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Abstract

Background Circular RNAs (circRNAs) are highly stable regulators, often accumulated in mammalian brains

and thought to serve as “memory molecules”that govern the long process of aging. Mounting evidence demon-
strated circRNA dysregulation in the brains of Alzheimer’s disease (AD) patients. However, whether and how circRNA
dysregulation underlies AD progression remains unexplored.

Methods We combined Poly(A)-tailing/RNase R digestion experimental approach with CARP, our published compu-
tational framework using pseudo-reference alignment for more sensitive and accurate circRNA detection to identify
genome-wide circRNA dysregulation and their downstream pathways in the 5xFAD mouse cerebral cortex between 5
and 7 months of age, a critical window marks the transition from reversible to irreversible pathogenic progression.
Dysregulated circRNAs and pathways associated with disease progression in 5xFAD cortex were systematically com-
pared with circRNAs affected in postmortem subcortical areas of a large human AD cohort. A top-ranked circRNA
conserved and commonly affected in AD patients and 5xFAD mice was depleted in cultured cells to examine AD-
relevant molecular and cellular changes.

Results We discovered genome-wide circRNA alterations specifically in 5xFAD cortex associated with AD progression,
many of which are commonly dysregulated in the subcortical areas of AD patients. Among these circRNAs, circGigyf2
is highly conserved and showed the highest net reduction specifically in the 7-month 5xFAD cortex. CircGIGYF2 level
in AD patients' cortices negatively correlated with dementia severity. Mechanistically, we found multiple AD-affected
splicing factors that are essential for circGigyf2 biogenesis. Functionally, we identified and experimentally validated
the conserved roles of circGigyf2 in sponging AD-relevant miRNAs and AD-associated RNA binding proteins (RBPs),
including the cleavage and polyadenylation factor 6 (CPSF6). Moreover, circGigyf2 downregulation in AD promoted
silencing activities of its sponged miRNAs and enhanced polyadenylation site processing efficiency of CPSF6 targets.
Furthermore, circGigyf2 depletion in a mouse neuronal cell line dysregulated circGigyf2-miRNA and circGigyf2-CPSF6
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axes and potentiated apoptotic responses upon insults, which strongly support the causative roles of circGigyf2 defi-

ciency in AD neurodegeneration.

Conclusions Together, our results unveiled brain circRNAs associated with irreversible disease progression in an AD
mouse model that is also affected in AD patients and identified novel molecular mechanisms underlying the dysregu-
lation of conserved circRNA pathways contributing to AD pathogenesis.

Keywords ncRNA, circRNA, miRNA, RNA-binding protein, Neurodegeneration, Alzheimer’s disease

Background

Alzheimer’s disease (AD) is an age-dependent neurode-
generative cortical dementia characterized by progressive
cognitive impairment along with neuronal loss [1-3]. The
complex etiology of AD combines multiple genetic and
environmental factors, which affect broad gene networks
along disease progression [4]. Over the past decades,
mounting efforts have focused on identifying and under-
standing the causal impacts of coding gene risk factors in
AD pathogenesis [5], represented by APP, PSEN1/2, and
APOE that serve as main therapeutic targets [6—8]. How-
ever, the contributions of regulatory non-coding RNAs
(ncRNAs), including small and long ncRNAs known to
govern the expression of broad gene networks, have been
increasingly appreciated in AD pathogenesis [9-11].
Among the distinct classes of ncRNAs, dysregulation
of microRNAs (miRNAs) in AD patients’ brains is well-
documented, which is thought to play important roles
in AD pathogenesis through regulating translation and/
or stability of their target mRNAs [12, 13]. In contrast,
the etiological landscape and downstream gene networks
of long noncoding RNAs that govern gene expression
via complex mechanisms distinct from that by miRNAs
remain largely undefined. Of particular interest is cir-
cular RNA (circRNA), which plays multifaceted roles in
post-transcriptional regulation and is thought to exert
long-term impacts on broad gene networks in the patho-
genesis of neurodegenerative diseases [14, 15].

CircRNAs are a class of single-stranded RNAs with a
closed loop structure ranging from around 100 bp to over
4 kb derived from “back-splicing” [16]. Growing numbers
of high-throughput transcriptomic analyses have aided in
the establishment of widespread circRNA expression pro-
files in metazoans [17, 18], with most circRNAs enriched
or specifically expressed in the brain. Compelling evi-
dence indicated the roles of circRNAs in modulating
post-transcriptional gene expression via sequestration
of miRNAs and RNA binding proteins (RBPs) [16—19],
which in turn regulate broad downstream biological
processes that govern normal neurodevelopment [20],
synaptic functions [21], and the aging process [22]. The
circRNA abnormalities found in various neurological and
neurodegenerative disorders [14, 23-25] strongly sug-
gest their roles in the pathogenesis and/or progression of

these diseases. Mechanistically, various RBP splicing fac-
tors bind to the flanking introns of circRNAs to modulate
their biogenesis [25, 26], whose malfunction collectively
underlies the dysregulation of the circRNA landscape in
diseased brains.

The circularized nature of circRNAs results in their
resistance to exoribonucleases, enabling them to accu-
mulate in the brain during aging [27]. In the cerebral
cortex of the elderly mice, circRNAs are proposed to
serve as “memory molecules” that encode information
for cognitive function [28, 29]. Hence, dysregulation of
circRNAs has long been postulated as a contributing fac-
tor for aging-related cognitive disorders, represented by
AD. Indeed, several publications exploited the data sets
collected from a large AD cohort from the Mount Sinai
Brain Bank (MSBB) to evaluate genome-wide circRNA
profile changes in multiple postmortem subcortical areas,
whose atrophy is most strongly correlated with cogni-
tive decline [14, 24, 30, 31]. However, these human brain
samples represent the end point of the disease. Hence,
whether and how dysregulation of these cortical circR-
NAs contributes to AD pathogenesis and/or accelerates
disease progression remains elusive. Moreover, molecu-
lar mechanisms underlying circRNA dysregulation and
the functional consequences of circRNA abnormalities
that lead to the formation of pathological networks that
contribute to AD pathogenesis are largely undefined.

Given the facts that circRNAs harbor conserved exons
and potentially shared functions between human and
mouse [20, 32], we set out to explore circRNA dysregu-
lation associated with AD pathogenic progression in the
5xFAD genetic mouse model, which expresses human
APP and PSENI that carry five AD-associated mutations
with well-characterized phenotypic onset time [33-36].
Using A-tailing (poly(A)-tailing/RNase R digestion) [37]
coupled with our recently published computational algo-
rithm CARP (CircRNA identification using A-tailing
RNase R approach and Pseudo- reference alignment)
[38], we systematically characterized circRNA landscape
alterations associated with pathogenic progression of AD
in the 5xFAD cerebral cortex. We specifically focused on
the 5 and 7 months of age, a critical window that marks
the transition from early reversible pathology to irrevers-
ible phenotypic manifestation of AD [33, 35]. Hundreds
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of circRNAs displayed dysregulation specifically asso-
ciated with the rapid phenotypic progression; many are
also affected in AD patients in brain region-specific man-
ners. In addition, we discovered corrupted cooperation
between many circRNAs and aberrant circRNA isoform
switching, which led to dysregulation of miRNA silenc-
ing activity on their mRNA targets. Among the disease
progression-associated circRNAs identified in the 5xFAD
cortex, circGigyf2 is the most severely affected, highly
conserved between mouse and human, and progressively
downregulated in the postmortem brains of AD patients
along with increased cognitive deterioration. Moreo-
ver, we identified AD-affected RBPs that control circGi-
gyf2 biogenesis and AD-associated miRNAs and RBPs
sponged by circGigyf2, which in turn caused disfunc-
tion of downstream pathways. Finally, we demonstrated
the causative roles of circGigyf2 deficiency in altering
AD-associated miRNA and RBP pathways and increased
neuron apoptotic responses. These results unveiled novel
pathological gene networks centered on cortical circRNA
abnormalities that contribute to the pathogenesis of AD
neurodegeneration.

Methods

Animals and cell line

5XxFAD mice and age-matched control wild-type lit-
termates were obtained from the Jackson Laboratory
(wild type: C57BL/6 ] 000664; 5xFAD: C57BL/6 ] 5xFAD
034848). Cerebral cortex and hippocampus were col-
lected at 5 and 7 months of age. All animal procedures
and protocols were approved by the Emory University
Institutional Animal Care and Use Committee (Protocol
ID: PROTO201800040). All mice were housed on a 12-h
light—dark cycle (7 am—-7 pm) with ad libitum access to
food and water and controlled around 50% humidity. Pup
tail biopsies were performed at a minimum age of 12 days
old for identification and genotyping. The methods of
euthanasia were carried out using isoflurane anesthe-
sia induction by open drop. Neuro-2a (N2a) cells were
cultured using the standard protocol from ATCC (CCL-
131). CAD (Cath.-a-differentiated) cells were maintained
as described previously [39].

siRNA-mediated knockdown of RNA binding proteins

and circRNA

siRNAs were designed using GenScript online tool
(https://www.genscript.com/tools/sirna-target-finder)
and transfections were performed using Lipofectamine
2000 Reagent (Invitrogen, 11,668,019) according to the
manufacturer’s protocol. To knockdown RNA-binding
proteins (RBPs) important for circGigyf2 biogenesis, N2a
cells were transfected with 200 pmol hnRNPL siRNA
(GCCUACGCGUUUAAAUGUA), KHSRP siRNA (GUA
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CAGCAAGCCUGUGAGA), RBM39 siRNA (GUUGGU
CACGUUACUGAAC), and negative control scram-
ble siRNA (ACGGAACGAATTAAGACAGUU). After
transfection for 48 h, RT-qPCR was performed to vali-
date the knockdown efficiency of each RBP. To knock-
down circGigyf2 in CAD cells, the siRNA (AUGUAG
GCUCCGUGCUCUGUCUU) targeting circGigyf2-spe-
cific back-splice junction (BS]) site was transfected into
CAD. RT-qPCR was performed 48 h post transfection
with divergent primers amplifying circGigyf2 BS] site to
evaluate the knockdown efficiency.

RNA isolation and quantification

Mouse brain cortex, hippocampus tissue samples, as
well as CAD and N2a cell pellets were homogenized
in 1 mL TRIzol (Invitrogen, 15,596,018) and incu-
bated at room temperature for 5 min; 200puL chloro-
form was added, thoroughly mixed, incubated at room
temperature for 15 min, and centrifuged at 13,000 g
for 20 min at 4 °C. Total RNA was precipitated from
600 pL supernatant in 60 pL NaAc (3 M, pH 5.2), 4
uL glycogen (5 mg/mL), and 600 pL 100% isopropanol
for at least 30 min at—80°C; 500 ng RNA was reverse
transcribed (RT) using SuperScript III First Stand
Synthesis System (Invitrogen, 18,080,051) with ran-
dom hexamers for downstream qPCR analysis. All RT
and qPCR experiments were performed in triplicate
and analyzed using the relative quantification (AACt)
method with Actin or Gapdh as the normalization
control. All tested primers are provided in Additional
File 1: Table S1. To quantify circRNA levels, divergent
primers were designed to span the circRNA back splice
junction (BS]) specifically amplifying the circRNAs
and not the counterpart linear RNA.

Poly(A)-tailing coupled with RNase R treatment (A-tailing)
The A-tailing/RNase R approach was described in a
recent publication [37]. Briefly, 4 pL E. coli Poly(A) poly-
merase I (E-PAP) and 40U RNase inhibitor were added to
10 pg total RNA in a 50 pL reaction following the poly(A)
tailing kit (Invitrogen, AM1350). The reactions were
incubated for 1 h at 37 °C, purified using the RNA Clean
& Concentrator-25 kit (Zymo Research, R1018), and
eluted with 25 uL nuclease-free water. For RNase R treat-
ment, the RNA products were treated with 10 U RNase
R, 3 uL 10xRNase R Buffer with LiCl solution (0.2 M
Tris—HCI pH 8.0, 1 mM MgCl,, and 1 M LiCl), and 80U
RiboLock RNase Inhibitor (40 U/uL, Thermo Fisher Sci-
entific, EO0382) as published [37]. The RNA products
were purified using the RNA Clean & Concentrator-25
kit and eluted in 30 pL nuclease-free water.
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Library preparation and rRNA-depleted RNA-seq

A-tailing RNA was quantified by Qubit RNA High Sen-
sitivity Assay (Thermo Fisher Scientific) and quality
was determined by Bioanalyzer 2100 Eukaryote Total
RNA Pico (Agilent Technologies). rRNA-depleted
RNA-seq libraries were generated according to previ-
ously described protocols [40]. Briefly, the Ribo-Zero
rRNA Removal Kit was used to deplete ribosomal
RNAs. Libraries were constructed using the NEBNext
UltraTM RNA Library Prep Kit according to the manu-
facturer’s instructions. Library quality and concentra-
tions were assessed by Tapestation High Sensitivity
D1000 ScreenTapes (Agilent Technologies, 5067-5584)
and qPCR, respectively. Libraries were equimolarly
pooled and sequenced on the Hiseq platform with 150
PE/read length and a target of 80 M total reads (40 M in
each direction) per sample (Admera Health LLC).

CircRNA identification and characterization using CARP

CircRNAs were identified and quantified using pseudo-
reference annotated reads from A-tailing libraries by
CARP [38]. First, candidate circRNA identification
was performed by applying four different algorithms
with default parameters (CIRCexplorer2, CIRI-quant,
find_circ, and MapSplice) on A-tailing RNA-seq
reads. Candidate circRNAs identified in each sam-
ple were then pooled and “CARP PseudoRef” was uti-
lized to construct a pseudo-reference covering 149 bp
of the flanking BS] site for each candidate circRNA.
RNA-seq reads were aligned to the pseudo-reference
to detect candidate BS] reads by “CARP Mapping”
“CARP Remap” was used to detect and filter out false
reads that could also be mapped to the genome or tran-
scriptome. The remaining reads were used for circRNA
quantification by “CARP ReadsCount.” To determine if
the circRNA was enriched in the A-tailing library, the
ratio of the reads count in the A-tailing library to the
control library was calculated. Expression of the last
exon was calculated to represent linear RNA expression
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Differential analysis of circRNAs and circRNA clusters
CircRNA expression was quantified in triplicates for
each group and normalized using the A-tailing and
control libraries as described in our recent publication
[38] using the following formula:

Normalized reads count for each circRNA obtained by
“CARP ReadsCount” were used for differential expres-
sion (DE) circRNA analysis by Z-test approached used
in our published circMeta algorithm[41]. Significant DE
circRNAs were defined by FDR<0.05. CircRNAs with
significant changes in expression in 7-month 5xFAD
mice were used to create a heatmap of their expression
changes at 5 and 7 months using an in-house R script.

CircRNA clusters were defined as circRNAs shar-
ing one common BSJ site, including the alternative 3’
back splicing (A3BS) and the alternative 5" back splic-
ing (A5BS) clusters, by “CircCluster” CircRNA cluster
expression was calculated by cumulating the pseudo-ref-
erence mapped reads count of all circRNAs in that cluster
and normalizing it to the A-tailing and control libraries.
Normalized reads count for each circRNA cluster were
used for DE analysis by Z-test with FDR <0.05. Isoform
proportions in each cluster were calculated based on
dividing isoform-specific BS] reads by total cluster BS]
reads. Dominant isoform was defined as the isoform of
the highest abundance in that cluster.

CircRNA full-length annotation and functional prediction
CircRNA full-length was determined by “CARP CircAS”
using A-tailing RNA-seq data. Junction reads in the cir-
cRNA body were summarized and Z-test was used for
circRNA isoform switch detection using P<0.05 and
|Inclusion level difference|>20% as cutoff. Using “CARP
CircNetwork,” miRNA binding was predicted by TargetS-
can based on circRNA full length determined by “CARP
CircAS” miRNA soaking capacity by each circRNA was
calculated by the following equation considering both
circRNA abundance and number of miRNA binding sites
in each circRNA molecule:

Soaking Capacity = circRNA expression x Zn . (logistic probability of ith binding site)
=

by CARP. The ratio of the last exon of the host gene,
which does not form a circRNA, was also calculated
for comparison by CARP. To remove circRNAs that are
sensitive to A-tailing/RNase R treatment, a cutoff was
set for A-tailing/control ratio for the last exons >95%.
CircRNAs with A-tailing/control ratios higher than the
cutoff were considered Bona fide circRNAs while those
with ratios lower than the cutoff were considered false
positives and removed, guaranteeing an FDR <0.05.

To evaluate the changes in miRNA activity, log, fold
change of top 10% targets defined by weighted con-
text+ +score predicted by TargetScan was compared
to log, fold change of non-miRNA targets. t-test with
P<0.05 was used to determine if there was a significant
difference between miRNA top targets and non-miRNA
targets, which indicates changes in miRNA activities.

CircRNA-RBP bindings were predicted by “CARP Cir-
cRBP” with integrated machine learning algorithm CRIP
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[42]. CircGigyf2-RBP-AD risk score for each RBP are
calculated based on their binding probability to circGi-
gyf2 and their association to AD risk using the following
equation:

Risk score = — logll’(;value[RBP targets, AD risk genes]
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were digested in lysis buffer (NaCl 150 mM, Tris—Cl
25 mM, pH-7.5, DTT 5 mM, 0.5% IGEPAL, 60 U/mL
SUPERase In RNase Inhibitor (Invitrogen, AM2696), and
1 X Protease Inhibitor (Roche, 04693116001) at 4°C for

x Binding Probability[circGigyf2, RBP]

where the AD risk genes were defined by relevance
score>2 from GeneCards (https://www.genecards.org/
Search/Keyword?queryString=AD). RBP binding for
skipped exons of circCcdc50 was predicted by RBPsuite,
as CRIP is unable to analyze short fragments [43].

Validation of cassette exon exclusion in circCcdc50

RNA products were treated using the A-tailing/RNase
R approach as described above and then eluted in 30 pL
nuclease-free water using the RNA Clean & Concentra-
tor-25 kit; 8 uL cleaned RNA were reverse transcribed
(RT) and performed qPCR experiments following the
above described. The primers were designed to span the
junction site specifically in isoforms with cassette exon
inclusion and exclusion of circCcdc50 (Additional File 1:
Table S1).

Predict RBP binding to circRNA flanking introns
NCBI37/mm9 mouse genome assembly gene structure
annotation and sequence extraction by “bedtools get-
fasta” were used to determine DE circRNAs flanking
introns. 137 RBPs’ binding probabilities were predicted
by CRIP (CircRNAs Interact with Proteins) for the flank-
ing introns based on their sequence [42]. Only RBPs
located in the nucleus were considered as candidate cir-
cRNA biogenesis regulators [44].

Expression analysis for mRNAs

Sequencing reads from the control library were aligned
to mm9 by TopHat 2.1.0 [45] using default parameters.
Aligned bam files were used for DE genes between
5xFAD and CTL at each time point using Cuffdiff [46].
DE genes were defined by g-value<0.05. GO analysis
for DE genes was performed using Protein Annotation
Through Evolutionary Relationship (PANTHER) [47].
RNA-seq data for CPSF6 overexpression was down-
loaded from Gene Expression Omnibus (GSE179630)
[48] to identify CPSF6 targets.

CircRNA-miRNA pull-down assay

Biotinylated circGigyf2 probe (/5Biosg/CACTGGACA
GAGCACGGAGCCTACATCTTT) and the scramble
control probe (/5Biosg/AGCCTCGGTTAACGTGAT
GATGCGAGCTAA) were synthesized by Integrated
DNA Technologies, Inc. Mouse brain cortex samples

2 h with rotation. Following centrifugation at 12,000 g
for 10 min at 4 °C, 10% volume of cleared lysates was
removed as input. The rest of the cleared lysates (90%)
were incubated with 8 pg biotinylated probe and rotated
at 4 °C overnight. The next day, 75 pL streptavidin C1
magnetic beads (Invitrogen, 65,002) were mixed with
probe-lysate solution and rotated for 3 h at 4 °C. The
beads were washed three times with wash buffer (KCl
10 mM, MgCl2 1.5 mM, Tris—Cl 10 mM pH 7.5, DTT
5 mM, NaCll M, 0.5% NP-40, 60U/ mL SUPERase In
RNase Inhibitor, and 1 X Protease Inhibitor), each time
being vortexed 15 s and incubated 1 min at room tem-
perature. The beads were resuspended in 300 pL nucle-
ase-free water, vortexed for 15 s and incubated 95 °C for
5 min. The beads were placed on a magnetic rack for
5 min, and 300 pL supernatant were transferred to new
tubes with equal volume phenol:chloroform:isoamyl
alcohol (25:24:1, pH 6.8). RNA was precipitated in 30 pL
NaAc (3 M, pH 5.2), 2 pL glycogen (5 mg/mL), and 300
puL 100% isopropanol overnight at—80°C. RNA pellets
were collected by centrifugation at 20,000 g for 20 min
and washed with 75% ethanol. The same volume RNA
was reverse transcribed (RT) into cDNA with random
hexamers for circGigyf2 pull-down efficiency analysis.
All RT and qPCR experiments were performed in tripli-
cate and analyzed using the AACt method with circRNA
expression input as the normalization control. All RT-
qPCR primers are provided in Additional File 1: Table S1.

Quantitative detection of miRNAs

RT-qPCR quantification of miRNAs was performed using
TagMan Advanced miRNA Assay (Applied Biosystems,
A28007). Briefly, 2 pL circGigyf2 pull-down RNA sam-
ples underwent poly(A) tailing with poly(A) enzyme and
adapter ligation with RNA ligase and ligation adapter.
The RT reaction was added to each adapter ligation
reaction, and the mixtures were incubated at 42 °C for
15 min and 85 °C for 5 min; 5 pL RT reaction products
were added to 45 pL miRNA-amplification (miR-Amp)
reaction mix and amplified in thermocycler. TagMan
Advanced miRNAs Assays (Additional File 1: Table S1)
were used to detect the binding of miRNAs to circGigyf2
by RT-qPCR utilizing a 1:10 dilution of cDNA template
(miR-Amp reaction products). The relative quantification
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(AACt) method was used with miRNA expression input
as the normalization control.

CircRNA-RBP pull-down assay

Mouse brain cortex samples were digested in cold lysis
buffer (150 mM NaCl, 10 mM Tris—Cl pH 7.5, 1 mM
EDTA, 1 mM EGTA, 0.5% NP-40, 1% Triton X-100, 0.1%
SDS, 60 U/mL SUPERase In RNase inhibitor, 1 X protease
inhibitor) at 4 °C for 2 h with rotation. Lysates were cen-
trifuged at 12,000 g for 10 min at 4 °C, and 5% volume
cleared lysates were saved as input. The rest of the cleared
lysates (90%) were rotated with 8 pg biotinylated probe
for 4 h at 4 °C; 75 pL streptavidin C1 magnetic beads
were added and rotated for 3 h at 4 °C. The beads were
washed three times with cold lysis buffer, each time being
vortexed 15 s and rotated for 5 min at 4 °C. The circGi-
gyf2 pull-down RBPs were analyzed by western blot.

Changes of miRNA activity and proximal PAS processing
efficiency

To investigate miRNA activity changes, conserved
miRNA targets were retrieved from TargetScan database
and top 10% ranked miRNA targets based on weighted
context+ +score were considered as confident miRNA
targets [49]. Log, fold changes of miRNA targets and
non-miRNA targets were calculated and compared by
student ¢-test, miRNAs with P<0.05 considered sig-
nificantly activity change. Polyadenylation site (PAS) of
mouse (mm9) was retrieved from PolyA_DB V3.2 and
reads spanning each proximal PAS were counted by fea-
tureCounts [50, 51]. Reads were normalized to counts
per million mapped reads and compared between 5xFAD
and their control littermates. PAS spanning reads with
|log, fold change>0.5| were considered as increased or
decreased PAS processing efficiency.

Western blot

The RBPs pulled down by circGigyf2 were boiled in
2xLaemmli loading buffer for 9 min at 95 °C prior to
western blot analysis. The following antibodies were used
in this study (Additional File 2: Table S2): rabbit anti-
CPSF6 (1:3000, Abcam, AB99347), mouse anti-GAPDH
(1:5000, Invitrogen, AM4300), abbit anti-QKI (1:2000,
ThermoFisher Scientific, A300-183A), and mouse anti-
TDP43 (1:3000, Proteintech, 10,782—-2-AP).

Assessment of cell apoptosis

Eighteen hours after transfection of circGigyf2 siRNA,
CAD cells were treated with 25 pM C2-ceramide for 6 h
as described previously [52]. TUNEL Assay Kit-BrdU-
Red (Abcam, ab66110) was then used to detect cell apop-
tosis according to the manufacturer’s instructions. The
TUNEL assay images were captured by Nikon Eclipse
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Ti-E microscope with fluorescence BrdU-Red and DAPI.
Percentage of cell apoptosis was calculated using the
numbers of BrdU-Red + cells divided by the numbers of
DAPI-labeled total cells.

Human postmortem brain data analysis

RNA-seq data for multiple human postmortem subcor-
tical areas including the frontal pole (BM10, n=317),
superior temporal gyrus (BM22, n=324), parahippocam-
pal gyrus (BM36, n=311), and inferior frontal gyrus
(BM44, n=301) generated from Mount Sinai Brain Bank
(MSBB) cohort were downloaded from Synapse database
(https://www.synapse.org/Synapse:syn7416949) [31].
CIRCexplorer2 was used to quantify circRNA expres-
sion in each sample and only circRNA expressed (Junc-
tion Reads Count > 2) in more than 30 samples were used
for AD correlation analysis [38]. CircRNA expression
was then correlated with AD clinical dementia rating
(CDR) using DESeq2 with post-mortem interval (PMI),
age of death (AOD), sex, and batch as covariates [53].
Gene expressions were quantified by featureCounts and
correlated with AD CDR using DESeq2 with the same
covariates [51]. PAS of human (hgl9) was retrieved from
PolyA_DB V3.2 and reads spanning each proximal PAS
counted by featureCounts were correlated with AD CDR
using DESeq2 to determine proximal PAS processing effi-
ciency change in AD [50].

Statistics

Differential analyses of circRNAs, circRNA clusters, and
circRNA isoform changes were performed by Z-test after
normalization to A-tailing libraries and untreated librar-
ies [38]. mRNA differential analysis was conducted by
Cuffdiff [54]. DESeq2 linear regression model was used
to calculate circRNA, mRNA, and proximal PAS process-
ing efficiency changes in human postmortem brains [53].
miRNA activity changes were compared between miRNA
top targets and non-miRNA targets using unpaired ¢-test.
Unpaired ¢-tests were also used for comparison between
two conditions for RT-qPCR, western blot quantification,
and cell apoptosis quantification. Pearson correlation
was used for quantitative correlation analysis. Spearman
correlation was used for correlation analysis for ranked
factors. Significant overlapping between gene sets was
determined by exact binomial test.

Results

Identification of altered circRNA landscape in the cerebral
cortex of the 5XxFAD mice associated with pathological
progression toward irreversible phenotypes

Mutations in APP and PSENI have been linked to the
dominant inheritance of early onset of familial AD [5].
The 5xFAD transgenic mice express human APP and
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PSENI with five AD associated mutations and reca-
pitulate major milestones of AD pathology with well-
characterized phenotypic onset time [33-36], hence
offering a reasonable model for studying pathological
alterations of the circRNA landscape that contribute
to AD pathogenesis. The 5xFAD mice show early Ap
plaque deposition in cortex and start to exhibit mem-
ory impairment when reaching 5 months of age while
develop massive AP accumulation and severe memory
defects at 7 months of age (Fig. 1A and Additional
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File 3: Table S3). Moreover, therapeutic treatments of
5xFAD mice at 5 months of age have been reported to
prevent or ameliorate the rapid progression of AD phe-
notypes whereas 7 months of age denotes a therapeuti-
cally irreversible stage (Additional File 3: Table S3) [55,
56]. Thus, we explored whether and how the cortical
circRNA landscape is differentially affected at 5 and
7 months of age, which may contribute to the transi-

tion toward irreversible disease progression of AD
(Fig. 1A).

Expression Log, Fold Change

= B

1l

(NN

5m CTL s

5m 5xFAD
7m 5xFAD

5xFAD vs CTL
m 5xFAD vs CTL

5m
7

Fig. 1 Identification of circRNA landscape changes in 5XFAD mouse cortex associated with irreversible AD progression. A Milestone AD phenotypes
in 5-month and 7-month 5xFAD mice utilized for experimental design. Mouse cerebral cortex (highlighted in blue) from 5xFAD and their littermate
controls were used for circRNA analysis. B-C Downregulated (blue) and upregulated (red) circRNAs were detected in 5-month (B) and 7-month
5xFAD cerebral cortex (C) compared to their age-matched wildtype control littermates (CTL) (FDR < 0.05, Z-test). X-axis and Y-axis represent the log,
fold change and -log, ,FDR between 5xFAD and CTL mice. D Heatmaps of AD-associated circRNA expression levels (left) and log, fold change (right)

in 5-month and 7-month AD and CTL littermates
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We utilized in vitro poly(A)-tailing and RNase R diges-
tion [37] in combination with the pseudo-reference-
based computational framework (A-tailing/CARP)
established in our previous study [38] (Additional File 4:
Fig. S1A) to determine genome-wide circRNA landscape
from triplicated 5- and 7-month-old 5xFAD cerebral cor-
tex along with their wild-type littermate controls (CTL).
This method takes advantage of the resistance of circR-
NAs to RNase R digestion while linear transcripts are
universally and completely removed (Additional File 4:
Fig. S1B). The pseudo-reference was built upon candi-
date circRNAs identified from several algorithms based
on RNA-seq reads spanning circRNA back-splice junc-
tions [57-60]. Given the variations among these pipe-
lines (Additional File 4: Fig. S1C) [61], CARP has been
demonstrated to achieve superior sensitivity, reliabil-
ity, and reproducibility for circRNA identification and
quantification from A-tailing dataset [38]. As a result,
full-length bona fide circRNAs are accurately identified
and quantified, allowing us to explore their functions as
molecular decoys. The last exon could not form circRNA
due to the lack of downstream flanking intron. Thus, the
last exon reads count ratio between libraries with and
without A-tailing/RNase R treatment was used as refer-
ence to define RNAs that were sensitive or resistant to
the A-tailing/RNase R process with false discovery rate
(FDR) <0.05 (Additional File 4: Fig. S1D). This helped us
to filter out false-positive circRNAs that are actually sen-
sitive to RNase R treatment [38].

We went on to perform circRNA differential expres-
sion (DE) analysis and identified 342 and 467 circRNAs
that were significantly dysregulated in 5xFAD cortex at 5
or 7 months of age (FDR<0.05, Fig. 1B, C), respectively.
Of note, circRNA fold changes calculated by CARP were
highly correlated with fold changes calculated by another
algorithm CIRIquant (Additional File 4: Fig. S1E). Impor-
tantly, no significant changes were detected in linear
transcripts derived from the same host genes that give
rise to the DE circRNAs in the 7-month 5xFAD cortex
(Additional File 4: Fig. S1F and Additional File 5: Table S4
and Table S5), indicating that circRNAs, but not their
host genes, are specifically affected.

To identify circRNAs associated with irreversible AD
progression, all DE circRNAs identified in the 7-month
5xFAD cortex compared to CTLs were further classi-
fied into four groups based on their differential trends
of alterations relative to their changes at the 5 months of
age (Fig. 1D and Additional File 5: Table S4). Group I DE
circRNAs showed progressive increase in the 5xFAD cor-
tex compared to CTL from 5 to 7 months of age whereas
Group IV displayed a continuous decline, suggesting
their progressive and accumulative roles during early
AD pathological advancement. In contrast, DE circRNAs
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in Groups II and III showed dysregulation in oppo-
site directions in the 5xFAD cortex at 5 and 7 months,
respectively. Group II switched from a trend of increase
at 5 months to downregulation at 7 months whereas
Group III switched from decrease to upregulation, hence
are most likely involved in stage-specific AD pathology.

To identify AD-associated circRNAs that are conserved
and commonly affected in AD mice and AD patients, we
systematically compared circRNA landscape changes in
the 7-month-old 5xFAD cortex with DE circRNAs found
in AD patients. The publicly available RNA-seq data
from the Mount Sinai Brain Bank (MSBB) cohort studies
derived from four different cortical areas, namely fron-
tal pole (BM10), superior temporal gyrus (BM22), para-
hippocampal gyrus (BM36), and inferior frontal gyrus
(BM44), were used [31]. Published circRNAs profiling
in human AD entorhinal cortex from an independent
cohort, which is affected in the initial stage of AD, were
also included in the analysis [30]. Despite the aging-pro-
grammed circRNA landscape differences [29, 62], the
mouse cortical circRNA landscape at 7 months of age
showed 13.14% to 16.34% overlap with those in the above
subcortical areas of the aged human cohort (Additional
File 4: Fig. S2A). Hundreds of these conserved circRNAs
are commonly dysregulated in both the 5xFAD mouse
cortex and human postmortem subcortical areas, among
which BM10, BM22, BM36, and BM44 harbor compara-
ble percentages of upregulated (7.13-8.46%) and down-
regulated (12.84—14.77%) circRNAs overlapping with the
total dysregulated cortical circRNAs in 7-month 5xFAD
mice (Additional File 4: Fig. S2B, C). However, a mark-
edly lower percentage of dysregulated circRNAs (2.50%
upregulated and 2.04% downregulated) overlaps between
AD entorhinal cortex and 7-month 5xFAD cortex
(Additional File 4: Fig. S2B, C). These data suggest that
conserved circRNAs dysregulated at the irreversible pro-
gression point of AD in 5xFAD cortex are also affected
in AD patient brains, in a region-specific manner. Fur-
ther analysis revealed that although the overall baseline
circRNA expression profiles substantially overlap among
the human entorhinal cortex and the BM36/44 sub-
cortical areas (Additional File 4: Fig. S2D), AD-affected
circRNAs (circRNAs changed in AD) in the entorhinal
cortex are remarkably different from those affected in the
BM36/44 subcortical areas, two most vulnerable cortical
areas related to AD pathology (Additional File 4: Fig. S2E
and F) [63].

To further explore the brain region specificity of AD-
associated circRNAs, we performed circRNA DE analy-
sis in the 7-month 5xFAD mouse hippocampus, a brain
region also severely affected in AD (Additional File 4:
Fig. S3A). We identified 7025 total and 264 DE circRNAs
(Additional File 4: Fig. S3B, C). Although 6329 (90.09%)
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circRNAs identified in 7-month mouse hippocampus are
also expressed in mouse cerebral cortex (Additional File
4: Fig. S3B), only 5 (1.89%) circRNAs were commonly
affected in 5xFAD cortex and hippocampus (Additional
File 4: Fig. S3D, E). The distinct circRNA landscape dis-
ruption in 5xFAD cortex and hippocampus, together
with the subcortical region-specific dysregulation of cir-
cRNAs in human AD patients (Additional File 4: Fig. S2),
demonstrated brain-region-specific circRNA abnormali-
ties, which may contribute to the temporospatial differ-
ences in AD pathological progression and phenotypes.
To determine cell composition in 7-month-old 5xFAD
and their littermates, we applied a well-established
deconvolution approach CIBERSORT that can accu-
rately infer cell-type abundance and cell-type-specific
gene expression from RNA profiles of intact tissues [64],
using RNA-seq from different types of brain cells iso-
lated by immunopanning [65]. Consistent with the pre-
vious pathology studies, the output from CIBERSORT
confirmed a neglectable cell proportion and abundance
change (<2%) between 7-month 5xFAD and their litter-
mate controls, ruling out the impact of neuronal loss in
circRNA landscaping (Additional File 4: Fig. S3F).

Functional cooperation by multiple AD-affected circRNAs
underlie dysregulation of the miRNA-mRNA axis

in the 5xFAD cortex

The number of cortical circRNAs (16,367) in CTL iden-
tified by A-tailing/CARP far exceeded the cortical cir-
cRNAs available in circBase (1770) that were mainly
identified based on back splice junction (BSJ) reads from
total RNA libraries without poly(A)-tailing RNase R
digestion (Fig. 2A and Additional File 4: Fig. S3G) [20].
The 15,045 circRNAs detected specifically by A-tail-
ing were expressed at significantly lower levels (BS]
reads count<10) than the commonly detected circR-
NAs (P<2.2x107', t-test), demonstrating that A-tail-
ing/CARP is more sensitive and effective in detecting
low abundance circRNAs (Fig. 2B). We next explored
whether multiple distinct circRNAs, especially those
low abundance circRNAs detected by A-tailing/CARP
but missed by traditional circRNA detection methods,
may exert concomitant effects to silence miRNAs. One
miRNA, miR-122-5p, is aberrantly upregulated in the
brain of AD patients [12, 66, 67]. We found a significantly
cumulative reduction of miR-122-5p top mRNA targets
in the 5xFAD versus WT mouse cortex at 7 months of
age (P=0.01) as compared to log, fold change of mRNAs
that are not targeted by miR-122-5p (Fig. 2C). Such
alterations were not observed in 5-month 5xFAD cor-
tex (P=0.26, data not shown). This result revealed miR-
122-5p hyperfunction upon irreversible AD progression.
To explore whether and how AD-affected circRNAs may

Page 9 of 24

underlie miR-122-5p hyperfunction, we searched for
miR-122-5p binding sites in each dysregulated circRNA
in the 7-month 5xFAD cortex. Forty-five downregulated
circRNAs and 30 upregulated circRNAs were identified
that harbor miR-122-5p binding sites (Fig. 2D). Thus,
the hyperactivity of miR-122-5p in the 5xFAD cortex
likely results from the cooperation of multiple dysregu-
lated circRNAs, among which the additive soaking effects
by downregulated circRNAs apparently outweigh the
impacts of the upregulated circRNAs (Fig. 2D).

Among these 35 miR-122-5p-interacting circRNAs
that are downregulated and expected to contribute to
miR-122-5p hyperactivity in the 5xFAD cortex, 31 were
expressed at low abundance (BS] RC<10) and collec-
tively contained 33 binding sites, whereas 4 high abun-
dance circRNAs (BS] RC > 10) together contain 5 binding
sites (Fig. 2E). Using the Software for Statistical Fold-
ing of Nucleic Acids and Studies of Regulatory RNAs
(Sfold) [68], the circRNA-miRNA binding probability
for each site was predicted based on the RNA-interact-
ing sequence, thermodynamics, and target structure
features at the predicted miRNA binding sites [69]. We
found that the miRNA-binding probability for each pre-
dicted site on the high- and low-abundance circRNAs did
not differ significantly (Fig. 2F), suggesting that each of
these circRNAs could contribute to the sequestration of
miR-122-5p. Hence, the total capacity for soaking miR-
122-5p is defined as the sum of each circRNA’s soaking
ability, calculated by the circRNA expression level times
total miR-122-5p binding probability (see “Methods”).
As a result, low-abundance circRNAs were collectively
responsible for 30.62% of the total sponging capacity for
miR-122-5p (Fig. 2G), which has been overlooked due to
less sensitive detection methods used. The high-abun-
dance circRNAs contributed to the remaining 69.38%
soaking capacity. These results suggest that multiple cir-
cRNAs can cooperate and exert additive effects for the
sequestration of a specific miRNA, and the precise cir-
cRNA regulation can be underestimated if only focusing
on high abundant ones. Hence, dysregulation of circR-
NAs at low abundance, each displaying an unfavored sto-
chastic ratio to a miRNA, could act collectively to make
a substantial contribution in regulating the miRNA-
mRNA axis in diseased brains.

CircRNA isoforms are dysregulated during pathologic
progression in the 5xFAD cortex, which alter activities

of bound miRNAs and RBPs and downstream mRNA
targets

Multiple circRNA isoforms derived from the same host
gene with various lengths but contain common sequences
through alternative back splicing from the shared com-
mon 3’ BSJ site are referred as circRNA clusters [17,
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19]. We identified 440 significant DE circRNA clusters
in 7-month 5xFAD cortex compared to CTLs (Fig. 3A).
Nearly half (212 out of 440) of the significant DE cir-
cRNA clusters did not harbor any significant DE indi-
vidual circRNAs identified in Fig. 1C. The expression of
each circRNA within a given cluster is usually a fraction

of the overall expression of that cluster. Therefore, many
individual circRNAs in a cluster might not reach statisti-
cal significance in DE analysis, but circRNAs within the
cluster can work together as a group. The function of
these clustered circRNAs will be overlooked if only AD-
associated individual circRNAs were examined. Among
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cluster Ulk4 is highlighted by a blue triangle. B Schematic of the circRNA cluster Ulk4, including seven circRNAs that share a common 3'back splicing
site. The genomic coordinates of the 5’ back splicing sites for each circRNA are indicated. C Cumulative expression levels of the Ulk4 circRNA cluster
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views show that the common sequence of the Ulk4 circRNA cluster is specifically downregulated in 7-month, but not 5-month, cortex of 5xFAD
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them, the Ulk4 circRNA cluster, which contains seven
non-significantly changed circRNA isoforms (Fig. 3B),
became significantly downregulated in 7-month 5xFAD
cortex but not affected at 5-month of age (Fig. 3C, D).
The common sequence of the Ulk4 circRNA cluster
was predicted to bind the AD-associated miR-122-5p
(Fig. 3B). Hence, deficiency of the Ulk4 circRNA cluster,
together with multiple individual DE circRNAs (Fig. 2E),
collaboratively contribute to miR-122-5p hyperactivity
observed in the 7-month 5xFAD cortex (Fig. 2C). To our
knowledge, this is the first example for additive effects by
circRNAs within a cluster that fine-tune the activities of
AD-related miRNAs.

CircRNA isoforms are also derived from alternative
splicing (AS) of cassette exons within the circRNA body,
leading to altered function [38, 70]. Taking advantage
of A-tailing RNase R treatment that eliminates linear
RNAs therefore allowing direct reads map to full-length
circRNA-forming exons in addition to BSJs, we identi-
fied 156 circRNAs that harbor aberrant alternative exon

inclusion in 7-month 5xFAD cortex compared to CTLs
(Fig. 4A). The switch between the long and short cir-
cRNA AS isoforms are predicted to regulate their spong-
ing abilities for miRNAs and RBPs [38]. One example
is the inclusion/exclusion of a cassette exon (exon 4 of
NM_001289436, chrl6:27,407,107-27407152, NCBI37/
mm9 Mouse Assembly) in circCcdc50, which was dys-
regulated upon irreversible pathological progression
in 5xFAD cortex (Fig. 4B—E). The inclusion of exon 4
in circCcdc50 was comparable between CTL (39.08%)
and 5xFAD (32.99%) at 5 months of age (Fig. 4B and
D). However, at 7 months of age, while exon 4 inclusion
rate in circCcdc50 remained the same in CTL (39.47%),
a marked reduction was observed in of 7-month 5xFAD
cortex (5.26%) (Fig. 4C and E). The reduced inclusion was
also detected in 5xFAD hippocampus (41% in WT, 37%
in 5xFAD). This AS event was specific for circCcdc50,
as it could not be detected in host gene mRNAs (Addi-
tional File 4: Fig. S4A). RT-qPCR using circCedc50 iso-
form-specific primers (Additional File 4: Fig. S4B) further
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confirmed reduced inclusion along with increased exclu-
sion exon 4 in 7-month 5xFAD cortex (Additional File 4:
Fig. S4C).

CircRNA isoform switching could alter interaction with
miRNAs or RBPs [70, 71]. Seven miRNAs are predicted
to bind exon 4 in circCcdc50 (Fig. 4F), among which miR-
335-5p is associated with aberrant gene expression in AD
postmortem brains [72]. Skipping exon 4 in circCcdc50
in the 7-month 5xFAD cortex led to a significant cumu-
lative reduction of miR-335-5p mRNA targets, consist-
ent with the release of miR-335-5p (Fig. 4G). Moreover,
using the deep learning-based algorithm RBPsuite [43],
several RBPs were predicted to bind exon 4 in circCcdc50
(Fig. 4H). Among these RBPs, trinucleotide repeat con-
taining adaptor 6A (TNRC6) is a core protein in an RNA-
induced silencing complex, whose availability controls
global miRNA activities [73]. We performed a systematic
survey for each mouse miRNA in TargetScan to examine
the cumulative effects on dysregulation of mRNA targets
in 7-month 5xFAD. Remarkably, an ectopic boosting of
global miRNA activities was observed (Fig. 4I), consist-
ent with the release of the sponged TNRC6 due to exon
4 skipping in circCcdc50 [74]. These data suggest that
dysregulation of alternative exon inclusion in circRNAs
could alter their sponging activity, which could contrib-
ute to the abnormal activity of many miRNAs upon AD
progression.

Adenine to inosine (A-to-I) editing has been suggested
to affect circRNA functionality and translatability [75,
76]. Using a published algorithm, Software for Accurately
Identifying Locations Of RNA-editing (SAILOR), we
assessed adenosine to inosine changes from the untreated
and A-tailing treated RNA-seq data. A unique advantage
of our A-tailing and untreated control (no RNase R treat-
ment to remove linear RNAs) data is that we can quan-
tify A-to-I editing level specifically in circRNAs enriching
A-tailing library where linear RNAs were completed
removed, meanwhile quantifying A-to-I editing level

(See figure on next page.)
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in none circRNA regions using untreated library where
linear RNAs are much more abundant. Among the 9500
A-to-I editing site obtained in A-tailing/RNase R treated
AD and controls, we identified 1176 transcriptome-wide
A-to-I editing changes in 5xFAD cortex (P<0.05, A-to-
I editing level change>10% in either 7-month 5xFAD
or their littermate controls). While the gain- or loss of
A-to-I editing on linear RNA transcripts from AD mice
were roughly equal (Additional File 4: Fig. S4D, left bar),
we found significantly enhanced A-to-I editing in the
circRNA pool (653) than loss of A-to-I editing (373)
(P=0.0078) (Additional File 4: Fig. S4D, right bar), which
is consistent with the increased A-to-I editing in cir-
cRNA that has been observed in human AD entorhinal
cortex [77].

CircGigyf2 is downregulated in specific brain regions
of 5XxFAD mice and AD patients along disease progression
and its biogenesis requires multiple RBPs that are critical
for brain function.
Among the circRNAs specifically dysregulated in the
7-month 5XxFAD cortex identified by A-tailing/CARP
(Fig. 5A), circGigyf2 was the most abundantly expressed
and severely downregulated (Fig. 5A, B). The down-
regulation of circGigyf2 was further validated by RT-
qPCR using a primer set specifically spanning its BS]
site. Importantly, circGigyf2 was unchanged at 5 months
(Fig. 5C) but significantly downregulated at 7 months in
the 5xFAD cortex (Fig. 5D), indicating that circGigyf2
deficiency occurs upon irreversible progression of AD. In
contrast, the linear Gigyf2 mRNA level was not altered in
5xFAD at either 5 or 7 months of age (Additional file 4:
Fig. S5A). Interestingly, no significant changes of circ-
Gigyf2 were observed in 7-month 5xFAD hippocampus
(Additional file 4: Fig. S5B), suggesting that circGigyf2
deficiency in AD is brain-region-specific.

The organization of circRNA-forming exons in the
murine and human host gene Gigyf2/GIGYF2 and the

Fig. 4 Altered exon inclusion within circRNA isoforms leads to dysregulated activities of miRNAs and RBPs during AD progression. A Volcano plot
of global circRNA isoform switching due to alternative inclusion of internal exons was identified by A-tailing/CARP in 7-month 5xFAD mice. Isoform
switching events are classified as short-to-long (red) and long-to-short (blue), due to the inclusion or skipping of cassette exons within circRNAs.
B-C The inclusion level of exon 4 (red) in circCcdc50 in the cortex of 5-month (B) and 7-month (C) 5xFAD and CTL. Junction read counts (JRC) are
in red if they support exon inclusion and in green if they support exon skipping. Exon inclusion level = Average of exon inclusion JRC / (Average
of exon inclusion JRC+ exon skipping JRC). D-E IGV views confirm that the cassette exon within circCcdc50 (highlighted by dotted red box)

is present in both 5xFAD and CTL cortex at the 5 months of age (D) but is skipped at 7 months of age in 5xFAD cortex (E). F Putative miRNAs
sponged by the constitutive exons and the cassette exon of circCcdc50. Seven miRNAs predicted for exclusive interaction with the cassette

exon are listed, including miR-335-5p (bold). G Significant downregulation of the top 10% mRNA targets for miR-335-5p (red) predicted

by TargetScan compared with non-target genes (****P=6.64x 107, t-test). H RBPs predicted to bind circCcdc50's cassette exon and constitutive
exons. The six RBPs predicted to bind only to the cassette exon are listed. I The silencing activity of most miRNAs indicated in this panel

is significantly strengthened (X-value <0) in 7-month 5xFAD cortex (red, P < 0.05). X-axis represents the difference of the mean log, fold change

between the miRNA targets and non-miRNA-targets
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sequence within murine and human circGigyf2/circGI-
GYF?2 are highly conserved (Fig. 5E). We next questioned
whether circGIGYF2 (hsa_circ_0003341) is also dys-
regulated in AD patient brains. We mined the recently
published circRNA datasets from the Mount Sinai Brain

-0.10 -0.05 0.00 0.05 0.10
Difference of Mean logFC

Bank (MSBB) cohort studies derived from multiple
subcortical areas including BM10, BM22, BM36, and
BM44 [24]. Significant downregulation of circGIGYF2
was indeed found in BM10, BM36, and BM44 using
two independent algorisms (Additional file 4: Fig. S5C).



Wang et al. Genome Medicine

(2024) 16:129

A-tailing c
1. ns
S 5 6000| _** 219 =
5 < 2
5 5000 a 1.0
C ola o = &
S e Y- 4000 © 051
5 circGigyf2 —a 3000 © 0.0
g 0 10 100 1000 R O @ 0.
- P P
Average Expression FNIRS) O .‘g
&
Human
E on2ossei2s24233620146 G
t AR Ii—-~I:IE o g BM36 c
/’ e \\\\\ ‘7) 9
/// /,/ \\\\\\\ $ 3 P=OO3 g
-~ S 2 ¢, e . £
I x
~’ o 1 Rr=06359° "
- 20 o
\\ \\ //,’/ E T T T T T T 1 =
oSl Ll © 0123456 3
S b HH P o . . o
Clinical Dementia
chr1:89260678-89276583 Rating
Mouse
H I 15 *kk*% J 15 **
§1.0 '_\ 210
c RBM39 S 32
g v Ios X 0.5
£ o|  KHSRP ® nnrfPL 0.0
[ 9 \ o oe 0.0 .
; ) o ° o éo \ C) (Q
(D) o 0.0.. ® (\‘(\Q 6\§ \l&%
< . * '3.3. %\,‘?‘ &
=2 . o e ®
E ) : .. U e N1-5 *kkk N 1.5 *
n . o %1.0 '_I El.o
(@)] o e — —
c . 2 3
S 205 £05
£ - S S
° 10 100 00— 0.0~
Binding Strength Up Intron > N {S‘éQ
"oé\'\e\(\ &

C

o - N W

Page 14 of 24

*%*

—_—
o

—_—
e

o

Relative Expression
ol

e

R?=0.7927

K 15

T T T T T T 1

012 3 456

Clinical Dementia
Rating

=
o

o

Rbm39
»

==
o wn

O]

circGigyf2

o ©
o

¥

N

&

&

Fig. 5 CircGigyf2 is conserved and consistently downregulated in 5xFAD cortex and AD patient subcortical areas, correlated with the severity

of cognitive decline, and modulated by AD-associated RBPs. A CircRNA expression changes identified by A-tailing/CARP in 7-month 5xFAD
compared to CTL mice (FDR < 0.05). The blue triangle marks circGigyf2. B CircGigyf2 is significantly downregulated in A-tailing libraries

of 7-month 5xFAD (red) compared to CTL (blue). C-D RT-gPCR detected no alterations of CircGigyf2 in 5-month 5xFAD cortex (C) but significant
downregulation of CircGigyf2 in 7 months (D) (**P<0.01, t-test). E CircGigyf2 contains five exons that are highly conserved between human (hg19)
and mouse (mm?9) genomic assemblies. F-G Significant reverse correlation of circGigyf2 levels in BM36 (F) and BM44 (G) with AD severity defined
by the Clinical Dementia Rating in the Mount Sinai Brain Bank (MSBB) dataset (Spearman correlation). H Binding strength based on the numbers
of predicted RBP binding sites in the flanking intron of circGigyf2 predicted by the machine-learning-based algorithm CRIP. Candidate RBP
regulators are highlighted and labeled. | Downregulation of Hnrnpl mRNA (top) and circGigyf2 (bottom) upon Hnrnpl knockdown in N2a cells.

J Downregulation of Khsrpo mRNA (top) and circGigyf2 (bottom) upon Khsrp knockdown in N2a cells. K Downregulation of Rbm39 mRNA (top)

and circGigyf2 (bottom) upon Rbm39 knockdown in N2a cells. (*P < 0.05, **P < 0.01, ****P < 0.0001, t-test)
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In contrast, no reduction of circGIGYF2 was found in
BM22, suggesting that circGIGYF2 is downregulated
in specific subcortical areas of AD patients. Consistent
with the brain region-specific AD-associated circRNA
landscape (Additional file 4: Fig. S2B, C), we did not
find significant alteration of circGIGYF2 in human AD
entorhinal cortex [77]. Importantly, expression levels of
circGIGYF2 are negatively correlated with the clinical
dementia rating in BM36 (P=0.03) and BM44 (P=0.01),
which indicates the severity of AD cognitive deteriora-
tion (Fig. 5F, G). These observations clearly indicated
that deficiency of circGigyf2/circGIGYF2 in the cerebral
cortex is associated with AD pathological progression in
both the 5xFAD mouse model and AD patients, relevant
to the cortical dementia phenotypes of AD.

We next set out to explore molecular mechanisms
that regulate circGigyf2 biogenesis. The introns flanking
the two BS] sites of a given circRNA need to pair with
each other to bring the BSJs into proximity, which in
turn facilitates circRNA biogenesis [16, 17, 19]. Binding
of specific RBPs to the flanking intronic sequences often
bring BSJs together via protein—protein interactions,
which is critical for circRNA production [16, 17, 78]. To
identify RBPs that may regulate circGigyf2 biogenesis,
we used a convolutional neural network-based machine
learning approach, CRIP (CircRNAs interact with pro-
teins) [42, 44], to predict nuclear RBPs binding to the
introns flanking the BSJs of circGigyf2 [44]. Many nuclear
RBPs were identified that exhibit high probability to bind
both upstream and downstream introns flanking the
BSJs of circGigyf2 (Additional File 6: Table S6, Fig. 5H),
among which the splicing factors hnRNPL, which was
significantly reduced in human AD postmortem brains
[79], is a top hit. Multiple strong sites for potential bind-
ing to hnRNPL were found in the upstream and down-
stream flanking introns of circGigyf2 BSJs (Additional
file 4: Fig. S5D) [80]. A closer examination identified sev-
eral consensus CA motifs known for hnRNPL binding
[81, 82] (Additional file 4: Fig. S5E). In addition, KHSRP
and RBM39 (Fig. 5H) are also top-ranked and known to
play important functions in the brain [83, 84]. To experi-
mentally validate whether these RBPs regulate circGigyf2
biogenesis, siRNAs targeting each of these RBPs were
transfected into the Neuro 2A (N2a) mouse neuroblas-
toma cell line. Depletion of Hurupl, Khsrp, or Rbm39
individually caused a significant reduction of circGigyf2
(Fig. 5I-K), suggesting that these RBPs collectively govern
circGigyf2 biogenesis.

Identification of pathologic alterations of conserved
circGigyf2-miRNA pathways during AD progression
We next explored the roles of circGigyf2 in the seques-
tration of miRNAs, a well-defined circRNA function
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[16, 17]. Among the 209 putative miRNA-binding sites
in mouse circGigyf2 predicted by TargetScan, 22 were
also predicted in human circGIGYF2. Interestingly,
miR-17-5p and miR-93-5p were predicted to bind to
both mouse circGigyf2 and human circGIGYF2 with
the highest probability (Fig. 6A and Additional File 7:
Table S7). Downregulation of circGigyf2/circGIGYF2 in
the AD brain is expected to set free its sponged miRNAs
and enhance their silencing activity on target mRNAs.
Indeed, significant cumulative downregulation of top
mRNA targets of miR-17-5p and miR-93-5p was detected
in 7-month 5xFAD cortex (Fig. 6B), while no signifi-
cant changes were found at 5 months of age (Additional
file 4: Fig. S6). Importantly, hyperactivity of miR-17-5p
and miR-93-5p was also found in human AD patients’
BM36 and BM44 subcortical areas (Fig. 6C, D). These
data suggest that the circGigyf2-miR-17-5p/93-5p axis
is consistently dysregulated in both 5xFAD mouse cor-
tex and disease-relevant human AD subcortical areas.
Furthermore, GO analyses from the downregulated miR-
17-5p/93-5p mRNA targets revealed a significant enrich-
ment in AD-pathology related terms, such as “regulation
of neuron death” and “memory’; in both 7-month 5xFAD
mice cortex and human AD subcortical BM44 area
(Fig. 6E, F).

To validate the predicted circGigyf2-miR-17-5p/93-5p
interaction, we designed a biotinylated DNA probe spe-
cifically targeting the BS] to pull-down circGigyf2 in the
lysates derived from 7-month mouse cortex (Fig. 6G).
Using divergent primers flanking the BS] of circGigyf2,
which do not amplify linear Gigyf2 by qPCR, we detected
over 50-fold enrichment of circGigyf2 in the pull-down
samples from 7-month cortical lysates (Fig. 6H). Other
abundant circRNAs, such as circHipk3, circPcmtd1, and
circRims2, were not enriched, demonstrating the speci-
ficity of circGigyf2 pull-down. Importantly, miR-17-5p
and miR-93-5p, which are predicted to strongly bind
circGigyf2 (Fig. 6A and Additional File 7: Table S7), were
co-isolated with circGigyf2 (Fig. 6I). In contrast, miR-
671-3p, which is not predicted to bind to circGigyf2, was
negligible in the circGigyf2 pull-down. Taken together,
our data revealed a functional circGigyf2-miR-17-5p/93-
5p pathway that is conserved in mouse and human and
involved in AD pathogenesis.

Deficiency of circGigyf2 leads to altered action of sponged
RBPs and downstream mRNAs associated with AD
progression

Besides sponging miRNAs, circRNAs can also seques-
ter RBPs to modulate their availability and cellular func-
tion [17]. We set out to identify RBPs that may interact
with thus sponged by circGigyf2 using the machine-
learning approach CRIP based on cross-linking and
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Fig. 6 CircGigyf2 downregulation leads to aberrant hyperactivity of AD-related miRNAs to suppress mRNAs involved in AD-related neuronal
function. A Logistic binding probability of conserved miRNAs on circGigyf2 full-length sequence in human and mouse. miR17-5p and miR-93-5p
(highlighted in red) show the highest binding probability. B Significant cumulative reduction of the top 10% confident target mRNAs (top
targets) predicted by TargetScan for miR-17-5p and miR-93-5p compared with non-target mRNAs (t-test, **P <0.01). C-D Significant cumulative
reduction of the top 10% confident target mRNAs (top targets) for miR-17-5p (C) and miR-93-5p (D) compared with non-target mRNAs in human
postmortem subcortical areas BM36 and BM44 (t-test, **P < 0.01). E-F GO analysis of downregulated genes targeted by miR-17-5p/93-5p

in 7-month 5xFAD cortex (E) and human BM44 subcortical area (F). Gene number in each GO term is indicated. G Biotinylated DNA probe spanning
circGigyf2 back splicing junction (BSJ) site were used for circGigyf2 pull-down experiment. H CircGigyf2 is highly enriched in circGigyf2 pull-down
samples with statistical significance of fold enrichment as compared to circHipk3, circPcmtd1, and circRims2 (****P < 0.0001, t-test). I miR-17-5p
and miR-93-5p are significantly enriched in circGigyf2 pull-down samples compared to miR-671-3p, a randomly selected miRNA that is not
predicted to bind circGigyf2 (****P <0.0001, t-test)

immunoprecipitation (CLIP) and sequencing datasets = AD-associated RBPs that potentially interact with circ-
[44]. We calculated circGigyf2-RBP-AD risk score for  Gigyf2 (Fig. 7A). The cleavage and polyadenylation
each RBP based on their binding probability to circGi-  specific factor 6 (CPSF6), a 3'RNA processing factor
gyf2 and their association to AD and identified multiple  critical for cleavage at the polyadenylation site (PAS)
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Fig. 7 AD-associated RBPs and downstream targets were affected by circGigyf2 downregulation in the 5xFAD cortex upon rapid disease
progression and in AD patients’subcortical areas. A CircGigyf2-RBP-AD interactome. Node size and color indicating scores calculated by binding
strength to circGigyf2 and AD risk for each RBP, respectively. B Number of binding sites for 137 RBPs in circGigyf2 full-length sequence. CPSF6

is a top hit indicated by an arrow. C CPSF6 is highly enriched in the pull-down sample by a circGigyf2-specific probe, while QKI, TDP-43, and GAPDH
are undetectable. D Scatter plot of mRNAs that display altered processing efficiency at the proximal polyadenylation site (PAS) in the 7-month
5xFAD cortex. Log,, average and log, fold change of reads spanning the most proximal PAS for each gene are plotted. |Log, fold change|> 0.5

is used as a cutoff for increased and decreased processing efficiency of proximal PAS. Increased PAS processing efficiency is indicated by less reads
spanning PAS (log, fold change <0) and vice versa. E Venn diagram of genes displaying altered processing efficiency of proximal PAS in 7-month
5XFAD cortex overlapping with published RNA targets due to CPSF6 overexpression (OE) (GSE179630). The CPSF6 OFE targets significantly overlap
with genes with increased proximal PAS processing efficiency (Fisher exact test, P=6.60x 107 but do not significantly overlap with CPSF6 targets
that display decreased proximal PAS processing efficiency (Fisher exact test, P=0.54). F Heatmap shows that significantly dysregulated targets

by CPSF6 OE display consistently altered (red, increased and blue, decreased) proximal PAS processing efficiency in 5xFAD mouse cortex, AD human

postmortem subcortical areas BM36 and BM44
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and mRNA 3’end formation that was found increased
in AD patient postmortem brains [85], is top ranked for
high-confident circGigyf2 binding based on the number
of predicted binding sites (Fig. 7B). To experimentally
validate circGigyf2-CPSF6 interaction, we performed
circGigyf2 pull-down as illustrated in Fig. 6G. A robust
and specific enrichment of CPSF6 was found in circGi-
gyf2 pull-down (Fig. 7C). In contrast, Quaking (QKI) and
TAR DNA-binding protein 43 (TDP-43), two RBPs that
are predicted to have negligible association with circGi-
gyf2 body, were not detected in circGigyf2 pull-down
(Fig. 7C). The non-RBP glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was also undetected (Fig. 7C).
These data demonstrated specific interactions between
circGigyf2 and CPSF6.

The downregulation of circGigyf2 in 7-month 5xFAD
cortex is predicted to free up bound CPSF6.

Given the function of CPSF6 in promoting RNA cleav-
age at the PAS and consequent polyadenylation [48, 86],
we analyzed proximal PAS processing efficiency in lin-
ear RNAs in the 5xFAD cortex using our rRNA-depleted
RNA-seq dataset without A-tailing RNase R treatment
(Fig. 7D) [50]. Increased PAS processing efficiency is
indicated by less reads spanning the PAS and vice versa
(Fig. 7D). We observed 2987 genes showing increased
processing efficiency at the proximal PAS whereas 1424
genes decreased proximal PAS processing efficiency in
the 7-month 5xFAD (Fig. 7D) in which downregulation
of circGigyf2 is expected to release CPSF6. Moreover,
genes exhibiting increased proximal PAS processing in
the 7-month 5xFAD cortex significantly overlapped with
genes regulated by CPSF6 over expression in HEK293T
cell (GSE179630, Binomial exact test, P=6.60x107°)
(Fig. 7E) [48]. These data further support the conclusion
that the downregulation of circGigyf2 in the 7-month
5xFAD cortex releases CPSF6, which promotes PAS pro-
cessing efficiency of its targets [48, 86].

Moreover, enhanced proximal PAS processing effi-
ciency of CPSF6 targets is also observed in the BM36 and
BM44 cortical areas of AD patient postmortem brains
(Fig. 7F), where circGIGYF2 expression level is negatively
associated with dementia severity (Fig. 5F, G). Genes
with enhanced proximal PAS processing in both 5xFAD
mouse cortex and AD patient subcortical areas were sig-
nificantly enriched in Gene Ontology (GO) processes rel-
evant to AD phenotype, such as “learning” and “neuron
apoptotic process” (Additional file 4: Fig. S7A). Moreo-
ver, circGIGYF2-CPSF6 targets are enriched in multiple
KEGG pathways related to neurodegeneration disorders
(Additional file 4: Fig. S7B). Together, these data provide
a strong example that AD progression-associated dysreg-
ulation of a circRNA can lead to pathological changes of
conserved circRNA-RBP-mRNA network in AD.
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circGigyf2 deficiency causes dysregulation

of miR93-5p/17-5p and CPSF6 targets, leading to increased
neuronal apoptosis upon insult

To definitively address whether circGigyf2 plays causa-
tive roles in regulating the miR-93-5p/17-5p-mRNA
pathway and the CPSF6-mRNA pathway in neurons,
we performed siRNA knockdown (KD) of circGigyf2
in an immortalized mouse neuronal cell line Cath.-a-
differentiated (CAD). RT-qPCR using divergent prim-
ers specifically targeting circGigyf2 confirmed 45% of
circGigyf2 knockdown in CAD cells (Fig. 8A). Indeed,
genes displaying increased proximal PAS processing
efficiency caused by circGigyf2 KD significantly over-
lap with those in 5xFAD mouse cortex (Binomial exact
test, P=2.19x107%), with 551 in common (Fig. 8B).
Among these genes, we focused on CPSF6 OE targets
and examined their proximal PAS processing changes
in human AD patients’ BM36 and BM44 areas [48]. We
found that fifty (50) CPSF6 targets showed commonly
enhanced proximal PAS processing in 7-month 5xFAD
mouse cortex, human AD BM36, and BM44 subcorti-
cal areas, as well as circGigyf2 KD CAD cells (Fig. 8C).
Consistent with the identified GO terms (Additional
file 4: Fig. S7A), we found commonly regulated CPSF6
genes including Fam162a, Prdx2, and Aldhla3, which
are known to be involved in neuronal apoptotic process
(Fig. 8C).

Moreover, circGigyf2 KD in CAD cell caused down-
regulation of 410 miR-17-5p/93-5p targets, which sig-
nificantly overlap with miR-17-5p/93-5p targets affected
in the 7-month 5xFAD cortex (Binomial exact test,
P=0.019), with 200 targets in common (Fig. 8D). Of note,
among these miR-17-5p/93-5p targets downregulated by
circGigyf2 KD, we identified multiple apoptotic inhibi-
tor genes, represented by Ccnd2, Bclllb, Oxrl, and Alg3
that are commonly reduced in 7-month 5xFAD cortex,
BM36/BM44 AD patient subcortical areas and circGigyf2
KD CAD cells (Fig. 8E).

To directly test whether circGigyf2 deficiency can
indeed potentiate neuron apoptosis, we challenged circ-
Gigyf2 KD CAD cells with C2-ceramide that is known
to induce apoptosis and quantified apoptotic cells by
TUNEL assay. The number of apoptotic cells is signifi-
cantly increased in circGigyf2 KD CAD cells as com-
pared to control siRNA-treated cells (Fig. 8F, G). These
results clearly demonstrated causative roles of circGigyf2
deficiency in neuronal death, which is highly relevant to
the loss of brain neurons in AD mouse models and neu-
ronal degeneration in AD patients [87, 88]. To our knowl-
edge, this is the first example in which neuronal death is
caused by an AD-affected circRNA through integrating
abnormalities in downstream miRNA-mRNA and RBP-
mRNA pathways.
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Fig. 8 Knockdown of circGigyf2 enhances miR-17-5p/93-5p activity, CPSF6-mediated proximal PAS processing, and neuronal responses

to apoptotic insults. A Efficient knockdown of circGigyf2 by siRNA in mouse central nervous system (CNS) catecholaminergic cell line
Cath.-a-differentiated (CAD) cell (*** represents P<0.001, t-test). B Overlap of genes with increased proximal PAS processing efficiency in 7-month
5xFAD cortex and circGigyf2 KD in CAD cell. C Heatmap shows altered proximal PAS processing efficiency as a consequence of circGigyf2 KD in CAD
cells, recapitulating those commonly found in 5xFAD cortex and human AD postmortem cortex. D Overlap of downregulated miR-17-5p/93-5p
targets in 7-month 5xFAD cortex and circGigyf2 KD in CAD cell. E Downregulation of multiple miR-17-5p/93-5p targeted apoptotic suppressors

in 7-month 5xFAD mouse cortex, human AD BM36 and BM44 and circGigyf2 KD in CAD cell. F Representative images of apoptotic CAD cells
induced by C2-ceremide in circGigyf2 KD and control group based on the TUNEL assay. G Percentage of cell apoptosis induced by C2-ceremide

calculated by number of apoptosis cells (TUNEL)/number of all cells (DAPI)

Discussion

Despite the growing body of evidence documenting cir-
cRNA abnormalities in multiple brain regions of AD
patients [14, 24, 30, 77], whether and how circRNA
dysregulation contributes to early pathogenesis and/or
progression of AD cannot be addressed by human post-
mortem studies that represent an end-stage snapshot of
the disease. Whether the disrupted circRNA landscape

plays causative roles in AD pathogenesis or is an ulti-
mate result of massive neurodegeneration is a prevailing
obstacle in postmortem studies. Alternative strategies
are needed to uncover the molecular mechanisms that
cause dysregulation of circRNA biogenesis, which in turn
affects downstream gene networks that contribute to AD
pathogenesis. In this regard, AD mouse models, although
may only mimic specific aspects of AD pathology, allow
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the identification of circRNAs associated with AD pro-
gression. These circRNAs are conserved and affected
in AD patient brains as well, which may serve as patho-
logical biomarkers to monitor the disease progression.
Moreover, the biochemical interactions between AD
progression-associated circRNAs and their sponged
miRNAs and RBPs in fresh AD mouse brain tissues can
be experimentally validated to identify direct molecular
mechanisms and biological pathways that may contribute
to AD pathogenesis.

The cerebral cortex of AD patients harbors profound
hallmark pathology that underlies the clinical manifesta-
tion of cortical dementia [36]. Our studies identified cir-
cRNA landscape alterations in the 5xFAD mouse cortex
that are specifically associated with the fast progression of
AD pathological phenotypes. Although 7 months of age
denotes the fully onset of AD phenotypes to a therapeu-
tically irreversible stage in 5XxFAD mice, these mice still
do not reach to the end point of the disease states. None-
theless, hundreds of such dysregulated circRNAs are
shared in postmortem subcortical areas of AD patients,
suggesting their key pathogenic roles. These observations
provide the first evidence that broad circRNA dysregula-
tion occurs long before and may persist toward the end
stage of the disease. Moreover, we discovered dysregula-
tion of novel circRNA clusters and circRNA splice vari-
ants that cooperate with multiple affected individual
circRNAs to form a pathogenic circRNA hub, which col-
lectively affects downstream pathways in AD progres-
sion. Although dysregulation of specific circRNAs of low
abundance or individual circRNAs within a cluster often
does not reach statistical significance, our data suggests
they can function together as a group to exert additive
impacts on downstream targets. These previously under-
appreciated events added additional layers and functional
importance of circRNA dysregulation. Unfortunately,
circRNA-clusters and cassette exon switch could not be
analyzed in the majority of publicly available AD patients’
RNA-seq datasets due to the lack of A-tailing RNase R
treatment in those studies thus inability for precise anno-
tation of the full-length circRNA sequence [38].

Surprisingly, distinct circRNAs are dysregulated in
different AD brain regions, regardless of the relatively
similar expression landscape. This is clearly shown when
comparing the AD-affected circRNA landscapes in the
5xFAD cortex and hippocampus, although both brain
regions are comparably affected by AD pathology at
7 months of age [54]. Brain-region-specific dysregulation
of circRNAs is also observed in postmortem subcorti-
cal areas of AD patients. In fact, only five circRNAs were
found consistently dysregulated in both the entorhinal
and parietal cortex [77]. In addition, the AD entorhi-
nal cortex showed much less commonly dysregulated
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circRNAs found in the 5xFAD cortex as compared to
other cortical areas of AD patients. These interesting
observations from systematic comparisons suggest that
dysregulation of distinct circRNAs, hence their down-
stream pathways, may contribute to brain-region-specific
pathogenesis and clinical phenotypes at different stages
of AD progression.

Discovering circRNAs dysregulated during AD pro-
gression in murine models not only allowed us to iden-
tify conserved circRNAs that are also affected in AD
patient brains but also revealed the early progressive
changes of such dysregulation along disease develop-
ment. One example is circGigyf2, which is specifically
downregulated in 5xFAD cerebral cortex with the highest
net change upon the development of the full spectrum of
AD pathological phenotypes at 7 months of age. Impor-
tantly, in the AD patients postmortem brain datasets,
we found that the progressive decline of circGIGYF2 in
multiple subcortical areas is significantly associated with
the severity of intellectual deterioration in AD patients,
including inferior frontal gyrus (BM44) and parahip-
pocampal gyrus (BM36), two most vulnerable subcortical
areas in AD that are important in language processing,
memory encoding, and retrieval [63]. In agreement with
region-specific circRNA dysregulation in AD, circGI-
GYF2 is not significantly altered in either AD patients’
hippocampus [30] or entorhinal cortex [77]. Thus, we
demonstrated that the profile of circRNA dysregula-
tion represented by circGIGYF2 is associated with AD
pathologic advancement in a brain-region-specific man-
ner, which could serve as a biomarker indicative of AD
progression.

We also established strategies using advanced com-
putational analysis to identify the upstream and down-
stream molecular factors centered on circGigyf2, many
of which are affected in AD thus forming a pathological
pathway. By combining in silico computational predic-
tion and experimental validation, we identified multiple
RBPs necessary for the efficient biogenesis of circGigyf2,
including hnRNPL, RBM39, and KHSRP. Of note, expres-
sion of hnRNPL is reduced in neurons with granulov-
acuolar degeneration, which is a common feature in AD
[79]. Dysfunction of the RBM39 ortholog in Drosophila
not only affects neurogenesis but also results in aberrant
behavioral phenotypes [89]. In addition, KHSRP loss of
function leads to impaired prefrontal-dependent mem-
ory consolidation [84]. These RBPs are highly conserved,
hence suggesting common upstream regulators in the
biogenesis of AD-associated circRNAs.

The high abundance of circGigyf2 offers feasibility for
efficient sponging of miRNAs and RBPs [84]. In search-
ing for AD-associated downstream pathways, we discov-
ered conserved malfunction of miRNA and RBP pathways
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caused by circGigyf2 deficiency in both the 5xFAD cortex
and AD patients’ postmortem brains, represented by the
circGigyf2-sponged miR-17-5p/93-5p and CPSF6. Con-
sistent with the hyperactivity of miR-17-5p/93-5p path-
way associated with the reduction of circGigyf2 in the
5xFAD cortex, increased activity of miR-17-5p/93-5p is
widely reported in AD patients [84, 90], which uncovered
a conserved pathological circRNA-miRNA pathway in AD
pathogenesis. Compared to the well-established roles of
circRNA in modulating miRNA activities, identification of
the circRNA-RBP-mRNA axis is a much more challenging
task and unfortunately understudied. Using advanced deep
learning strategies, we identified putative binding sites for
multiple RBPs in circGigyf2. Among the top hits, CPSF6
that governs cleavage and processing at the PAS for the
3’ end formation of mRNAs, has been shown to be asso-
ciated with AD pathology [85]. Reduction of circGigyf2 is
predicted to release sponged CPSF6, hence alter PAS pro-
cessing efficiency of many transcripts. Consistent with this
idea, we identified an aberrant increase of numerous pre-
viously reported human CPSF6 mRNA targets in both the
5xFAD cortex and human AD postmortem brains. Impor-
tantly, knockdown circGigyf2 in an immortalized mouse
neuronal cell line in culture vastly recapitulated dysregu-
lation of miR-17-5p/93-5p and CPSF®6 targets in both the
5xFAD mouse cortex and human AD patients’ subcortical
areas. These results clearly demonstrated the causal roles
of circGigyf2 deficiency in dysregulation of the conserved
miRNA-mRNA and RBP-mRNA axes.

Interestingly, dysregulated miR-17-5p/93-5p or CPSF6
mRNA targets caused by circGigyf2 deficiency that
are shared in mouse and human are enriched in the
apoptotic pathway. Indeed, circGigyf2 knockdown sig-
nificantly increased neuronal death responses upon
apoptotic insult, which strongly support the pathologi-
cal significance of circGigyf2 deficiency relevant to the
neuronal loss. Taken together, these data identified a
conserved network composed by converged RBP-mRNA
and miRNA-mRNA pathways affected by circGigyf2 defi-
ciency that underlie neuronal apoptosis in the progres-
sion of AD pathogenesis, which is highly translatable
from an AD mouse model to human AD patients.

In addition to sponging miRNAs and RBPs, emerg-
ing evidence suggests multifaceted mechanisms of cir-
cRNA action in controlling brain function. In fact, many
circRNAs harbor short open reading frames (ORFs)
immediately downstream of ribosome internal entry site
(IRES)-like sequence motifs and thus may be translated
and produce small peptides in the cytoplasm [91-93].
Noticeably, mouse and human circGigyf2 does contain
an ORF in frame with the ORF in its linear host mRNA
that encodes GIGYF2. At this point, whether the circGi-
gyf2 ORF is indeed translated in neurons and produces
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a truncated peptide thus contributing to AD phenotypes
remains elusive and will be the next challenge for future
studies. Recent publication also demonstrated A-to-I edit-
ing could potentially promote circRNA translation [77],
which will also be an interesting point for future study.

Conclusions

Our study demonstrated brain-region-specific disruption
of the circRNA landscape in an AD mouse model during
early pathological progression and identified conserved
signature circRNAs that are also affected in AD patients
at the end stage, which could hold promise as potential
biomarkers for monitoring irreversible pathological pro-
gression and disease acceleration. We also demonstrated
causative roles and molecular mechanisms of AD-
affected circRNAs that lead to the malfunction of down-
stream gene networks shared in mouse and human that
underlie AD pathogenesis. These findings comprehen-
sively improved the current mechanistic understanding
of how circRNA abnormalities contribute to AD patho-
genesis and progression. Moreover, our studies estab-
lished a strategy of using mouse models to complement
patients’ postmortem studies, which leads to the identi-
fication of conserved pathological networks that underlie
the long progression of aging-dependent disorders.
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