, we found that the correlation could be either positive or negative, consistent
with a previous rep@rt[40]. Overall, the correlation was weak in both humans and mice.

We validated the intron retention using two alternative methods: Nanostring chip and RT-PCR (Fig.

oG

4). We tes subset of retained introns in both humans and mice. In both species, we found that

90% of the retained introns could be validated experimentally, demonstrating the reliability of

U

our identifi nts.

Splice is@forms with retained introns are rarely translated into proteins because they are often

£

degraded by the D pathway[4]. We explored the possibility that our identified retained introns may

be translat rrogating mass spectrometry based proteomic data (Fig. 4). In mice, we identified

dl

likely tr ns for four genes (Farp1, Sic4a4, Plin4 and Dos). In humans, we obtained weak

evidence for In ranslation for PLEC and EIF2D.

Vi

2.2. Functional association of intron retention with Alzheimer’s disease

[

First, we tel ined introns for their association with AD through differential expression (Fig. 5).

We identifi differentially expressed intron (DEI) retention events (FDR < 0.05). Most DEls

0

were up-regu . The parental genes of the DEIs were enriched in AD-related functions such as

neurodevel@gpment and AD pathology. 63% of the parental genes of DEls were not differentially

I

expressed Based gl exonic reads, suggesting that IR provides additional discriminant information for

{

AD transcr mpared to exonic expression.

U

Second, to assess the association of IR with AD severity, we correlated intron expression with

tau pathology severity (Fig. 5). Interestingly, we found that 73% of DEls were

correlated with seév@érity of AD tau neuropathology (FDR < 0.01), supporting their association with AD.

Third, by comparing the human RNA-seq and the matched proteomic data [41], we observed that

genes with higher intron expression tended to have lower level of protein expression, in support of

This article is protected by copyright. All rights reserved.



NMD mechanism (Fig. 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.

T

2.3. Intron QTL in AD and control brains
H I

To identif

[

ial genetic determinants for intron expression, we performed a genome-wide

retained in exphession QTL analysis (ieQTL). We ran eQTL analysis on the adjusted intron

G

expression d for AD and control samples separately. We identified QTLs for 277 and 199

introns in d g@ntrol samples, respectively (Fig. 7). Further, we identified AD or control-specific

$

ieQTLs, su that genetic regulation of intron expression may be differential in brains with AD

9

and thus premishi new window into the molecular etiology of AD. We showed that the identified

ieQTLs we by indirectly validating them against gene-level QTLs in two public databases:

§

exSNP[42] x[43].

(O

2.4. Splici way-based intron retention regulatory networks and their association with

ADMoti 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 Splicing Pathway-based Intron

Retention latOry Network (SPIRON) to systematically explore the regulation of intron expression

E

by splicing n this network, an edge connects an intron to its corresponding splicing factor; the

0

weight of th ndicates the absolute correlation between introns and splicing factors.

For hum&gs, both the AD and control-specific SPIRONs showed patterns of highly structured

h

module ining a set of co-regulated introns and centered on a major splicing factor (Fig.

8). We ob's\jt most introns appear to be dominantly regulated by one major splicing factor. We

also obse

{

ighly structured pattern in the mouse SPIRONSs.

Moti '-ﬂm he finding that some splicing factors such as Snrmp70 and Prpf40b were major

splicing factors in both the human and mouse SPIRONSs, we tested the conservation of SPIRONs
between the two species. We found that the regulatory patterns of more than half of the homologous

splicing factors were conserved (FDR < 0.05) (Fig. 9).
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Further, we investigated the network alteration between the AD and control-specific SPIRONSs. In

humans, we found that some splicing factors showed large differences in their topological properties

[

includin e and the average weight (Fig. 8). This finding held for the transgenic vs. non-

transgenic @ PIRONSs.

Nextmweniestesmwhether the module in the SPIRON was associated with human AD traits using the
method de&u the weighted gene co-expression network analysis (WGCNA) method[47]. We

correlated file eigefigene expression with Braak score and identified modules that were significantly

G

correlated with Braak score (FDR < 0.01) and had appreciable correlation (|r|> 0.5) (Fig. 8).

S

3. Detailed Methdds and Results

U

3.1 Metho

1

3.1.1 Brai q and proteomic data

For humangstu 164 postmortem brain samples (84 Alzheimer’s disease and 80 elderly controls

d

without erative disease) were collected. All AD samples were collected from the Mayo

Clinic Brain BanK3lihe control samples were collected from two sources: the Mayo Clinic Brain Bank

V1

and the Health Institute. All brain samples were sequenced in the same place, namely,

Mayo Clinic Genome Analysis Core. To ensure balance with respect to sex, age, RNA integrity

I

number (RN stages and diagnosis, the samples were randomized across flow cells. RIN for

all samples @ ected to be higher than 5.0. Total RNA was extracted from temporal cortex using

0

Trizol® reagent with RIN measured using an Agilent Technologies 2100 Bioanalyzer. cDNA library

was prepared using the TruSeq RNA Sample Prep Kit (lllumina, San Diego, CA), followed by 101

9

base pa - sequencing on lllumina HiSeq 2000 sequencers. The sample is sequenced with

{

an averag illion reads, translating to a sequencing depth of approximately 70 reads per

U

base of th ranscriptome. A more detailed description can be found here[19]. The raw

sequenci re available at https://www.synapse.org/#!Synapse:syn4894912. For all our

A

analysis (in differential expression, the construction of the splicing pathway-based intron

regulatory networks (SPIRON) and eQTL analysis), the human gene expression data were adjusted
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https://www.synapse.org/#!Synapse:syn4894912

for covariates including sex, age, sample sources (the two places where the samples were collected)

by regressing out their confounding effects.

(ThermairishemSeientific , San Jose, CA). The mass spectrometer cycle was programmed to collect
one full ma&um (MS) scan followed by 10 data dependent MS/MS scans. The MS scans in the
range of 3@/2 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 WithffheMaxQuant v1.5.2.8 with Thermo Foundation 2.0 with default parameters. A total of
3838 prote quantified and the data are available at

https://ww e.org/#!Synapse:syn20801227. For differential expression, the protein expression

data were SJusteE 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 mousgys s, two transgenic mouse models were used[19]: (1) CRND8 and APPPS1.
CRND nic mouse strain that carries both the Swedish and Indiana mutations in the
amyloid pr rotein App gene[25]; APPPS1 mice have a human APP gene with the Swedish
mutation (K670N and M671L) and a human PSEN1 gene with Delta exon 9 mutation[26]. Both strains
over—expres APP. Across a time series of 3, 6, 9, 12 and 20 months, a total of 128 mouse forebrain

samples wereobtained. At each time point, the transgenic and non-transgenic mice represent cases

of amyloidd
sex, age, dels, being transgenic or not of each sample are provided for each sample
(Suppl£ble 1). Total RNA was extracted and library was prepared with lllumina TrueSeq

kits. Paiiﬁuencing with 101 base pair reads were performed using an lllumina HiSeq 2000

on-transgenic wild type control samples, respectively. The covariates such as

sequencer. Each Sample was sequenced with approximately 100 million reads, translating to a

sequencing depth of approximately 110 reads per base of the mouse transcriptome. The raw

. are available at https://www.synapse.org/#!Synapse:syn3157182. For all the
construction of RON, the mouse gene expression data were adjusted for covariates including sex,

age, RIN and the mouse models by regressing out their confounding effects.
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3.1.2. Intr* reteW’on detection and differential expression analysis

reference genome;

I
for each inSn; (4) use a set of filters to identify intron retention events with high confidence. This

We develo

eline to identify intron retention from RNA-seq data in four steps: (1) align reads to

count reads that physically overlap with intronic regions; (3) calculate entropy

pipeline ta aligped reads in BAM format and an intron coordination file in bed format as input.
Short read igned to reference genome and transcriptome using STAR[48] (version 2.4.2a).
For the inp@it o R, the versions of genome assemblies for humans and mice were GRCh38 and

GRCm38, respectively, and the gene model versions were ENSEMBL 38.77 for humans and

ENSEMBL 38.75 f@r mice. Other parameters were default. To avoid ambiguity, only introns that did

not overlap Jwi exons of other splice isoforms/genes were considered in our study. Specifically,
the human del contains 965,083 introns (including overlapping ones among splice isoforms
of the sam rom which 232,088 independent introns were identified; the mouse gene models
contain 531,85 ons, from which 197,631 independent introns were identified. Because intron

retentio ion was performed for the independent introns and the independent introns are
obtaine on annotated gene models, the number of detected IR events may change according
to the annotation used. Taking the RefSeq and ENSEMBL gene models as an example, if a

chromosors region is annotated as an intron in one model and as an exon in the other, it will affect

the annotati independent introns and the subsequent intron retention detection. If a chromosome
region is a as an intron in both models, it will not affect intron retention detection. Reads that
fell intom counted and converted to FPKM values. Library size was calculated as the total
numbe ads and was used for calculating FPKM of both introns and genes. Then, the

number o*w counts, FPKM, the number of junction reads spanning exon-intron boundary and the
normalized entropsScore (NE-score) that measures the evenness of the distribution of reads across

the intron region were used to filter for high confident intron retention events. Details of this pipeline

were dd§; n [49]. To reliably identify retention events, we applied strict thresholds to the above

filters. An intron reténtion event was called if its number of reads 220, 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.
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Based on the criteria above, we first identified intron retention events from RNA-seq data. For each
of the retained introns, we recorded the total number of reads mapped to it in each sample. Given

there arwintrons and m samples, we can obtain an n x m matrix containing the read counts

for nintron and m samples in columns. This matrix was then used as input for the edgeR

method (version 3.
I
genes (DE!S). We used FDR-corrected p-value smaller than 0.05 and fold change larger than 1.2 as

3.1, with default parameters) to identify differentially expressed introns (DEls) and

the thresholgsto significant DEIs/DEGs.

C

3.1.3. Transgri ic validation of human and mouse intron retention

S

For mouse an samples, we custom-designed Nanostring chips to validate retained introns.

Using mouse sa s, we first validated intron retention events using both RT-PCR and Nanostring

Ui

chips. We f, ostring is more robust and therefore used it to validate IR in human samples. For

1

Nanostring ts were designed and assayed separately for each intron (Supplementary Table

2). The ch rons to validate was again based on the overall expression of the sequence in the

d

RNA-seq da ound to be differentially expressed in AD samples. For each intron, in

collabora NanoString, we designed Capture ProbeSets to target each exon-intron boundary

M

sequen orter 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 Qybridized with the Reporter ProbeSet for 16 hours at 65°C. Hybridized reactions were

1

processed anostring Prep Station with the high sensitivity setting and then imaged on the

O

NanoString nalyzer under a high resolution setting (280 FOVs). RNA samples from CRND8

transgenic -transgenic mice at 12 and 20 months of age were used to validate retained

N

introns anostring ProbeSets. In humans, the same protocol was used, except that 200

1

ng of total RNA was used.

U

3.1.4. Prot lidation of human and mouse intron retention

roteomic validation of intron retention according to Human Proteome Project Mass
Spectrometry Data Interpretation Guidelines 2.1[50]. For human, we performed quantitative
proteomics 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
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peptide mixtures were separated on a self-packed C18 fused silica column (25 cm x 75 uM internal
diameter; New Objective, Woburn, MA) by a NanoAcquity UHPLC (Waters, Milford, FA) and

monitorMactive Plus mass spectrometer (ThermoFisher Scientific, San Jose, CA). Elution

was perforg @ a 120 minute gradient. The MS scans (300-1,800 m/z range) were collected at a

resolution of 70,000
I

of 17,500 e!m/z 200. Dynamic exclusion was set to exclude previous sequenced precursor ions for

/z 200 in profile mode and the MS/MS spectra were acquired at a resolution

30 seconds aithimga 10 ppm window. Precursor ions with +1 and +6 or higher charge states were
excluded fr encing. RAW data for the samples were analyzed using MaxQuant v1.5.2.8 with
Thermo F ion 2.0. The search engine Andromeda, a component of MaxQuant, was used to
build and search a concatenated target-decoy Uniprot human reference protein database (retrieved
April 20, 2015; 90,;\1 target sequences), plus 245 contaminant proteins from the common repository

of adventitimins and 11,006 intron-retained proteins that were in silico 3-frame-translated from

our genera -retained transcripts by merging ENSEMBL transcripts with its retained introns.
Only transl eins with at least 30 amino acids were considered. Methionine oxidation,
asparagine amine deamidation, and protein N-terminal acetylation were variable

modific »Cysteine was assigned a fixed carbamidomethyl modification. Only fully tryptic peptides
were consi with up to 2 missed cleavages in the database search. A precursor mass tolerance
was set to +20 ppm. Default values were used for other parameters. Following established

guidelines[@0], only peptides with at least nine amino acids (AAs) were considered. The false

discovery r. ) for peptide spectral matches, protein identification based on peptides, and site
decoy frac all set to 0.01. As peptide identification may vary with search engines, we also
applied an hod, namely, the JUMP search engine (v1.2.1, April 2016)[51], to test whether
intronic Ehere were) could be replicated by a different method. For JUMP,

carbamiWas used as fixed modification for cysteine, and dynamic modification of

methionine, aspar%ine and glutamine was used. Precursor mass tolerance was set to 0.05 Da. Other

parameters were default.
For mo searched the PRIDE data repository (http://www.ebi.ac.uk/pride/archive/) for brain-

specific datasets[52]. We identified 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,
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astrocytes, oligodendrocytes (for details see ref.[53]). Briefly, mouse brain regions or cell types
(acutely isolated or cultured) were lysed and proteins were digested using LysC and trypsin. LC-

MS/MS H performed in a quadrupole Orbitrap mass spectrometer with a high field

analyzer. A 270 RAW data files (including biological replicates) was generated. We

downloaded all'these ' RAW files and converted them to mzML files using the msconvert software in
I
the Trans-!oteomics Pipeline (TPP, version 4.8.0) and searched the raw mass spectral data using
the Comet seftwage (version: 2014.02 rev. 2) against the target-decoy concatenated mouse UniProt
database (moteins, retrieved on Jan. 2, 2016), appended by 5,465 intron-retained proteins
that were iffSili frame translated from custom-created ENSEMBL transcripts generated by
including retained intron sequences. Only translated proteins with at least 30 amino acids were
considered. Follogg the mass spectra search pipeline used in the study where this dataset was
originally g and analyzed[53], contaminant protein sequences were not considered. The

contamina s typically <1% of the total signal across all proteins quantified in a proteomic

sample; som'i'gible. Cysteine carbamidomethylation was used as fixed modification, and N-

acetylation

s and oxidation of methionine were used as variable modifications. The

p
precurs tolerance was set to +20 ppm. Two missed enzymatic cleavages were allowed at
most. O es with at least nine AAs were considered. After Comet analysis, Peptide-spectrum

match (PSM) probability was calculated using the PeptideProphet software in the TPP software. As

peptide ideSification results may vary between search engines, we further tested whether intron-
specific pepti if there were any) identified by Comet could also be identified by a different method.

We used a dely used tool, namely, X!Tandem (version 2017.2.1.4, with default parameters),

to searcrmass spectral dataset against the protein sequence database.

3.1.5. |n<ssion Quantitative Trait Loci analysis
The AMP-AD cons@rtium has performed genotype calling from whole genome sequencing data for the
human samples. Quality controls have been performed for the removal of SNPs with genotyping call

rate < 98%, minor allele frequency < 0.02, Hardy-Weinberg disequilibrium p < 3.4x10® in controls,
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duplicate variants and multiallelic 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

controlsHm Mayo Clinic that have matched SNP and RNA-seq data. Intron expression was

log,-transfg @ following the conventional practice. We used the R package MatrixEQTL (version

2.3) foreQ
I

default. FoSontroI samples, the intron expression was adjusted for sex, age, RIN and sample source

4]. The cisDist parameter that defines cis-SNPs was set to 100,000 by

as control mvere collected from two different brain banks. Because AD samples were

collected fr ne brain bank, the intron expression was adjusted only for sex, age and RIN.

FDR=0.05 w as the threshold to identify significant eQTLs.

3.1.6. ConB splicing pathway-based intron retention regulatory networks (SPIRON)

Genes in pe major splicing pathway, the U12-type minor or atypical splicing pathway and
the spliceo re first downloaded from the PathCards database
(http://path ecards.org/). After removing redundant entries, a set of 192 RefSeq gene
symbols wa ed. Of these, 165 and 173 genes were able to be one-to-one mapped to human

and mo EMBL genes, respectively, and were used in our analysis. As a summary, the human
intron e n data consist of 4,535 IRs measured in 164 samples (84 Alzheimer’s and 80 elderly
controls without neurodegenerative diseases); the mouse data contain 4,086 IRs in 128 samples. The

expression!f each intron and splicing gene was log,-transformed and standardized to have zero

mean and ane.
To build p onious models, the LASSO method[55] was used to select a subset of splicing

genes that!ollectively explain the variance of expression values of retained introns. Due to the fact

that LASSQ@is sensitive to variations in samples, we used a Monte Carlo approach to identify splicing

factors thajstly predict intron expression as below. Let an n x k matrix X denote the

expression k splicing factors in columns and n samples in rows. For an individual intron, let
annx1 record its expression values in n samples. This dataset was denoted by (X, y). We
identified sp tors for predicting intron expression in three steps. (1) For each intron, we

randomly selected 80% of the n samples without replacement as the training set, denoted by (Xyain,

Yiain)- The remaining 20% samples were used as test set, denoted by (Xiest, Yiest). This 80-20% split
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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

remainirH%) used for testing. Using the training set, we built a linear model using LASSO

with the pe, or A optimized by cross-validation using the one standard error rule. The LASSO
model was e R package g/mnet (version 3.0-2). The LASSO model was enabled by
I

setting the Srameter alpha to 1.0 in the glmnet function. Default parameters were used for the
LASSO method. Me then calculated the predictive performance in terms of R? on the test set. R
measures t n of the intron expression variance that can be explained by splicing factors. The
regression wt associated with each splicing factor, denoted by 8, was also recorded. (2) We
repeated the procedure above 50 times, calculated the average R? the average B, and the selection

probability (the numiber of times selected by LASSO divided by 50) for each splicing factor. (3) We

determined an intron will be included for building SPIRON: an intron will be chosen if its
average R .., the splicing pathway can explain 50% of the variance of intron expression
considerin there are actually many other regulatory factors, such as DNA methylation,
contributing%® | retention[1]. If an intron was selected, only those splicing factors with selection

probab

i will be used. The averaged (8 between the splicing factor and the intron was used as
the wei es in SPIRON. We applied the approach to both human and mouse data, and built
SPIRONSs on the AD and control samples separately.

To quanthompare the regulatory pattern of splicing pathways on introns between species,

we calculat @ ervation score for each splicing gene as follows. (1) For each splicing gene in

SPIRON netw®

gene and Sighboring introns were extracted and collected into a vector, denoted as w;, for human

and w,, formouse gf2) We compared the distribution between w;, and w,,. Note that w,, and w,, denote

, we identified all its neighboring introns. The edge weights between the splicing

{

the edge w tors between a splicing factor and its directly connected introns for the two

U

species: h mouse, respectively. For the same splicing factor, its directly connected introns in
the two spe different. Therefore, we cannot directly compare the individual element values in

w;, and wy,. ver, we can compare the distribution of the values in wy, and w;, to investigate

A

whether the correlation pattern between splicing factors and their connected introns are different or
not for the two species. To do so, we calculated their distributions by discretizing wy, and w,, into 15-

dimensional vectors of density values, denoted as d}, and d,,, respectively. (3) We calculated the
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Pearson correlations between d,, and d,, as the conservation score of splicing factors between

species. In doing so, we computed for each splicing factor a conservation score describing its

!

similarit regulatory pattern for intron retention in humans and that in mice.

3.2 Resuth

I
3.21. WidSpread intron retention in human and mouse AD brains

A total of 184 humah temporal cortex poly-A enriched RNA-seq samples from 84 AD patients and 80

C

elderly contrgls out neurodegenerative diseases from Mayo Clinic (described in [19]) were used in

S

this study. od for IR identification is described in Fig. 1. At our chosen threshold (Materials

and meth ) dentified a total of 4,535 unique IR events (within a total of 2173 unique genes)

U

across the amples (Fig. 2a). These retained introns and their expression level in terms of

counts per{illion (CPM) are provided in Supplementary Table 3). A hotspot for intron retention

f

appears on chr19, which is interesting because chr19 is small. A possible explanation is that the

splicing of the on chr19 might be susceptible to repression if the splicing pathway does not

d

functio f the 2,173 genes with IR, 2,104 are protein-coding in neXtProt[56], representing

10.7% of the 1 predicted human protein-coding genes recorded in the Human Proteome Project

\]

(Fig. 3 dicates that many proteins may be regulated by intron retention[4].

We then @halyzed sequence features of the retained introns. Compared with non-retained introns,

i

retained intr, re significantly shorter (p<1 .O><1O'6) (Fig. 3b), and had significantly higher GC

O

content (p regardless of intron length (Fig. 3c), which is consistent with a previous report[8].

Note that t r of non-retained introns exceeds substantially that of retained introns. To control

h

for the fference in the numbers between the retained and non-retained introns, we

t

randomly sampled the same number of non-retained introns as that of retained introns. We tested

whether the GC cofitent or length of the group of retained introns was significantly different from that

G

of the group of etained introns using the Mann-Whitney U test. Of note, this test was conducted

not for i introns but for comparing the two groups of introns, i.e. retained vs. non-retained.
Consequently, this test was run only one time for GC content and once for intron length, therefore the
resulting p-value does 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
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the difference between retained and non-retained introns is significant regardless of the random

selection of non-retained introns. Most of the human IR events were shared between control and AD
samplesHhe IR threshold applied, we found five retained introns that were expressed only
@&

intron is the one between exon 8 and 9 in the RTKN gene (chr2:74428737-74428847), which is
I

retained in!4% of AD samples (vs 0.0% of control samples).

in AD brai

in controls (Supplementary Table 4). Of the five, the most frequently retained

Intron reféntion 1§ also common in mice; 4,086 IR events were identified from 1,736 unique genes

(Supplementary Figure 1). These retained introns and their expression level in terms of CPM are

provided i plementary Table 5. The number of IR events and the expression levels of retained
introns var ges for both CRND8 and APPPS1 mice (Supplementary Figure 1a and 1b;
Suppleme le 6), suggesting that IR may be subject to development-specific regulation. An
intron (ChrE207-34734364) of C4b (a gene functioning in the complement system) shows the
most prominent positive correlation with age (Supplementary Figure 1¢). Similar to humans, IR in
mice was in both AD and control brains, enriched in protein-coding genes, and with higher
GC con d to non-retained introns (Supplementary Figure 1c-e).

Becaus ell 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 from[39]. The

genes that!ere specific to five brain cell types, namely, astrocyte, endothelial cell, microglia, neuron

and oligodendrocytes, were provided. The cell type specificity was calculated as the minimum fold

change (FQ @ ession between the cell type of interest and each of the other cell types and the

threshold o was used to identify cell type specific genes[39]. We found that 111 of the human
IR gen the mouse IR genes were cell type specific. Taking the IR gene SLCO7C1 as an

examplewm FC of expression between astrocyte and the other cell types is 14, indicating

that it was highly cifically expressed in astrocytes. The cell type specific IR genes for humans and

mice werepr} (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 statistical metric R* (also called coefficient of determination) was used to

quantify the correlation. The sign of the slope of the regression model indicates the direction of
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correlation (positive or negative). For both the human and the mouse data, we found that the
correlation 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 correlation 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 R being 0.36 and 0.015 for the positively and
negatively correlated intron-gene pairs, respectively in humans, and being 0.199 and 0.169 for the
positively and negatively correlated intron-gene pairs, respectively in mice (Supplementary Figure
2). The factor underlying the direction of correlation between the expression 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 nex hether IR was conserved between human and mice in the context of AD. We
identified a 3 homologous genes whose introns were retained in both humans and mice

(Supplem ble 8). For each gene, we compared the DNA sequence of every retained intron

a

in mice to that in humans using BLAST with default parameters (version 2.3.0+). We found that only
33 retaine from 31 unique genes) showed high sequence similarity (>80%) between humans

and mi entary Table 9). One of the most conserved retained introns is from SRSF6

i3

(Serine/Arginine-Rich Splicing Factor 6), a gene whose transcripts are involved in mRNA splicing. The
nucleotide s (350 bases) of its retained intron in human and mouse have a similarity of 93%

(Supplem ure 3).

GE

3.2.2. Exper | validation of IR by Nanostring chip and RT-PCR

th

We sel ted a subset of IR events identified from poly-A rich RNA-seq data for experimental

valldatlon samples, we selected 30 introns from 26 genes which are both highly expressed

EE

and differentiall ressed between elderly control and AD patients (FDR<0.01). We custom-
designed a ng chip (Materials and methods; Supplementary Table 2), and tested

express s of these introns. We found 29 of 30 showed significantly higher expression (p<0.01)

,Ai

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
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negative control probes (Fig. 4a), suggesting our identified IRs are reliable. These Nanostring results

support our identification of IR events from the human RNA-seq data.

For mice, elected 21 retained introns from 8 genes using the same criteria as for humans. Due
to probe d@ments, only 15 of them could be targeted by Nanostring probes. Of these 15
introns, M4 wenemvaiidated based on Nanostring expression, with an IR from the Trem2 gene being the

only one th&wt be validated by this approach (Supplementary Figure 5). All of the 21
retained in@a also tested using RT-PCR by designing primers to the exonic regions and
visualizing the Tength of the PCR product. Except for two introns (one in Trem2 and one in Nr4a1), the
other 19 inwe confirmed (Supplementary Figure 6). Fig. 4b shows the retention of intron 20

in C4b and in Per1 (component of the circadian clock). These Nanostring and RT-PCR

results vali indings at a rate of >90%, supporting the reliability of our method.

3.2.3. ProtG expression of retained introns

Splice isof@aining introns are rarely translated into proteins because they generally trigger

the NM nd are subsequently degraded[4]. To the best of our knowledge, there are only a
few reported ¢ here introns have been observed to avoid the NMD pathway and be
translat o 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 an rain samples against the customized protein sequence databases that include

both in silig ed intron-specific proteins and all proteins from UniProt for humans and mice,

respectively (Materials and methods).

For r£rched the mass spectra of 270 mouse brain region samples and identified 255

retainedmific Peptide-Spectrum-Matches (PSMs) mapping to 14 unique non-nested
peptides from 6 pr@teins (FDR<0.01) (Supplementary Figure 7). The uniqueness of these detected

peptides was validated using both the nextProt “peptide uniqueness checker” tool and

. The most confident identification was a novel protein isoform of the Farp1 gene (800
AAs), which was ported by 9 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,
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thalamus, neurons, astrocytes, and oligodendrocytes. The significance of PSMs of these unique
peptides and their detection in multiple samples provided evidence that the Farp?1 intron was

translat(#s spectra of three peptides observed in an olfactory bulb sample are shown (Fig.

4). As Farp @lved in synapse formation[28], our finding implies that IR in this gene may be

tion. Whether the IR of Farp1 is related to AD still needs to be investigated as
synapse qution can be unrelated to AD. For each of the other five proteins (Sic4a4, Rcbtb1,
Rad23a, Pling anghDos), only one unique and intron-specific peptide was detected (Supplementary
Figure 7), mying the PE1-level evidence to claim expression of novel proteins based on the
Human Prat€ofiie Rroject (HPP) protein discovery guidelines[50] (requiring two non-nested
proteotypic peptides of € 9 AAs), but only making them potential proteins translated from intronic
regions. Further, agipeptide identification may vary between spectra search engines, we searched the
same protegmmi a using another commonly used approach, namely, X!Tandem[59], and examined
whether thc

sample. Tmare provided in Supplementary Table 10. We found that all the peptides of Dos,

Farp1, Slc

s detected by Comet[60] could also be detected by X!Tandem in the same

lin4 were also detected by X!Tandem, increasing the confidence of the

translati ained introns. For Rebtb1 and Rad23a, their peptides were not detected by
X!Tandegagi same samples as they were detected by Comet, suggesting that the translation of

retained introns of the two genes is putative.

For hun&searched an independent human brain proteomic dataset (266 samples, see

.synapse.org/#!Synapse:syn5759470) from the Mount Sinai Brain Bank (MSBB)

project. We idettified peptides unique to two intron-retained protein isoforms: PLEC (involved in

interlinking‘ZtoskeIeton molecules) and EIF2D (a translation initiation factor), using FDR<0.01. For

the PLEC iFform '74 AAs), two intronic peptides were uniquely detected (FDR<0.01). One peptide

of 19 AAs :exon-intron boundary with 2 AAs in the intron; the other peptide arising from

within the n is less stringent since it contains only 8 AAs (Supplementary Figure 8)[50].
For the EIE orm (58 AAs), a peptide with 9 AAs was detected fully inside the intron region,
which does et the PE1-level criterion 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 3 peptide sequences were not
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detected. These results suggest that the evidence for translation of the introns in PLEC and EIF2D is

weak.
3.2.4. Functi association of intron retention with Alzheimer’s disease

We investigated the biological functions of the 2,173 human intron-retained genes through Gene
I

Ontology (@0O) enrichment analysis (Supplementary Table 11). The most enriched GO biological

processes igglu NA splicing pathways (GO:0008380, p=1.78><10'6), chromatin modification
(GO'OO165u4x1O'5) and neurological functions such as Schwann cell differentiation
(GO:0014 7 =0M008), neurotrophin signaling pathway (G0O:0038179, p=0.004), and regulation of
neuron pr ﬁvelopment (G0O:0010975, p=0.01). The p values above were all Bonferroni-

corrected. ing and chromatin modification was reportedly associated with AD pathology[22,

61]. DysreCf neurotrophin was suggested to be involved in memory loss, a main symptom of

AD[62]

We test f erential expression of retained introns between AD cases and controls (Materials
and m identified 2,598 differentially expressed intron (DEI) retention events (FDR<0.05)
(Fig. 2B, Sup ntary Table 12) after adjusting for sex, age, RIN and sample source, of which
2366 a up and down, respectively. The parental genes of the DEIs were enriched in

functions agsociated with neurodevelopment or AD pathology, including Schwann cell differentiation
(GO: 0014()h- 8.0x10™), regulation of cell morphogenesis involved in differentiation
(GO:0010 @ = 0.001), regulation of axonogenesis (GO:0050770, FDR = 0.001) and regulation

of mRNA spllcm G0:0050684, FDR = 0.008) (Fig. 5A).

es with DEls to the differentially expressed genes (DEGs) identified using only
exonic rea IS analy3|s showed that 63% of the parental genes of DEls are not identified as

DEGs based on ex@nic reads (Supplementary Figure 9). One possible reason for this could be that

U

RNA-seq data r sent expression from a population of cells in which multiple isoforms of the same

gene a sed, with the exonic read counts from a lesser-expressed isoform being obfuscated
by the more highly €xpressed 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
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involved in lysosome trafficking; one of its introns is highly differentially expressed even though the

gene is not (Fig. 5B).

To quan'i atively assess how IR is related to AD severity, we correlated the expression level of

retained intfg Braak scores, reflecting tau pathology severity. We used the 159 human samples

from Mayo @limieswith Braak scores available for this analysis. The intron expression adjusted for sex,
age, RIN ah/as used. We found that 1,907 of the 2,598 DEIs were significantly correlated
with Braak §taginggcores (FDR < 0.01) with absolute Pearson correlation ranging from 0.30 to 0.72

(Supplementa able 13). An example intron with high correlation with Braak score was in

S

HMBOX1 laien = 0.72,p = 2.6x102% (Fig. 5C), a transcription factor reported to regulate natural

killer (NK) ons through suppressing the NKG2D/DAP10 signaling pathway[63]. Also, NK

U

cells were be associated with AD[64], implying a relationship between HMBOX1 and AD.

This findingfsuggests an association between intron retention and innate immunity, which in turn was

fl

reported to be associated with AD[33].

d

As intronet may lead to NMD and thus reduce the protein expression, we analyzed whether
the prot coded by the parental genes of the DEIs were also associated with AD by comparing

the Mayo -seq data reported here and its matched proteomic data (Materials and

|V

methods)[41]. We used the data from 109 samples with matched RNA-seq and proteomic data.
Protein ex;ission for 366 parental genes of the DEls were available in the proteomic data. The

protein expressien data were adjusted for sex and age by regressing our their effects. First, we

examined @ e IR could lead to NMD in our data, because NMD is generally the major
pathway th scripts undergo. We calculated the log, transformed fold change (FC) of retained
intron e£tween AD and controls, denoted by logs(FCinron). The FC of protein expression
betweenMet of AD and controls was also calculated, denoted by loga(F Cprotein). We found
that most IR transdhipts 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

ith lower retained intron expression (Figure 6A). For example, when intron
expression is hig in AD samples (i.e. loga(FCintron) > 0), the value of 10g92(FCprotein) is mostly smaller
than logs(FCinon) (i.€. below the diagonal line). When intron expression is lower in AD (i.e.

l0g2(FCinron) < 0), the value of 1og,(FCprotein) is mostly higher than logx(FCingon) (i.€. above the diagonal
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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 mechanism
with theH as an example. As shown in Figure 6B, its mMRNA expression level is similar
between Al @ trol samples. However, the intron expression level in the AD samples is

significantl N that in the control samples, which results in reduced level of protein

I
expressionSely due to increased NMD. Second, we tested whether the proteins corresponding to the

genes with jatrorggetention were associated with AD. For the 366 proteins above, we performed
differential n between AD and control with the Mann Whitney U test. We found that 70 were
significantl@ed (FDR<0.05), suggesting 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 expregsed proteins, we examined how the protein expression level was affected by the

expressiotent gene as well as the retained intron. To this end, we built a linear regression

model for pression where parent gene expression and intron expression were included as

two variablgs® und that protein expression was weakly correlated with the expression of parent
genes and réetal introns, with Spearman correlation of 0.26+0.12 across all these differentially
express ins.

3.2.5. Intr! expression QTL in AD and control brains

genom ed intron expression QTL analysis (ieQTL) for AD and control samples separately.

To expl netic determinants of the expression of retained introns, we performed a
SNPs inH upstream of the intron or within the intron) were analyzed (Fig. 2C). The intron
expressionga a both AD and control samples was adjusted for sex, age and RIN. As control

samples w ected from two different brain banks, the intron expression was also adjusted for

sample see details in Materials and Methods). We ran eQTL analysis for AD and control

samples separatéljy The Manhattan plot of all the significant associations is provided (Figure 7). In
AD samples, we identified 2,102 ieQTLs that were significantly associated with the expression of 277

introns (FDR<0.05); in control samples, 1,583 ieQTLs were identified with significant association with
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199 introns. These numbers translate to approximately seven QTLs per intron for both AD and control
data, suggesting that intron expression may be controlled by multiple factors. For intuitive

underst#w intron expression is correlated with genotypes, we plotted the expression of

retained int @ inst the genotype using two examples of eQTLs (Figure 7B). Shown in the left

panel is the asso N between intron chr3:150584242-150585393 and its QTL rs2090916 in AD

I
samples. (Sarly, this intron showed the lowest, medium and highest expression in the reference
allele group, eterozygous group (AG) and the alternative allele group (GG), respectively,
suggesting genetic control of the expression of retained introns. The second example of

associatiow chr20:35545404-35547261 and rs1010759 (Figure 7B, right) also suggests the
o

possible genetic regulation of intron expression level.

We co:QTLs that were separately identified in AD and control. We found that 932 ieQTLs
were shar etween AD and control samples and that 1170 and 651 ieQTLs were specific to AD and

control samples (Figure 7C). This finding of condition-specific ieQTLs suggests that ieQTLs provide a

new windoW in difference between AD and control samples. Among the AD-specific ieQTLs, the
SNP rs A mutation) was a significant one, strongly associated with the expression of the
intron (chr15: 99-90440501) of the gene IQGAP1 (FDR = 1.94><10'9). Of interest, IQGAP1 has
been s late spine density and cognitive processes[65]. Our analysis suggests that the

intron retention and cis-genetic variants might be associated with the function of IQGAP1. Another

example isg of SH3TC2 (chr5:149004902-149006880), a gene functioning in myelination. Its

expressionantly associated with rs11168078 (T>C mutation) (FDR = 5.60x10-1o)_ For the
ples

above two exa , their associations in control samples are insignificant, suggesting that the

regulatory gtwork of intron expression in disease status may be disrupted and that ieQTL analysis

may provideé a newliwindow into the molecular etiology of Alzheimer’s disease.

We further valiSted our identified ieQTLs. Because there is no available benchmark ieQTL data

for validation, we chose to validate ieQTLs indirectly by comparing them with gene eQTLs. The

reason j ron expression reflects one aspect of gene expression and a proportion of ieQTLs

should also be cof¥entional eQTLs. We converted the SNP-intron associations to SNP-gene
associations and tested whether SNP-gene associations could be validated by benchmark eQTL

data.
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We performed the validation against two public databases. The firstis eQTL data, i.e. SNP-gene

associations, was from the ExSNP database (http://www.exsnp.org/Download)[42]. We found that

26% an#bove the baseline 0.0%) of the SNP-gene associations of the corresponding

ieQTLs ide AD and control samples were able to be validated. The second eQTL dataset is

from the G database (version: v6p). We considered the significant SNP-gene pairs identified in
I
human bra!s (involving 10 brain regions, see details in Supplementary Table 15). We found that

35% and 43% (the,baseline was near zero percentage) of the SNP-gene associations in AD and

control dat e replicated. These results suggest that our ieQTLs are likely valid and many of
them refletwal coding gene based eQTLs, though most seem to be specific to the retained
introns..

3.2.6. Spli athway-based intron retention regulatory networks and their association with

AD-reIatem

Alternative splicing has been previously implicated in Alzheimer’s disease[22, 23]. It has been

reported tha ression of retained introns are partly regulated by a cooperative regulatory

f the splicing factors in the splicing pathway[40, 44-46]. Therefore, we
hypothesized that the expression level of retained introns was correlated with that of splicing factors.
The numching genes annotated for mice and humans may vary depending on the database
used. For 71 human splicing factors were annotated in the SpliceAid-F database[66]. 56
mouse splic ors were annotated in the SFMetaDB database[67]. The PathCard database
(ref?) has ore comprehensive annotation, containing a total of 192 splicing factors functioning in
the major ilicing iathway, in the minor splicing pathway or in the spliceosome. We used the splicing
factors obtﬁn the PathCards database for both humans and mice (Materials and methods).
The correlation befWeen introns and splicing factors forms a network, which we call herein the
Splicing Path sed Intron Retention regulatOry Network (SPIRON) for brevity. This SPIRON was
inferred lating the expression level of introns to that of splicing genes using a multivariate
linear regression model with features selected by the LASSO method (Materials and 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
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(Materials and methods). Specifically for mice, the expression data were also adjusted for mouse
models. Regression coefficients of these models, denoted as S, between intron and splicing genes

were usHeights in the network. To understanding the relevance of SPIRON to AD, we

built SPIRGN [(Ne AD and control samples, respectively for both humans and mice, thus totaling
four SPIRONS. Ul network data of the four SPIRONSs are provided in Supplementary Tables 16-
I

19. The dis!ibutions of edge weights of the networks are provided in Supplementary Figure 10. For

visualizatio@wed the four networks by keeping only the edge with weight > 0.2 (Figure 8).

For humans, :th the AD (Fig. 8A, left) and control-specific (Fig. 8A, right) SPIRONs were highly

structured Wit ber of co-regulated introns forming modules that centered on a major splicing
factor. Fro RONSs, we found that most introns, although regulated by the orchestrated
network of splicing factors, appear to be strongly regulated by a major splicing factor. This

finding waﬂo be consistent when a different model was used to build SPIRON
(Supplementary Figure 11 and Supplementary Figure 12), implying the robustness of the network.
We observgd s @ al major splicing factors such as SNRNP70, PRPF40B, HSPA2, SRRM1, SRSF6,
RBMS5, NPH1, POLR2F and ACIN1. SNRPNP70 is a component of the U1 snRNP
complex, essegor recognizing 5’ splicing sites and recruiting proteins for assembling the
spliceo 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 involh—mRNA splicing. HSPAZ2 is a heat shock protein that mediates folding of proteins,

is associate ssembly of spliceosomes, and is involved in cellular stress response[68]. Notably,

the PathCards*@atabase shows that HSPAZ2 has only low-ranking evidence for being involved in the

general sp‘ing pathway, but it appears to be a major player in intron retention based on our network.
Some of thl maior,plicing factors such as SNRNP70, PRPF40B, SRRM1 and ACIN1 appear in both

the AD an pecific SPIRON, suggesting the conservation of major splicing factors in different
conditions. g the regulation direction (the sign of weight), we found that most splicing factors
were positi elated with introns among the edges with weight > 0.2 shown in Figure 8. Note
that In the an or mouse SPIRON, neither the positive correlation nor the negative correlation

dominates in numbers. Likewise, we also found that neither upregulated nor downregulated splicing
factors dominated in numbers in both humans and mice. Two examples of exceptions were PUF60

and BCAS2 that appeared to dominantly regulate intron retention in a negative manner. In contrast,
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SNRNP70 and RBMS5 correlated 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 leayed both positive and negative correlation.

The moushowed similar patterns with the human SPIRON. For example, both the AD

and conirolzspeeifiel SPIRON were also highly structured with most introns correlated with a single
splicing fachSB). The major splicing factors such as Snrnp70, Prpf40b, Acin1, Srrm1, Thoc2
and Fus appeare 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
two mouse! and the direction of regulation of them were also consistent between humans

and mice, g that the regulatory relationship between splicing factors and introns might be

U

conserved the two species. In addition to this similarity, there were differences between the

human andimouse networks. For example, the HSPA2 was part of a robust module in the human but

n

not the mouse network. In contrast, Rnps1 was correlated with a number of introns in mice but not in

humans.

d

We t r the SPIRON between humans and mice were conserved. For each splicing

factor, we d the correlation of its regulatory patterns between humans and mice as its

Vi

conservation score (Materials and methods). First, we compared the AD-specific SPRION for the

humans an@ mice. We found that, for 91 of the 152 homologous splicing factors in the SPIRON, their

regulatory patierns for intron retention were likely conserved between humans and mice (FDR < 0.05;

1™
spliceosom igmdB). For splicing genes with uncorrelated patterns, it is interesting to find that their
regulati i were often opposite between species. For example, CSTF2 appears to correlate

with retaH in human in a predominantly negative manner but positively in mice (Fig. 9C),

corresponad relation > 0.55) (Fig. 9A). One example is SRSF5, a component of the U1-type

while U2AF2 corréelates positively with retained introns in humans but negatively in mice (Fig. 9D).

Second, we compared the control-specific SPRION for the humans and mice. We found that the

ns of 81 splicing factors were likely conserved between humans and mice

(Supplementa ure 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 SPIRON. First, we tested whether the degree
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(i.e. 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 SPIRON. We

found tthhe degree of splicing factors in the two networks was significantly correlated, the

correlation m ts (r = 0.58) was not high, with some splicing factors having a much higher

degree in AD-Spe
I
degree in (strol-specific SPIRON (Fig. 9C, left). For example, PHF5A (PHD Finger Protein 5A) was

PIRON than in control-specific SPIRON and others having a much higher

connected with 12 introns in the control-specific SPIRON while only 38 introns were connected to it
in the AD—SUPIRON. This observation suggests that the degree of some splicing factors was
differentialm we calculated the average j for each splicing factor over all its connected introns
and compared it between the AD and control-specific SPIRON (Fig. 9C, right). We found that some
of the splicin; factSs showed large differences in between the two networks. For example, the
average J f 1 is 0.028 in the control-specific SPIRON while it was altered to -0.081 in the AD-
specific SFC

e also compared the degree and j for splicing factors between the two networks

in mice andithe % Its were similar (Supplementary Figure 14).

Nex whether the modules centered on the splicing factors were associated with
human AD pat ical traits. We used the Braak score as the trait. For each splicing factor, we
identifi shared between the AD and control-specific networks. These shared introns

together wiii the splicing factor were considered as a module. Following the established method to
correlate ith traits as described in the weighted gene co-expression network analysis
(WGCNA) @. 7], we considered only modules involving at least 20 genes and tested the

correlation of igengene (i.e. the first principal component (PC1) of the module) with Braak score.

We identifie@ six modules with significant Spearman correlation (denoted by r) (FDR < 0.01) and with

appreciaMon (Ir|> 0.5). For example, the PC1 for the SF3B4 module was significantly

correlated k score (r =-0.55, FDR = 3.9 x 10'12) (Figure 8D, left). Another example was for
the SNRP. e, which was significantly correlated with Braak score (Figure 8D, right). The
correlati Braak scores of the eigengenes for the remaining four modules (SNRPF, PCF11,
HNRNPH1, are shown in Supplementary Figure 15. In summary, we showed that the

network properties of degree or edge weight of a subset of splicing factors were altered between the

two networks and identified modules associated with AD severity measured with Braak scores.
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Figure Le*nds '

QO

Figure L Wof the identification and characterization of intron retention (IR) in Alzheimer’s

disease (Al A) AD cases and control brain samples were collected for both human samples from

3

Mayo CIini@al cortex) and mouse models of amyloidosis, CRND8 and APPPS1 (forebrain)
and their tra omes were sequenced. (B) IR detection from the RNA-seq data. (C) Analysis and

characterizatioff of IR in AD. Sequence features such as GC content were analyzed for both retained

$

and non-re inirons. Differentially-expressed intron retentions (DEls) were identified and Gene

Ontology epii t of the intron-retained gene set was performed. Selected intron retention events

U

were valid RT-PCR and customized Nanostring chips. Protein-level expression of all

I

identified | as examined using mass spectrometry-based proteomic data. To explore how

IR is regul e splicing pathway, we modeled intron expression as a function of expression

4

levels of splicing'@enes and constructed a Splicing Pathway-based IR regulatiOn Network (SPIRON),

a unique a esource for understanding splicing-level regulatory networks of intron retentions.
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Figure 2. Genome-wide intron retention in human brains with AD and controls. (A) The distribution of
intron retenti ) events across chromosomes. Only introns with retention frequency >5% are
displayed. &anhattan plot for retained introns with the FDR-corrected p-value calculated for
differential expression between control and AD samples. The dot indicates a differentially-expressed
intron whohsne is not differentially expressed based only on exonic reads. (C) The SNPs from

genome seguencing of our samples were used to analyze intron expression QTLs in human AD and

control samples, respectively.
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Figure 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) GC

content “between retained and non-retained introns binned by length.

2

|
A B . . ;

e ' i

+ w . H

=

> i :

2 T T
== protein-coding non-retained retained
== IncRNA

C == others
=L T [ e refained
5 - ' H '?' -~ . ww== non-retained
£ 5] R N e
. E 1 - ;
¢ :|FHE BB =8 =2 == ==
@] Lo N Lo E -~ - e
O 31+ = :
—+ T T T T T T T T f T
0-0.2 02-05 05-1.0 1.0-20 20-3.0 3.0

sequence length(kb)

Author M:

This article is protected by copyright. All rights reserved.



omic and proteomic-level validation of intron retention. (A) Validation of IR using
our custom-designed Nanostring chip for BAIAP2 and CELF1 in humans. (B) Nanostring based
validation !IR in C4b and Per1 in mice. (C) Mass spectrometry-based protein expression validation
of retained jgirongyof the mouse protein Farp1 as an example. Shown in the upper part are tandem
mass spec e peptides that are translated from the intronic region of the Farp1 gene. The
probabilitiem (peptide-spectrum-match) of these spectra are 1.00 with FDR< 0.001, calculated
using PeptideProphet in the TPP (trans-proteomics pipeline) software (v4.8.0). The lower part
displays all peptidg§ (orange) detected in the intron-retained isoform of Farp1, with 45.3% (363/800

residues) oCno acid sequence covered. Blue color indicates amino acid residues in introns.
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most differentially-
I

regulated) @hd the GO biological process terms enriched in all DEls. (B) An example of DEI

n of intron retention with Alzheimers’ disease. (A) Heat map based on the 50

expressed retained introns (DEIs) (the top 25 up-regulated and the top 25 down-

(chr4:4220m19493) whose parental gene ENSG00000182606 (TRAK17) was not differentially

expressed

AD and a

the intron (chr8:29056685-29063881) of ENSG00000147421 (HMBOX1) with Braak score, a

measurement of tall pathology severity of AD.
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Figure 6. Influence of intron retention on protein production. (A) Increased intron expression is
associated with reduced level of protein expression (note that the dashed line only indicates the
diagonalHobtained by fitting the points with a linear regression model). Each point
&
expression b n"'AD and controls, denoted by log,(FCi.won). The y-axis is the log, transformed fold

V
I
change (F of protein expression between the same set of AD and controls, denoted by

l0g2(FCprotei ulntron expression is higher in AD (i.e. logx(FCinron) > 0), the value of logx(FCprotein)

is mostly s

correspond ne/protein. The x-axis is the log, transformed fold change (FC) of retained intron

n log,(FCinon) (i-€. below the diagonal line). When intron expression is lower in

(i.e. lo < 0), the value of l0g,(FCprotein) is mostly higher than 10ga(F Cintron) (i.€. above the

S

diagonal line). This observation suggests that the protein expression for the gene with higher retained

intron expression t€hds to decrease more than that for the same gene with lower retained intron

U

expression, condary to NMD. (B) An example suggesting NMD. For the TRIM9 gene, its

E‘E

mRNA exp vel is similar between AD and control samples. However, the intron expression

level in AD antly higher than that in control samples, with reduced level of protein expression

a

likely due t ed activity of NMD.
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Figure 7. intron expression QTL (ieQTL) analysis. The ieQTLs were identified using MatrixEQTL at
the threshol R<0.05. (A) Manhattan plot of eQTLs for AD (upper panel) and control (lower
panel) sam&ample associations between intron expression level and genotypes. The
retainedlintFGASISAGWN the left and right are chr3:150584242-150585393 and chr20:35545404-

35547261 ,hely. (C) The sharing of ieQTL (left panel) and retained intron (right panel)

between A< and c,‘vtrol group.
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Figure 8. The SPIRONSs and the association of network modules with Braak score. (A) The human
SPIRONS builigwith AD and control samples, respectively. (B) The mouse SPIRONSs built with
transgenic me control samples, respectively. In all these networks, lines represent edges
that corifie S@@ANIRTEON to its splicing factor. Only edges with weight >0.2, indicating absolute
correlationL an intron and its splicing factor are shown for visualization; yellow circles and blue
hexagons @splicing factors and introns, respectively. Purple and gray edges indicate positive
and negative regeession coefficients in the LASSO model, respectively. Genes with more than 15 first-
degree nei rsdre labeled. (C) Comparison of the degree (left panel) and average weight (right

panel) of emng factor between the control and AD-specific SPIRONSs. (D) The correlation of

the eigeng

Braak scorg.

stands for the first principal component) of the SF3B4 and SNRPA1 module with
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Figure 9. @ @ on of the regulatory patterns of splicing factors between human and mice in the
AD samples. or each splicing factor, we computed a conservation score (ranging from -1 to 1)

I
between tf! human and mouse SPIRON network (Materials and methods). Most splicing factors

show consegged Rggulatory patterns (FDR<0.01). (B) lllustration of conserved regulatory patterns with

SRSF5. (C ion of opposite regulatory directions of splicing factors between human and mouse

with CSTFw%atively 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 edge weight Between splicing factors and introns in the SPIRON network.
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Research in Context

L

Systematic Review: We performed genome-wide detection of IR in human and mouse brain and
analyzed its features and association with AD by integrating genetic, transcriptomic and proteomic
data generated from the AMP-AD project.

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.

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.
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