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Molecular systems evaluation of oligomerogenic 4 PP*%%7¢
and fibrillogenic 4 PPXME7067INLIpgEN [4¢X" mouse models
identifies shared features with human Alzheimer’s brain

molecular pathology

B Readhead'**°, J-V Haure-Mirande*®, B Zhang'*?, V Haroutunian>®, S Gandy*>®”, EE Schadt'?>, JT Dudley'** and ME Ehrlich'>*8

Identification and characterization of molecular mechanisms that connect genetic risk factors to initiation and evolution of disease
pathophysiology represent major goals and opportunities for improving therapeutic and diagnostic outcomes in Alzheimer's
disease (AD). Integrative genomic analysis of the human AD brain transcriptome holds potential for revealing novel mechanisms of
dysfunction that underlie the onset and/or progression of the disease. We performed an integrative genomic analysis of brain
tissue—derived transcriptomes measured from two lines of mice expressing distinct mutant AD-related proteins. The first line

expresses oligomerogenic mutant APP£°?>? inside neurons, leading to the accumulation of amyloid beta (AB) oligomers and

behavioral impairment, but never develops parenchymal fibrillar amyloid deposits. The second line expresses AP

PKM570/571NL/

PSEN1%¢°" in neurons and accumulates fibrillar AB amyloid and amyloid plaques accompanied by neuritic dystrophy and
behavioral impairment. We performed RNA sequencing analyses of the dentate gyrus and entorhinal cortex from each line and
from wild-type mice. We then performed an integrative genomic analysis to identify dysregulated molecules and pathways,
comparing transgenic mice with wild-type controls as well as to each other. We also compared these results with datasets derived
from human AD brain. Differential gene and exon expression analysis revealed pervasive alterations in APP/AB metabolism,
epigenetic control of neurogenesis, cytoskeletal organization and extracellular matrix (ECM) regulation. Comparative molecular
analysis converged on FMR1 (Fragile X Mental Retardation 1), an important negative regulator of APP translation and
oligomerogenesis in the post-synaptic space. Integration of these transcriptomic results with human postmortem AD gene
networks, differential expression and differential splicing signatures identified significant similarities in pathway dysregulation,
including ECM regulation and neurogenesis, as well as strong overlap with AD-associated co-expression network structures. The
strong overlap in molecular systems features supports the relevance of these findings from the AD mouse models to human AD.
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INTRODUCTION

Integrative genomic analysis of the human Alzheimer’s disease
(AD) brain transcriptome offers potential for revealing patterns of
molecule or pathway dysfunction that underlie the onset and
progression of AD.' One would predict that these different stages
of disease pathogenesis might display spreading and evolving
molecular pathology in the same way that Braak and Braak stages
define spreading and evolving histological pathology.? Previous
genetics and integrative genomics studies of human AD brain
tissues converged on components of the microglial phagocytic
system specified, respectively, by either the TREM2 cell surface
protein®* or by its intracellular adaptor, DAP12/TYROBP.> With
significant integrative genomic efforts underway to map networks
underlying the onset and progression of human AD, there is a

need to map molecular signatures and networks of AD animal
models. Further, there is a need to develop a ‘systems under-
standing’ of animal models of AD and to understand molecular
networks and activities shared and distinct between both
individual models and also between animal models and
human AD.

We undertook a study of the transcriptomes of the brains of two
lines of transgenic mice expressing mutant AD-related proteins.
The first line of mice expresses oligomerogenic mutant APPF93°
driven in neurons by the Thy-1 promoter, leading to the
accumulation of amyloid beta (AB) oligomers and marked
intracellular accumulation of APP/AB-like immunoreactivity.® This
amyloid mutation, also known as the Dutch mutation, causes
cerebral amyloid angiopathy and accumulation of diffuse AR
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deposits in humans.” These mice develop behavioral impairment
as a function of the levels of Ap oligomers.® There are structural
abnormalities of synapses® but parenchymal amyloid plaques are
never observed in these mice up to 24 months of age. The second
line of mice expresses APPMS70/67INL/pgEN 1A€x0N2 in neyrons and
accumulates fibrillar amyloid in the interstitial spaces of the brain
that goes on to form typical amyloid plaques accompanied by

neuritic c/‘i)/strophkl and abnormalities in spatial memory.” Notably,
the APPKME70/67INL /pgEN 14eX09 mouse accumulates both oligomers

and fibrils composed of AB'™, with the level of inflammogens

correlating to the levels of the oligomers and not the levels of
plaques and/or neurites.'

We chose these mouse lines because they each display
impaired learning behavior despite the presence of quite distinct
AB conformations and pathologies.>® Accumulation of human
AR in ApPKM670/67INL jpgEN TAXONY transgenic mice is associated
with robust deposition of parenchymal amyloid plaques sur-
rounded by neuritic dystrophy as well as cerebral amyloid
angiopathy.” Oligomerogenic  APP¥*%?  contains the pro-
oligomerogenic E to Q mutation at position 22 of Ap. It should
be noted that owing to this E to Q mutation, the oligomers
associated with each strain are not exactly comparable. Our Dutch
APPE%3Q transgenic mice express the epitopes of oligomeric AB
recognized by antibodies A11, OC and NU4 (ref. 11, 12) (Knight
et al., unpublished data). Ap oligomers warrant particular attention
because they may be the most important mediators of neuronal
cell loss in the human AD brain.'* Although neither line of mice
from the present study displays neuronal loss, both show
impairment in learning behavior, indicating that amyloid plaques
are not required for the appearance of clinically detectable
behavioral changes.

We describe a comparative integrative genomic analysis of
brain-derived transcriptomic profiles of mice accumulating
oligomers of AB*?? when compared with those of mice
accumulating both oligomers and fibrils of AB'™2 We compare
these data with existing knowledge of the molecular and
histological pathogenesis for each model. For example, dysregula-
tion of extracellular matrix (ECM) regulating genes was observed
in AppKM670/671INL /pgEN 1A€x0n9 transgenic mice but not in APPFe%3Q
transgenic mice, consistent with the presence of the obvious
physical ECM perturbations associated with amyloid fibril accu-
mulation. We also explore the concordance of our transcriptome
profiles with differential expression (DE) and splicing profiles, gene
co-expression and Bayesian networks that were built from human
late onset AD (LOAD) postmortem brain samples.> We identified
significant overlap with LOAD-associated transcriptional and
subnetwork changes, as well as similarities in the pathways that
were implicated. We discuss this and other evidence for
differential activation of transcriptomic pathways in association
with accumulation of either ABF2%? oligomers or AB'? fibrils plus
oligomers.

MATERIALS AND METHODS
Animals

The creation of the APP®¥? mouse was previously described.®
APpME70/67INL/PSENIACxon9 jca were obtained from Jackson Laboratories
(Bar Harbor, ME, USA). Both lines were maintained on a C57BI6/)
background. Animals were maintained on a 12:12 light:dark cycle with
ad libitum access to food and water throughout the course of the entire
experiment. The experimental protocol was conducted within NIH
guidelines for animal research and was approved by the Institutional
Animal Care and Use Committee (IACUC) at Icahn School of Medicine at
Mount Sinai. Male 12-month-old mice were killed by CO, asphyxiation and
decapitation. DG and ECs were collected, snap frozen and stored at —80 °C
prior to RNA isolation.

The minimum number of samples necessary to adequately detect DE
was determined using RNASeqPower.'* Estimating that the average depth
of coverage from RNA sequencing would be 20 reads per gene, the
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biological coefficient of variation as 0.1 and setting alpha to 0.05, we
determined that at least three samples per comparison group would be
necessary to detect expression differences with an effect-size of 2, with a
power of 0.9.

RNA isolation

Snap-frozen DG and ECs were homogenized in QIAzol Lysis Reagent
(Qiagen, Valencia, CA, USA). Total RNA purification was performed with the
RNeasy Micro kit (Qiagen), and was carried out according to the
manufacturer’s instructions. RNA quantification and quality was evaluated
by Agilent BioAnalyzer and processed for RNA library preparation. RNA
integrity was checked by either the Fragment Analyzer (Advanced
Analytical, Ankeny, IA, USA) or the 2100 Bioanalyzer using the RNA 6000
Nano assay (Agilent, Santa Clara, CA, USA). All processed total RNA samples
had an RNA quality number/RNA integrity number value of 6.1 or greater.

Real-time qPCR

Quantitative real-time PCR (qRT-PCR) was performed with the same RNA
extracts that were used for RNA-Seq analysis. Top six differentially
expressed (DE) genes identified by RNAseq in entorhinal cortex (EC) of
APPES%3Q and dentate gyrus (DG) of APPKME70/67INL/pgppgAexons \yere
selected for qRT-PCR. Five hundred nanograms of RNA were reversed-
transcribed using the High Capacity RNA-to-cDNA Kit (Applied Biosystems,
Foster City, CA, USA). The cDNA solution was subjected to real-time qPCR
in a Step-One Plus system (Applied Biosystems) using the PerfeCTa SYBR
Green FastMix ROX (Quanta BioSciences, Gaithersburg, MD, USA).
Quantitative PCR consisted of 40 cycles, 155 at 95°C and 30s at 60 °C
each, followed by dissociation curve analysis.

Library preparation

The sequencing library was prepared with the standard TruSeq RNA
Sample Prep Kit v2 protocol (lllumina, San Diego, CA, USA). Briefly,
ribosomal RNA was removed using the Ribo-Zero rRNA Removal Kit
(Human/Mouse/Rat) (lllumina). The remaining RNA was then fragmented,
and the cDNA was synthesized using random hexamers, end-repaired and
ligated with appropriate adaptors for sequencing. The library then
underwent size selection and purification using AMPure XP beads
(Beckman Coulter, CA, USA). The appropriate lllumina-recommended
6 bp barcode bases were introduced at one end of the adaptors during
the PCR amplification step. The size and concentration of the RNAseq
libraries was measured by Bioanalyzer and Qubit fluorometry (Life
Technologies, Grand Island, NY, USA) before loading onto the sequencer.
The rRNA-depleted libraries were sequenced on the lllumina HiSeq 2500
System with 100 nucleotide single-end reads, according to the standard
manufacturer's instructions (lllumina).

Read alignment and gene expression counts

Single end fastq files for 28 samples were aligned to a modified version of
Mouse Reference genome (mm10),"® using STAR read aligner.'® To allow
discrimination between the human APP transgene, and the mouse App,
we appended the human APP sequence as a dummy chromosome to the
mm10.fasta file, and appended the ensemble v70 APP gene models to the
gtf used to build the genome index used by STAR. Accepted mapped reads
were summarized separately to gene and exon levels using the
featureCounts function of subread.'”'®

Differential expression analysis

Gene count matrices were produced separately for each of the six primary
comparisons (oligomerogenic APP%? ys wild type (EC and DG),
fibrillogenic APPM70/67INL/pgEN Aexen? v wild type (EC and DG) and
fibrillogenic APP}ME70/67INL pgpp14exond g gligomerogenic APPP¥*? mouse
(EC and DQG). In each case, the assembled count matrix was filtered to
retain transcripts with a summed count across samples of at least 7
(the quantity of samples in each comparison). The count matrix was
corrected for library size, batch status and normalized using DESeq2."®
DE analysis was performed also using DESeq2, and P-values were adjusted
using the Benjamini-Hochberg method.?
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Gene set enrichment analysis
Gene set enrichments were calculated using two different methods, as
indicated throughout the text. GAGE*' was used for whole-transcriptome
region-based comparisons between groups of samples. Gene count
matrices were normalized using DESeq2,'® and gene set enrichments
were calculated using settings same.dir = FALSE, and compare ="unpaired’.
Gene set enrichments for discrete groups of genes (that is, significance
thresholded DE results, genes containing differentially spliced exons and
human LOAD co-expression networks) were calculated using Fisher's exact
text, and one-sided P-values (to identify overrepresentation of gene sets)
were adjusted using the Benjamini-Hochberg method.?°

Gene sets used throughout the enrichment analysis were derived from a
combination of publicly available sources, such as the molecular signatures
database,? brain-specific gene sets curated from publicly available data,?
protein-protein hubs interactor sets®* and ChipSeq-based transcription
factor target sets.®®

All gene sets were derived from human data. For comparison against the
mm10 ensembl transcriptome, we converted from mouse to available
human orthologs using the MGI vertebrate homology classes,*® and to
human ensembl gene identifiers using the R package org.Hs.eg.db.””

Differential exon expression analysis
Exon count matrices were produced separately for each of the six primary
comparisons (oligomerogenic APPF%? ys wild type (EC and DG),
fibrillogenic APP!ME70/67INL/pgppgAexend s wild type (EC and DG) and
fibrillogenic APPKME70/67INL /pgpN74exond s oligomerogenic APPF%32 mouse
(EC and DG). For comparison of mutant line samples to wild type, we used
DEXSeq,28 which allows detailed control over visualization of results. The
comparisons of fibrillogenic APPM679/67INL/psEN 14€%0n9 mice vs oligomero-
genic APP¥93? mice required more detailed matrix models to account for
our batch structure co-varying with phenotype. Each line was derived from
a separate batch (where each batch also included wild-type samples). This
required correction of batch status while including wild-type samples
(to distinguish between the batch effect and the strain effect), and later
subsetting to only the oligomerogenic APP®**? and fibrillogenic
APPME7O/67INL /pg N 74ex0n9 transgenic mouse samples for the differential exon
analysis. For this, we used diffSplice function in the limma R package.?®>'
DEX profiles from human LOAD were generated using exon count
matrices from postmortem samples collected across three brain regions.
Each region was processed separately, and in each case, comparison was
made between samples annotated as ‘Definite AD’ vs ‘Normal’ (CERJ score
of 2 vs 1), including age and gender as covariates. Differentially spliced
genes were identified using the diffSplice function in the limma
R package.?*~'

Code availability
Code used to generate DE and DEX results is available upon request.

RESULTS

We generated transcriptomic profiles for oligomerogenic APPF932
and fibrillogenic APPME7/67INL /pgEN74ex0n9 transgenic mice and
characterized each model in comparison with wild-type mice and
each other (Figure 1). We performed next-generation RNA
sequencing on 28 samples from EC and DG.

Differential gene expression analysis of transgenic vs wild-type
mice

We assessed the regional DE between oligomerogenic APPF93Q
vs wild type, APPME70/67INL/pgENAexond yg wild type and
ApPKME7O/67INL ipgpN1Aexend v oligomerogenic APPE5%3Q mice. In
this comparison against the wild-type animals, we identified 354
DE genes (false discovery rate (FDR) < 0.05) in the DG of the
fibrilllogenic APPM670/671NL/pgEN14ex0n9 mice, and 22 DE genes
(FDR < 0.05) in the EC of the oligomerogenic APP*¥*? mice
(Figure 2). We did not observe any DE genes in the EC of the
fibrillogenic APPIME7/67INL/pgEN14eX0n2 mice or in the DG of the
oligomerogenic APP*%39 mice (see Supplementary Table 1 for full
DE results). To investigate whether this difference in the amount of
detected DE across comparisons related to differential transgene
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Figure 1. Schematic overview of mouse AD transcriptome analysis.
RNA sequencing was performed on the entorhinal cortex and
dentate gyrus for three groups of animals (oligomerogenic APP9*2,
fibrillogenic ApPM670/67TL /pgEn14exon? and wild type) comprising a
total of 28 samples (Transgenic n=3 and Wild type n=4 samples
per comparison). Region-based differential gene and exon expres-
sion analysis was performed between all mouse lines, and results
were annotated with diverse functional molecular data.

expression, we examined the expression for the human APP
sequence across mouse strains. We found that in both regions
and lines, there was evidence of increased expression of reads
that mapped to the human APP sequence (see Supplementary
Figure S1), though we did not see a clear relationship between
human APP expression and the quantity of genes identified as being
differentially expressed.

We performed gPCR on the top six DE genes for the EC of
oligomerogenic  APP***% and the DG of fibrillogenic
APPKME7O/67INL ipgpN74exond e saw good overall concordance
between the log2 fold change as detected by RNAseq and gPCR,
with a Pearson correlation of 0.95 for the EC of oligomerogenic and
0.62 for the DG of fibrillogenic mice (see Supplementary Figure S2).

To identify biological pathways that may be differentially
regulated across mouse lines, we used GAGE*® and performed

Molecular Psychiatry (2016), 1099-1111

1101



Transcriptomes of Alzheimer's mice
B Readhead et al

Fibrillogenic

Oligomerot
EC

actin

actin filament-based process

beta-amyloid binding
endocytosis
lipid metabolic process

Fibrillogenic

O

cytoskeletal part
cytoskeletal protein binding
cytoskeleton
cytoskeleton organization
enzyme activator activity
enzyme regulator activity

. o locall

in cell
glutamate receptor activity
glutamate signaling pathway
hydrolase activity

hydrolase activity, acting on ester
bonds

Gene Ontology
GTPase activity
actin binding
actin cytoskeleton
calcium ion binding
cell motion
cell-cell signaling
central nervous system
development
cytoskeletal part

cytoskeleton

G
Oligomerogenic
DG

gemf
N

cytoskeletal protein binding

organization
microtubule-based movement
small GTPase regulator activity
tubulin binding

GTPase activity

growth cone

membrane organization
regulation of axonogenesis

induction of apoptosis

lipid binding

neuron projection morphogenesis
nucleolus

protein ubiquitination

regulation of RNA metabolic process
regulation of transcription from RNA
polymerase Il promoter

response to stress

microtubule associated complex
microtubule-based process
nervous system development

neuron projection

phosphorylation

positive regulation of apoptosis
protein modification process
regulation of neuron differentiation
sodium ion transport

synaptic transmission
vesicle-mediated transport
voltage-gated ion channel activity

Dentate Gyrus

Entorhinal Cortex

structural constituent of
cytoskeleton

synaptic transmission

tubulin binding
vesicle-mediated transport
voltage-gated ion channel activity

KEGG Pathways
glycolysis and gluconeogenesis
neurodegenerative diseases
MAPK signaling pathway
ERBBsignaling pathway
calcium signaling pathway

growth cone
hydrolase activity

microtubule associated complex
microtubule-based process
nervous system development

neuron projection
regulation of apoptosis

regulation of axonogenesis

regulation of neuron
differentiation

glutamate receptor activity

signaling
system

WNT signaling pathway

axon guidance

focal adhesion

tight junction

gap junction

long term potentiation

long term depression

regulation of actin cytoskeleton
insulin signaling pathway

alzheimers disease

sodium ion transport gloma

PKM670/671NL/

1102
a C
Symbol Name log2FC FDR Ras protein signal transduction
endosome transport
Thy thymus cell antigen 1, theta 508 2.43E-125 generation of precursor metabolites and energy
Psd3 pleckstrin and Sec7 domain containing 3 -0.96 6.89E-12
A2m alpha-2-macroglobulin 1.49 4.22E-09 cacium channel ?gmyex
Gprc5c G protein-coupled receptor, family C, group 5, member C 0.94 3.65E-07 voltage-gated sodium
Islr immunoglobulin superfamily containing leucine-rich repeat 1.15 1.41E-05 channel activty
Tgfbr3 transforming growth factor, beta receptor Il 0.64 2.58E-05
Cybb cytochrome b-245, beta polypeptide 1.35 2.66E-04 calmodulin binding
Ctsc cathepsin C 0.61 3.24E-04 bt oot
Reck reversion-inducing-cysteine-rich protein with kazal motifs 0.57 1.44E-03 activity
ligp1 interferon inducible GTPase 1 0.97 5.08E-03
Notch2 notch 2 0.53 5.76E-03 cell adhesion
Gkn3 gastrokine 3 0.97 5.76E-03 col motion
Luzp2 leucine zipper protein 2 -0.48 1.02E-02
4930512H1 1.45 1.02E-02 -
Dse dermatan sulfate epimerase 0.60 1.48E-02 :IE:S‘ZdaIZ?Mly
Cert chemokine (C-C motif) receptor 1 1.24 1.48E-02 ngase acﬂ‘:aw' activity
Cardi14 caspase recruitment domain family, member 14 1.34 1.62E-02 a&ﬁ ﬁf,.p;f;s
Bgn biglycan 1.02 1.95E-02 :::2;’(5:?::?&3;
Slc26a2 solute carrier family 26 (sulfate transporter), member 2 0.61 2.16E-02 calcium ion binding
Gbp2 guanylate binding protein 2 0.79 2.17E-02 zz‘lf‘::i‘:géf:s"“"
Pgm5 phosphoglucomutase 5 0.68 2.39E-02 cell-cell signaling
Lyz2 lysozyme 2 0.89 2.62E-02 central nervous system development
b d
Symbol ~ Name log2FC ~ FDR T ans seatoracity
Ctxn3 cortexin 3 2.46 5.38E-16 enzyme activator activity o
Sath2 special AT-rich sequence binding protein 2 1.38 1.63E-15 e e oo zaton
Chsy3 chondroitin sulfate synthase 3 0.86 5.31E-11 KEGG Pathways
Fut9 fucosyltransferase 9 0.84 9.72E-11 fructose my mannose metabolism
Serpind1  serine (or cysteine) peptidase inhibitor, clade D, member 1 1.47 1.07E-10 25!;’?;’,’:?2;’;&'.2?"’5
Rnf182 ring finger protein 182 -0.79 9.09E-10
Aldh1a2 aldehyde dehydrogenase family 1, subfamily A2 1.84 9.45E-10
Crabp2 cellular retinoic acid binding protein I 2.1 2.10E-08 Gene Ontology
Tshz3 teashirt zinc finger family member 3 1.35 2.83E-08 [radsbonivekinald
Sowahb sosondowah ankyrin repeat domain family member B 1.30 2.83E-08 actin cytoskeleton organization
Dpp4 dipeptidylpeptidase 4 1.21 3.33E-08 POt
Slc47at solute carrier family 47, member 1 1.89 7.16E-08 ::L';g;f::g‘nsmm nitiation factor 4F
Homer3 homer homolog 3 (Drosophila) -1.16 1.89E-07 complex )
Dkk2 dickkopf homolog 2 (Xenopus laevis) 1.67 2.43E-07 e g on ester bonds
Omd osteomodulin 2.05 2.69E-07 microtubule-based movement
Npy2r  neuropeptide Y receptor Y2 092 377E07 PSS UL O DB o ot
Ptgdr prostaglandin D receptor 1.68 3.91E-07 :E%:':C“‘::p:’;‘:;":;‘n':":X"“"ef levels
Colec12  collectin sub-family member 12 1.33 3.91E-07 spectrin
Ptgds prostaglandin D2 synthase (brain) 1.54 3.91E-07 KEGG Pathways
Slc22a6 solute carrier family 22 (organic anion transporter), member 6 1.65 7.62E-07 citrate cycle
H2-Ab1 histocompatibility 2, class Il antigen A, beta 1 1.64 1.01E-06 g;‘;z‘;ggm |ateral sclerosis
Tbx18 T-box18 1.33 2.06E-06 ;:g:ﬂ;g\:s :'sease
Figure 2. Differential gene expression and enrichment analysis summary. (a) Differentially expressed genes in the entorhinal cortex of
oligorrjerogenic APPES3Q ys wild-type mice. (b) Top differentially expressed genes in the dentate gyrus of fibrillogenic AP
PSEN74exn

vs wild-type mice. (c) Quantity of differentially expressed genes and selected GO term enrichments shared across regional

comparisons of fibrillogenic APPM7%67INL/pgEN 14ex09 and oligomerogenic APPE*¥*? vs wild-type mice. (d) Quantity of differentially expressed
genes and selected GO term and KEGG pathway enrichments shared across regional comparisons of fibrillogenic APPKM670/67INL jpg g Aexons
mice vs oligomerogenic APP¥?3? mice. Enrichments shown were selected for known or suspected relevance to AD pathophysiology, and
bolding highlights enrichments that relate to the main biological themes also implicated by the differential exon analysis findings.
(Differential expression and gene set enrichments thresholded at FDR < 0.05.) FDR, false discovery rate.

gene set enrichment analysis. We identified Gene Ontology>? and
KEGG pathway®>>* enrichments that are either shared or exclusive
to either brain regions and/or mouse line (Figure 2¢, see
Supplementary Table 2 for full enrichment results). Similar
biological themes were implicated in both brain regions as well
as in both mutant mouse lines in comparison with wild type,
including cytoskeletal organization, microtubule processes,
glutamatergic signaling and neuronal differentiation. We also
observed a dysregulation of protein-protein interactions involving
APP and/or AB in the DG of both lines that was not present in the
EC of either line. We did not observe shared EC-specific
enrichments between the two transgenic mouse lines.

We performed an additional enrichment analysis of the DE gene
sets comparing against an expanded library of public and privately
curated gene sets, including brain-specific gene signatures,®
protein-protein hub interactions,* ChipSeq transcription factor
gene targets,”® and the molecular signatures database.?
(See Supplementary Table 3 for full enrichment results). Intersec-
tion of the DE gene sets with curated brain-specific gene sets®
revealed that the fibrillogenic APPME7/67INL/pgEN14ex0n9 trans-
genic mouse had significant overlap with multiple hippocampal
regional signatures as well as with a mixture of glutamatergic
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neuronal and microglial gene sets. We also observed enrichment
for genes reported as upregulated in the CA1 hippocampal region
of AD patients as compared against age-matched non-demented
subjects® (see Supplementary Table 3).

Analysis of the DE genes for the oligomerogenic AP
transgenic mouse EC identified significant overlaps with multiple
hippocampal, microglial, glutamatergic and interneuronal gene
sets. We also observed enrichment for genes reported in multiple
studies as upregulated in the CA1 hippocampal region of
postmortem brain from AD patients as compared with
age-matched, non-demented subjects®>™” (see Supplementary
Table 3).

Integration of DE genes with a library of protein-protein
interactions®* highlighted APP as a protein hub with an
enrichment of DE genes among its known interactors, in both
the fibrillogenic APPKM670/67INL pgpN74ex0n9 transgenic mouse DG
and the oligomerogenic APP¥%3? transgenic mouse EC gene sets
(Figure 3b). The DE analysis of fibrillogenic AppM670/67INL,
PSEN1%¢*°"® mouse DG also highlighted multiple other transcripts
of hub proteins (see Supplementary Table 3), including ITGB1, an
integrin molecule with important roles in cell adhesion, as well as
forming a microglia receptor complex that mediates detection,

693Q
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Figure 3. Multiregion transcriptome comparisons between fibrillogenic, oligomerogenic and wild-type mice implicates amyloid/Ap

processing, extracellular matrix (ECM) regulation and neurogenesis (a, b-i) Fragile X Mental Retardation 1 (FMR1) gene is differentially
spliced in fibrillogenic APPME70/671NL /pgEN74ex0n9 mjce vs oligomerogenic APPF¥*? dentate gyrus (also vs wild type), as well as multiple brain
regions in LOAD and (b-ii) is a known regulator of APP, binding to mRNA in the post-synaptic neuron in an mGIuR5 stimulation-dependent
manner. (b-iii) DE genes in both com/&)arisons with wild tgpe (see Figure 2), are enriched for known protein interactors of APP. APP interactors
that are DE in the fibrillogenic APPKM670/67INL pgpNAexoM[G s wild type are shown. (b-iv) Adaptor protein GRB2 is differentially spliced in
fibrillogenic APPME70/67INC/pgEN14exon9 mjce vs oligomerogenic APPE°C dentate gyrus, and interacts with APP and PSENT, localized to the
centrosomes, resulting in ERK1/2 activation, and potentiation of oligomer-induced toxicity. (c) ECM regulation was a recurring theme of the
pathway analysis following differential gene and exon expression analysis. (c-i) Known ECM regulators that are differentially expressed in
fibrillogenic APPME70/67INL /pgEp 14exon? i wiild-type mice (dentate gyrus) suggest mechanisms of perturbation and compensation. (c-ii) Gene
Ontology (GO) enrichment analysis of the 354 genes that are differentially expressed in fibrillogenic APPME70/67INL/pgEN74ex0n9 g wyild-type
mice (dentate gyrus) demonstrate that the trend toward ECM disruption is Particularly strong in this comparison. (d) Pathway enrichment
analysis of the  differentially expressed genes in fibrillogenic APPME7/67INL pgppj2exon? v wild-type mice (dentate gyrus) indicates
perturbation of stem cell, neural progenitor cell and neurogenesis pathways. (d-i) SUZ12 is a key member of the polycomb repressive complex
2 (PRC2), and is differentially spliced in fibrillogenic APPKM670/67INL /pgEN74€%on9 mice vs oligomerogenic APPE°%3? dentate gyrus (and also vs wild
type). (d-ii) A functional role for SUZ12 is strongly supported by enrichment analysis of ChipSeq-based transcription factor gene targets, with
the 354 differentially expressed genes in fibrillogenic APPME70/67 1N /pgEN 14ex0n9 v wwild-type mice (dentate gyrus). (d-iii) SUZ12 function within
the PRC2 is associated with regulation of neurogenic differentiation of stem cells via histone H3K27 and H3K9 methylation. (e-i) Zinc finger
gene SP1 was identified as the transcription factor most strongly enriched for DEX genes (APPM67%/67INL /psp 4ex0n9 s wiild-type comparison).
(e-ii) SP1 is a transcriptional regulator of multiple AD-associated genes, and forms a potential link between these molecular nodes and the
main DEX themes we have discussed, including perturbations in neurogenesis, amyloid processing and ECM regulation.

APPES%3Q transgenic mice identified a single gene, cortexin-3
(CTXN3), that was upregulated in the DG of fibrilllogenic
AppKME70/67INL jpgEN 1Aexond mice. A recent genome-wide associa-
tion meta-analysis aimed at finding genes linked to plasma Ap
identified CTXN3.*' In that study, CTXN3 was the gene most
strongly associated with AR plasma levels in the high-risk
population (that is, over age 65 years) and was subsequently
validated as a modulator of AR metabolism.*'

phagocytosis and clearance of fibrillar AB32* This is especially
notable in view of recent evidence linking AD to TREM2 and its
adaptor protein, DAP12/TYROBP.?

Differential gene expression analysis of oligomerogenic APPE¢%3Q
vs fibrillogenic APPM&70/67INL/pgEN 14€x0n9 transgenic mice

A direct comparison of the transcriptomes of fibrillogenic
APPME70/67INL spgp N 14exon9 aqainst those of the oligomerogenic

© 2016 Macmillan Publishers Limited Molecular Psychiatry (2016), 1099-1111

1103



Transcriptomes of Alzheimer's mice
B Readhead et al

To identify relative perturbations that might help inform an
understanding of the fibrillar pathology observed in ApPM670/671N
/PSENTA®°" transgenic mice, we performed a comparison of
Gene Ontology®? and KEGG pathway set**** enrichments
between the transcriptomes of APPMe70/67INL/pgpnjaexond gng
oligomerogenic APP®*? transgenic mice. In both the DG and the
EC, we detected robust evidence for increased dysregulation of
multiple pathways implicated in human LOAD, including GTPase/
Ras protein regulation,** cytoskeletal organization, glutamatergic
receptor activity, neuronal differentiation and microtubule pro-
cesses in the fibrillogenic APPME7/67INL pgEN14eX09 transgenic
mice (Figure 2d). Cytoskeletal organization and cell junction/
adhesion processes were also highlighted by the KEGG analysis.
We observed additional EC-specific enrichments for other
neurodegenerative diseases, including Huntington’s disease,
amyotrophic lateral sclerosis and prion disease. In the DG, we
observed specific enrichment for cell adhesion molecules and for
olfactory transduction molecules (Figure 2d, see Supplementary
Table 4 for full enrichment results).

Differential gene splicing analyses

We performed differential exon expression (DEX) analysis using
DEXseq®® and Limma®*3" (Figure 4a) comparing oligomerogenic
APPF93Q ys wild type, fibrillogenic APPMe70/67INL /pgpp jAexond g
wild type and fibrillogenic APPKME70/67INL pgpNjAexnd s oligo-
merogenic APPY*¥32, Overall, the number of genes identified as
containing DE exons mirrored the trends seen in the DE analysis,
with the DG of fibrillogenic APPME70/67INL/pgEN74€X0n9 transgenic
mice dominating the results, followed by the EC of oligomero-
genic APPF®¥*? transgenic mice (Figure 4b). No differentially
spliced genes were detected for the EC of the fibrillogenic
APPKME70/67INL /pg N 14€x0n9 oy for the DG of the oligomerogenic
APPES%3Q transgenic mouse line (see Supplementary Table 5 for full
results). For any given comparison, we detected relatively little
overlap between genes that are differentially spliced and those
that are differentially expressed.

Gene set enrichment analysis of each DEX gene set (fibrillogenic
AppPME70/67INL /pgEN 14N DG and oligomerogenic APPE5%3? EC vs
wild type, FDR < 0.05) highlighted several enrichments relevant to
AD pathophysiology. Intersection of the datasets with brain-
specific gene sets” identified enrichments for DEX genes from
oligomerogenic EC (Figure 4c), among genes that are upregulated
in the hippocampal CA1 region of AD patients vs age-matched,
non-demented subjects, and a mixture of microglial, oligoden-
drocyte, interneuronal and glutamatergic neuronal marker sets.
The DEX genes from fibrillogenic DG (Figure 4d) revealed
enrichment of these same signatures as well as an additional
astrocyte gene signature. We also found that DEX from the
fibrillogenic  APPAME70/67INL pgEN14ex0n9 DG ys wild type were
enriched for genes containing the binding motifs for multiple
zinc finger transcription factors (Figure 3e, see Supplementary
Table 6 for full results), most notably SP1, MAZ, ZF5/ZBTB14, EGR1
and E4F1.

DEX analysis between fibrillogenic ApPM670/67INL /pgp jAexens
transgenic mice vs oligomerogenic APP¥?3? transgenic mice
identified 5 DEX genes in the EC and 23 DEX genes in the DG
(Figures 4e and f, see Supplementary Table 7 for full list). The set of
23 DEX genes from the DG highlighted a number of genes with
known or possible risk associations with AD, including TRPC4AP
(identified in an extended pedigree haplotype analysis*®) and
CUL2 (part of multiple ubiquitin ligase complexes, located near an
AD risk-associated locus on chromosome 10 (ref. 44)).

Enrichment analysis of the DEX genes of these fibrillogenic
APPIME70/67INL /pgpp14exond s oligomerogenic APPF%3C transgenic
mice (Figure 4f) revealed significant overlaps in the DG with genes
downregulated in AD in the CA1 region of the hippocampus, as
well as a mixture of glutamatergic and interneuronal cell
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signatures. DEX genes from the EC enriched for a co-expression
module comprised of genes downregulated in AD, as well as a
parvalbumin-positive interneuron-enriched co-expression module
(see Supplementary Table 6 for full enrichment results). We
observed that many of the DEX genes identified in the DG have
well-documented associations with APP metabolism and proces-
sing (Figure 4f and Figure 3b). These include differential splicing of
(i) FMR1, which encodes FMRP, a translational repressor protein
associated with Fragile X syndrome, known to bind and regulate
APP mRNA in synaptoneurosomes containing mGIuR5 receptor;*
(i) GRB2, an adaptor protein enriched around amyloid plaques in
the AD brain, which, through its interactions with APP and
PSEN1 (ref. 46) activates ERK1/2 signaling, thus mediating
AB oligomer-induced toxicity;*” (i) ANKS1B, a multi-domain
protein expressed in brain and testes, known to bind and regulate
APP processing in an isoform-specific manner, and, in some cases,
thereby diminishing AP generation through inhibition of
y-secretase;*® and (iv) the sumoylation regulator SENP2, which
catalyzes the conjugation/deconjugation of SUMO1 with SUMO
target proteins, affecting AP regulation via a splicing-dependent
interaction with BACE1.*

Some of the most striking enrichment themes that we identified
involve dysregulation of histone methylation, neurogenesis, neural
progenitor cell and stem cell pathways. We observed these
enrichments across all comparisons, but most strongly in the DE
genes of fibrillogenic APPMS7/67INL /pgpp14exend mice (DG). SUZ12
was differentially spliced in the DG of fibrillogenic APPM670/671NL,
PSENT4%*°"? transgenic mice when compared against either
oligomerogenic APP™?*? transgenic mice or against wild-type
mice, suggesting it may have a key role. SUZ12 forms part of the
Polycomb-repressive complex 2 (PRC2), exerting a repressive role
on target gene expression and is critical for establishing programs
required for differentiation of embryonic stem cells and regulation
of neurogenic potential.>® To explore the possible functional role
for SUZ12 as a regulator of transcriptional changes in the DG of
fibrillogenic APPME70/67INL /pgEN14ex0n9 transgenic mice, we per-
formed Chip-X enrichment analysis,>> overlapping the DE gene
sets with ChipSeq derived transcription factor target gene sets. We
found that the top four significant enrichments were for SUZ12
gene target sets derived from four separate experiments, strongly
implicating SUZ12 as the transcription factor that best explained
the DE signature (Figure 3d).

One of the pervasive pathway enrichment themes we observed
across both regions and mutant mouse lines was the dysregula-
tion of genes involved in cell adhesion, ECM regulation and
cytoskeletal organization. This finding was particularly robust in
the context of the fibrillogenic APPM670/671NL pgEp 14exon? oy se
DG (Figure 2d and Figures 3e and f). A number of genes involved
in ECM metabolism were identified in the DE analysis, including
MMP17, CHSY3, ADAMTSL3, ADAM10, ADAMTS16 and ADAM12,
and these pathways were highlighted in the DEX genes as well.
We found that ABL2 was differentially spliced in the DG of
fibrillogenic  APPKM&70/67INL/pgEN14€x0n9  transgenic mice when
compared with oligomerogenic  APPE¥3? " transgenic  mice
(Figure 4f). ABL2 is a non-receptor tyrosine kinase, and increas-
ingly considered to be an essential integrator of diverse
extracellular cues into patterns of cytoskeletal rearrangements,
cell motility and cell adhesion.>® EXT2 was also differentially
spliced in the DG of fibrillogenic APPKME70/67INL/pgpqAexons
transgenic mice. EXT2 encodes a glycosyltransferase that
complexes with EXT1 to catalyze the chain elongation step of
heparan-sulfate proteoglycan synthesis. Heparan-sulfate proteo-
glycans bind to cell membranes and to the ECM, where they
interact with a diverse array of protein ligands, regulating axonal
guidance, ECM metabolism, cell adhesion, morphogenesis and cell
migration (for review, see Sarrazin et al.>?).
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Figure 4. Differential exon expression and enrichment analysis summary. (a) Differential exon anaI}/sis comparisons between all three mouse

lines. (b) Quantity of genes with differentially expressed exons (DEX) for fibrillogenic APP/M67%¢

"NE/pSENT49%°"? mice and oligomerogenic

APPES?3Q mice vs wild type. Enrichments for DEX genes in a library of curated brain-focused gene sets, hi hlighted for connection to

Alzheimer's disease (AD), other neuropsychiatric disease (NPD) and cell/brain regional signatures (Cell) for (c) AP,

6939 oligomerogenic vs wild-

type mouse entorhinal cortex and (d) fibrillogenic APPM6767INL pgEp74exon? ¢ vwjild-type mouse. (e) Quantity of DEX genes for fibrillogenic

AppMO7O/67ING pSEN 14%019 mice vs oligomerogenic APPH%

Q mice across dentate gyrus (DG) and entorhinal cortex. (f) DEX genes for

fibrillogenic ApPKMe70/67INL /pgpN4exon9 ys. gligomerogenic APPF?32 mice in the DG, highlighted for multiple themes, including amyloid/Ap
regulation and processing (APP), association with AD risk, extracellular matrix regulation (ECM) and multiple others (MULTI). Concordance with
DEX in human postmortem LOAD samples across the frontal pole (FP), superior temporal gyrus (STG) and parahippocampal gyrus (PHG) are
also shown. (DEX genes with FDR < 0.05 and gene set enrichments with FDR < 0.1 are shown). FDR, false discovery rate.

Comparison of differential gene splicing in mouse AD models vs
human LOAD

Given the potential of the mouse DEX analysis to inform on novel
aspects of human disease pathophysiology, we sought to
compare our results with patterns of differential splicing across
three brain regions (superior temporal gyrus, frontal pole and
parahippocampal gyrus) in postmortem LOAD samples collected
through the Mount Sinai NIH Brain and Tissue Repository.”® We
found that of the 23 DEX genes identified in the fibrillogenic
APPKME70/67INL pgEN1Aex0n9 ys pligomerogenic  APPF93?  trans-
genic mice comparison, 8 were also differentially spliced in at
least one of the three brain regions examined (Figure 4f, see
Supplementary Table 8 for all significant DEX results). Perhaps
most notably, FMR1, discussed above as a synaptic regulator of
APP, was differentially spliced in LOAD in the frontal pole and
superior temporal gyrus. We also note that ANKS1B, a master

© 2016 Macmillan Publishers Limited

regulator of microtubule activity>* was differentially spliced in the
superior temporal gyrus, and the parahippocampal gyrus, and AD
risk-associated gene CUL2 (ref. 44) was differentially spliced in the
superior temporal gyrus.

Comparison of gene expression in mouse AD models vs human
LOAD

We accessed publicly available, postmortem gene expression
profiles for six brain regions from a comparison across 34
individuals diagnosed with LOAD, along with 14 age-matched,
non-demented controls®” to evaluate how the oligomerogenic
APPF693Q and fibrillogenic APPM670/67INL/pgEN 14€x0n9 moyse tran-
scriptomes approximate changes observed in human LOAD. We
mapped human genes to mouse orthologs where available, and
calculated the Spearman correlations between the gene expres-
sion log-fold-change (Figure 5a). We observed significant global
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similarity between all pairs of mouse DE, across all six LOAD brain
regions. The oligomerogenic APP?%3? transgenic mouse EC was
the profile most highly correlated with five of the six human LOAD
signatures, and of equal similarity along with the fibrillogenic
APPME70/67INL spgp N 14exond yransgenic EC, to the human LOAD
hippocampal signature.

We intersected the DE and DEX gene sets with gene networks
built from over 1600 postmortem brain samples from LOAD and
non-demented donors.” Zhang et al.® used paired gene expression
and genotype data to build integrated co-expression and Bayesian
networks, identifying key drivers responsible for regulating large
parts of the network in a general and also in a disease-specific
manner. A number of our DE and DEX signatures were over-
represented in the reported co-expression modules (Figure 5b),
including the DE genes of the fibrillogenic ApPMe70/67INL,
PSENT4%*°"? transgenic mouse DG, in the Zhang et al.’ ‘immune
and microglia’ (Yellow) co-expression module, the module most
strongly associated with LOAD status. We also found strong
overlap with the LOAD-associated ‘extracellular matrix’ (Tan)
module, and the ‘neurogenesis’ (Midnight-blue) modules. In
addition, DEX genes in the fibrillogenic APPM67/67INL /pgp jAexons
transgenic mouse DG (vs wild type), and the oligomerogenic
APPE%3Q transgenic mouse EC (vs wild type) are enriched for
genes contained in multiple 'synaptic transmission’ annotated
modules, including the LOAD-associated salmon module from
Zhang et al.> These data suggesting that the strong themes that
we observed in these biological domains in the mouse models are
consistent with those reported by Zhang et al.® in their studies of
human LOAD transcriptomes.

To characterize the relationship between the mouse AD
transcriptome and LOAD network topology, we projected the DE
genes of the fibrillogenic APPKMS70/67INL/pgENA€xoN transgenic
mouse DG (at a relaxed threshold of FDR < 0.1) on to the Zhang
et al® ‘case-only’ Bayesian network, extracting a sub-graph of
these genes and their immediate neighbors (Figure 5c). We further
annotated these genes with DEX status (FDR < 0.05), as well as
association with ECM regulation and SUZ12, and visualized them
in network context using Cytoscape.”>>® TYROBP, which was
identified as the strongest key driver of the LOAD network,
remained the most strongly connected gene in this induced
sub-graph, connecting to multiple other DE genes, as well SUZ12
targets and ECM-associated genes.

DISCUSSION

We performed an integrative genomic study aimed at comparin%
the transcriptome in the DG and EC of an oligomerogenic APPF%%*

transgenic mouse and of a second transgenic mouse model that
accumulates both AP oligomers and neuritic amyloid plaques
(fibrillogenic  APPIMO90/67TNL pgppgAexendy Oy goal was  to
characterize transcriptional perturbations that are either shared
by both lines or unique to one line, and to compare these mouse
model transcriptomes with corresponding human AD postmortem
brain transcriptomes. Our approach involved the use of next-
generation RNA sequencing to perform regional differential gene
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(DE) and exon (DEX) expression analysis, followed by comprehen-
sive integrative genomic and network analysis to provide insight
to the biological context for these results.

To identify biological processes that may be impacted
across both the oligomer and plaque-laden clinicopathological
syndromes, we performed gene set enrichment analysis. While
we observed few common DE genes shared by the two models
and the two brain regions when comparing against wild-type
mice, we noted a number of functional enrichments that were
shared across all comparisons, including many human AD-
associated pathways such as cytoskeletal organization, glutama-
tergic signaling and neurogenesis. Furthermore, when we
performed DE comparing the transcriptomes of fibrillogenic mice
against those of oligomerogenic mice, although we only identified
a single DE gene, we found that the pathway enrichments that
had been shared by both lines when compared with wild-type
mice (such as cytoskeletal organization and regulation of neuron
differentiation) tended to be more severely dysregulated in the
fibrillogenic mouse, supporting the relevance of these pathways
to disease.

Differential splicing highlights mediators of APP/AB metabolism,
neurogenesis, ECM regulators and microglial activation

The DEX results generated by comparison between the tran-
scriptomes of fibrillogenic and oligomerogenic transgenic mice
were particularly interesting, and because of their potential to
inform on mechanisms that may mediate the neuropathology and
behavioral changes of the fibrillogenic mouse, these formed the
main focus of our study. We observed a number of robust themes
that were concordant between the DEX and DE analysis, in
particular APP/AB processing (Figures 4f and 3b), epigenetic
dysregulation of neurogenesis (Figure 3d), cytoskeletal organiza-
tion (Figure 3b) and ECM regulation (Figures 4f, 5b and 3c). It has
been suggested that abnormal splicing may be a major mediator
of AD pathophysiology.*

The overlap of many of these DEX genes with human LOAD
differential splicing patterns (Figure 4f) is encouraging because it
suggests that these findings reflect more than the immediate
impact of human transgenes (where potential relevance to LOAD
may be limited), but instead indicate a response to secondary
network changes that have been induced by genetic perturbation.
This also supports the utility of these mouse strains as model
systems for translational studies and for further characterization of
these molecules in the context of LOAD.

Mediators of APP/AB metabolism. DEX analysis identified multiple
potential mediators of differential amyloid processing, including
FMR1, which encodes a translational repressor protein associated
with Fragile X syndrome, an inheritable form of intellectual
disability. Westmark and Malter.** reported that the protein
product of FMR1 binds to APP mRNA in synaptoneurosomes
containing the post-synaptic mGIuR5 receptor and negatively
regulates APP translation in a stimulation-dependent manner.
FMR1-KO mice are also known to display elevated basal levels of
both APP and AB.>” Given these interesting molecular overlaps

<
Figure 5.

Enrichments for differentially expressed genes and differentially spliced genes with human LOAD signatures. (a) Similarity of AD

model transcriptional changes with postmortem LOAD gene expression collected from six brain regions (AD vs non-demented controls).
Spearman’s rho (shown in heatmap cells) reflects correlation between log2 fold change of orthologous mouse-human genes. All correlations
were positive and significant. (b) Gene co-expression modules constructed from human postmortem brain samples (AD and non-demented
controls) were intersected with DE and DEX gene sets, identifying multiple significant overlaps, including modules that are significantly
differentiaII% connected in LOAD. (c) Bayesian network built from human LOAD postmortem prefrontal cortex samples, subset by fibrillogenic
AppKM670/67TNL oo 1Aexons pE genes (FDR < 0.1), and their immediate neighbors. TYROBP, the key driver in the subnetwork most strongly
associated with LOAD status, remained the most strongly connected gene in this induced subnetwork and is shown here with its local
network neighborhood (first and second degree neighbors). (DE and DEX genes with FDR < 0.05 -unless otherwise stated- and gene co-
expression module enrichments with FDR < 0.1 are shown). FDR, false discovery rate.
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between Fragile X syndrome and AD, Renoux et al.>® recently

studied FMR1 expression in AD but did not identify alteration of
cortical or subcortical expression of FMR1 in AppPME70/67INL,
PSENT4¥°"® mice nor in the prefrontal cortex or cerebellum of
human AD postmortem samples. We also did not detect DE of
FMR1 in our comparisons, but we observed an overexpression of
FMR1 exon 5, suggesting a role for the alternate splicing of FMR1
in mediating the alteration in amyloid metabolism observed in
fibrillogenic APPKM670/67INL jpgpNAexend mice, particularly in the
context of glutamatergic signaling which was also reflected in the
pathway enrichment analysis. Moreover, FMR1 is transcriptionally
repressed by ZF5/ZBTB14,° a zinc finger transcription factor that
was strongly enriched for binding site motifs among the DEX
genes of the fibrillogenic APPME70/67 1N /pgEN74€xon9 DG, We also
found that FMR1 was differentially spliced across multiple brain
regions in postmortem LOAD samples, supporting its translational
relevance, and also supporting the utility of the fibrillogenic
mouse as a means to interrogate it further. To the best of our
knowledge, this study is the first to report differential splicing of
FMR1 in the context of AD. As discussed above, ANKS1B may alter
APP metabolism and is a central player in microtubule tracking
and regulation,®* and is also seen to be differentially spliced in
human LOAD across multiple brain regions. SENP2 (differentially
spliced in the frontal pole in human LOAD), and by extension its
splicing regulator HNRNPLL, is potentially linked with both APP
processing and glucose metabolism, the latter of which may also
be associated with AD.®® This theme of differential regulation of
APP/AB metabolism was also reflected at the DE level, where we
observed an enrichment of known APP protein-protein interactors
among the DE genes of the fibrillogenic mouse DG and the
oligomerogenic mouse EC.

Mediators of neurogenesis. Some of the most striking enrichment
themes that we identified across all comparisons included
dysregulation of histone methylation, neurogenesis, neural
progenitor cell and stem cell pathways, most strongly in the DE
genes of fibrillogenic APPM67067INL /pgpp 4exend mice (DG). SUZ12
emerged as a potential nexus for this following DEX analysis in
which SUZ12 was found to be differentially spliced in the DG of
fibrillogenic  APPM670/67INL pgp jAexons transgenic mice when
compared with either oligomerogenic APP¥%3C transgenic mice
or with wild-type mice. SUZ12 forms part of the Polycomb-
repressive complex 2 (PRC2), exerting a repressive role on target
gene expression and acting through methylation of histone-3 at
lysine-9 and lysine-27. In addition, PRC2 functions as a recruitment
protein for DNA methyltransferases, thus acting as a potential
regulator of two epigenetic systems®' that are recognized as
important mechanisms of gene expression dysregulation in
AD.S*%* SUZ12 was also implicated as functionally relevant to
our study at the transcriptional level, with strong enrichments for
DE fibrillogenic genes among multiple ChipSeqg-derived gene
target sets for SUZ12. This concordance between DEX and DE
suggests a novel mechanism underlying the dysregulation of
neurogenesis and neural progenitor cells in the DG in these
models. To our knowledge, this is the first report in which SUZ12
has been implicated in the pathogenesis of AD. We did not see
evidence for differential splicing of SUZ12 in the human LOAD
data utilized for this study, however, it is important to note that in
the biological context implicated by the enrichment analysis,
the links to the regulation of neurogenesis suggest that this may
be specific to regions of neurogenesis (such as the DG), which
were not included in the current study. We are working towards
the profiling of neurogenesis-associated brain regions in human
AD samples to validate the relevance of SUZ12 splicing alterations
to human LOAD.

Mediators of ECM and cell adhesion processes. Enrichment for
perturbation of genes involved in cell adhesion, ECM and
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extracellular attachments was a consistently strong theme,
particularly in the fibrillogenic mouse DG (Figure 2d and
Figure 3c). The ECM has a crucial role in cell migration and axon
guidance. During normal aging and late-stage AD, the ECM indices
in the brain are progressively upregulated.®® Using a proteomic
analysis of hippocampal synaptosomes, Végh et al®® recently
described the dysregulation of ECM proteins in the fibrillogenic
APprME7O/67INL ;pgEN 14€X0n9 transgenic mouse concurrent with the
rise in levels of AP oligomers, and the decline in hippocampal LTP
and contextual memory, but prior to histologically detectable
amyloid deposition. We identified a number of genes involved in
ECM metabolism in the DE analysis, including MMP17, CHSY3,
ADAMTSL3, ADAM10, ADAMTS16 and ADAM12. The metallopep-
tidase ADAM10 is of particular note. This protease regulates
multiple Notch-1 pathway genes, and is associated with surface
shedding of neuronal proteins, including APP, and is the most
important basal a-secretase in the brain.” Postina et al.®®
demonstrated that the activation of ADAM10 had a beneficial
effect in APP transgenic mice, reducing amyloid burden and
improving cognition, and that expression of a catalytically inactive
mutant ADAM10 increased plaque deposition in these same APP
transgenic mice. Suh et al®® recently discovered two rare
mutations in the prodomain of ADAM10 that associate with
LOAD. Upregulation of ADAM10 in the fibrillogenic APP<M670/671NL,
PSENT4%*°"? mouse DG may represent a compensatory mechanism
for cleaving APP and degrading AR fibrils.

DEX analysis also identified multiple potential mediators of ECM
perturbations, including ABL2, which is associated with cytoskel-
etal organization, neural development and synaptic plasticity, and
AD-associated tau phosphorylation.”® The concordance of our
results with those described by Végh et al.®® demonstrates that
this finding is robust across experiments, and our study may assist
in providing a transcriptional context for these data, as well as
highlighting candidate molecular drivers of this ECM dysregula-
tion, including ADAM10, ABL2, EXT2 and SUZ12.

Mediators of microglial activation. We identified enrichment for
multiple microglial signatures in the DE signatures of fibrillogenic
mouse DG, oligomerogenic mouse EC and in the DEX genes of
oligomerogenic mouse EC. The role of microglia in AD pathology
has long been of interest”' and recent genetic studies have
renewed and focused interest in microglial dysfunction in AD,
including the identification of new risk loci at HLA-DRB5-HLA-
DRB1 (ref. 72) and the role for AD risk-associated gene CD33 in
regulation of microglial amyloid uptake and clearance.”®* An
exciting convergence was apparent in the identification of TREM2
(triggering receptor expressed on myeloid cells 2) as AD risk-
associated,>® which is bound by the DAP12/TYROBP adaptor
protein, highlighted in a computational network biology
approach® as central to LOAD pathophysiology. In our study, we
did not observe DE of TREM2, but did note an upregulation of
TYROBP in fibrillogenic mouse DG.

The identification of differentially spliced SENP1 and HNRNPLL
in the fibrillogenic mouse DG is also intriguing, in light of the role
of HNRNPLL in regulation of CD45 splicing patterns, and the
beneficial influence of SENP1 on HNRNPLL-mutant T cells. Given
the overexpression of CD45 in AD microglia,”’ the regulatory role
of CD45 in microglial activation’® and the dynamic regulatory
interactions between T cells and microglia,”® a role for SENP1 and
HNRNPLL regulation of CD45 in AD microglia should be further
explored.

IL10 is recently implicated in AD, following the observations of
elevated IL10 signaling in human AD subjects, the improvement in
AR clearance and cognitive deficits in IL10-deficient AD mice”®
and the inhibitory role of IL10 on microglial AR phagocytosis.”” We
did not observe DE of IL10 in our study but do note that IL10
receptor subunit beta (IL10RB) is differentially spliced in the
fibrillogenic mouse DG (vs wild type). In addition, using binding
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motif-based gene target sets, the zinc finger transcription factor
SP1, known as a key mediator of IL10 induction’® was identified as
the top transcription factor associated with DEX genes in the
fibrillogenic mouse DG (vs wild type) (Figure 3e). In addition to its
role in IL10 regulation, SP1 is also a co-activator of APP,°
BACE1 (ref. 80) and MAPT2' positioning it as an intriguing
molecular node at the crossroads of microglial activation, amyloid
and tau regulation. Zawia et al®? have reported on SP1 as a
potential therapeutic target in AD, demonstrating that degrada-
tion of SP1 in AD mice is associated with improvement of
cognitive deficits and AP. These data may provide a biological
context for the role of SP1 in AD.

Comparison of mouse AD model networks vs human LOAD gene
networks

We identified multiple significant overlaps between the DE and
DEX signatures of this study, and LOAD-associated gene co-
expression modules identified by Zhang et al,’ including the
‘immune and microglia’ module that contains TYROBP. A recent
large study describing gene co-expression of multiple AD mouse
strains across three brain regions and multiple time points®
reported very strong correlation between the expression of an
‘Immune’ co-expression module, and amyloid plaque density. This
module (‘M1’), which includes TYROBP and TREM2 as highly
connected genes, is in line with the findings of Zhang et al.® and
transitively suggests overlap with our findings for genes DE in the
fibrillogenic mouse DG.

We also note that in the Bayesian network built from case-only
samples by Zhang et al., TYROBP remained the most strongly
connected node in the immediate neighborhood of the DE
fibrillogenic DG genes, with connections to multiple other DE
genes, as well SUZ12 targets and ECM-associated genes.

Additional connections were made to LOAD-associated
co-expression modules with the top Gene Ontology terms
‘Neurogenesis’ and ‘Extracellular Matrix’, indicating that these
themes, and their molecular correlates in these mice have a
meaningful co-expression analog in human LOAD.

Summary

The novel data and analysis presented by this study offer several
new conclusions concerning molecular systems perturbations in
AD mouse strains. First, the broader corroboration of mouse
model molecular pathology by that occurring in human LOAD
validates the use of genetically manipulated mice to model the
pathogenesis and/or treatment of LOAD. This is especially
noteworthy given the recent speculation that current AD drug
discovery has failed, at least in part, because of the reliance on
mouse models®* Although neither of these mouse strains
represent a true model of LOAD, and therefore would not be
expected to inform on the molecular basis of altered AP clearance
that is seen in LOAD, they do offer a valuable opportunity for
detailed study of the damaging consequences of AB accumula-
tion, such as mechanisms of oligomer-induced toxicity. We found
that the integrated analysis of differential gene and exon
expression also highlighted multiple candidate mediators of
disease pathophysiology, such as the association of SUZ12 with
dysregulated neurogenesis in the dentate gyrus, and FMR1 as a
known suppressor of APP translation. When the data herein are
taken together with the recent realization that amyloid pathology
may precede clinical cognitive impairment by up to 30 years,?> as
well as with the recent success of aducanumab in modulating the
clinical and pathological features of LOAD,® the aggregated
observations tend to support the amyloid hypothesis. Specifically,
the formulation that the prior failure of human clinical trials is
primarily attributable to the focus on treatment of symptomatic
disease when the better application of amyloid-reducing strate-
gies would be toward prevention of the initial phases of
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amyloidosis by initiating intervention in middle age.2>%”7% Finally,
the combination of genetic linkage of TREM2 to AD and the
identification of several microglial phagocytic pathways through
integrative analyses of both the human LOAD brain'® and the
mouse AD model brain (this study) further strengthen
the attractiveness of microglia as targets for discovery of drugs
that modulate AD pathogenesis at the levels of both disease
initiation and disease progression.
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