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Systematic Analysis of Long Noncoding RNAs in the
Senescence-accelerated Mouse Prone 8 Brain Using RNA
Sequencing

Shuai Zhang', Chunxia Qin'-3, Guogiong Cao'?, Wenfeng Xin?*, Chenggiang Feng'-® and Wensheng Zhang'*

Long noncoding RNAs (IncRNAs) may play an important role in Alzheimer’'s disease (AD) pathogenesis. However, despite
considerable research in this area, the comprehensive and systematic understanding of IncRNAs in AD is still limited. The
emergence of RNA sequencing provides a predictor and has incomparable advantage compared with other methods, including
microarray. In this study, we identified IncRNAs in a 7-month-old mouse brain through deep RNA sequencing using the
senescence-accelerated mouse prone 8 (SAMP8) and senescence-accelerated mouse resistant 1 (SAMR1) models. A total of
599,985,802 clean reads and 23,334 IncRNA transcripts were obtained. Then, we identified 97 significantly upregulated and 114
significantly downregulated IncRNA transcripts from all cases in SAMP8 mice relative to SAMR1 mice. Gene ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes analyses revealed that these significantly dysregulated IncRNAs were involved in
regulating the development of AD from various angles, such as nerve growth factor term (GO: 1990089), mitogen-activated protein
kinase signaling pathway, and AD pathway. Furthermore, the most probable AD-associated IncRNAs were predicted and listed in
detail. Our study provided the systematic dissection of IncRNA profiling in SAMP8 mouse brain and accelerated the development

of IncRNA biomarkers in AD. These attracting biomarkers could provide significant insights into AD therapy in the future.
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Introduction

Alzheimer’s disease (AD), the most common dementia in
the elderly, is a progressive neurodegenerative disorder.'
According to a report, the number of AD patients is estimated
to double every 5-year interval beyond age 65.5 According
to experts, two types of AD exist. Sporadic AD is the most
common case (~95%) and shows no apparent genetic ele-
ments.® By contrast, familial AD comprises <5% of all cases
and is associated with gene mutations.” With the elusive eti-
ology of AD, few therapeutic options are available to prevent
or reverse AD. The protocols targeting Ap and neurofibrillary
tangles, which are the two main neuropathological hallmarks
in AD, have been unsuccessful.® Thus, more frontier views
are needed for AD therapy.

Currently, noncoding RNAs (ncRNAs) and AD have drawn
increasing attention among researchers.®'" As an important
posttranscriptional pathogenesis of AD, ncRNAs and their
associated orchestrated networks are implicated in mediat-
ing complex pathological mechanisms of AD, including brain
development, neuron maintenance, inflammation, regulation
of tau and A, and stress responses.' Long noncoding RNAs
(IncRNAs), typically >200 nucleotides long, is the most abun-
dant class of ncRNAs.™ LncRNAs are presumed to perform a
wide range of functions, such as X-inactivation, maintenance
of pluripotency, posttranscriptional regulation, and disease
prevention.''® Several of the well-studied INcRNAs were
proven to be associated with AD. Faghihi et al.'® reported that

BACE1-AS exhibited a key role in regulating BACE1 and in
driving pathology. Strong scientific evidence indicates that
BCYRNT1 was expressed and participated in cell dentritic reg-
ulation.®® The interaction between IncRNA 51A and SORL1
would affect A formation.?' However, our understanding of
AD-associated IncRNAs is limited only on preliminary explo-
rations. In addition, Lee et al.??> concluded that IncRNA was
differentially expressed in 3xTg-AD compared with the con-
trol mice using microarray. However, this analysis is insuffi-
cient to gain a comprehensive and systematic understanding
of IncRNAs in AD. Microarray analysis suffers from excessive
noise, depends on fully annotated genes, and cannot detect
novel isoform levels compared with RNA sequencing.?*-26
Meanwhile, 3xTg-AD is a class of transgenic mice, which
may simply represent the uncommon familial AD.

In this study, we utilized the RNA sequencing approach
to investigate INcRNAs in the brain of senescence-acceler-
ated mouse prone 8 (SAMP8) and senescence-accelerated
mouse resistant 1 (SAMR1) mice at the 7-month-old stage
using Illumina HiSeq Mice 4000 Technology. The SAMP8
strain is a naturally derived model and shares cognitive,
behavioral, and neuropathological alterations observed in
aged humans, proposed as a plausible model for explor-
ing the complexity of AD.2 SAMR1 is widely used as
a control strain.® Our study is designed to systematically
identify IncRNAs potentially involved in AD and provides
a valuable resource to explore their functional roles in AD
therapy.
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Results

Learning and memory deficits in the SAMP8 mouse
model

We used the Morris water maze test to examine the learn-
ing and memory deficits in SAMP8 of 7-month-old mice.
Figure 1a shows that the mean escape latency of SAMP8
mice was significantly increased compared with SAMR1
mice (P < 0.01). After the place navigation test, we detected
their memory retention and spatial exploration ability using
the spatial probe test. The SAMR1 mice searched the target
quadrant intently, whereas the SAMP8 mice swam randomly
in the tank without knowing the target location (Figure 1b).
The number of crossings of SAMP8 mice was significantly
less than those of SAMR1 mice (P < 0.01, Figure 1c¢). More-
over, SAMP8 mice spent less time in the target quadrant
than the SAMR1 mice (Figure 1d). No significant difference
was observed in swimming speed between the two groups
(P > 0.05, Figure 1e), implying that the altered exploration
of SAMP8 mice was not due to motor and visual dysfunc-
tions. These data revealed that the 7-month-old SAMP8 mice
had severe learning and memory impairments, which are the
core clinical features observed in AD patients.

RNA sequencing roundup

A total of 619,062,690 raw reads were generated using the
lllumina HiSeq 4000 Platform. Then, we discarded these
reads with poly-N >10%, adapters, and any other contami-
nants. A total of 599,985,802 clean reads were obtained.
We mapped the clean reads to the latest mouse reference
genome (ftp://ftp.Ensemble.org/pub/release-81/gtf/mus_
musculus/), and the mapping rate was 70.72% and 83.55%
in SAMP8 and SAMR1 mice, respectively. The Cufflinks
results indicated that 104,051 transcripts were assembled.
These transcripts were used for subsequent analysis.

Identification of IncRNAs in SAMP8 and SAMR1 mice
brains

Considering the first three basic conditions (>200 nt, >2 exon
count, and >3 reads coverage), the unqualified transcripts
were discarded. Then, the remaining transcripts were blasted
with known mouse IncRNAs, known classes of RNAs (tRNA,
rRNA, snRNA, snoRNA, pre-miRNA, and pseudogenes),
and protein-coding genes. Taken together, 8,422 known
mouse IncRNAs corresponding to 6,300 IncRNA genes were
detected and 19,423 presumed IncRNAs were detected. The
software programs CPC, CNCI, PFAM, and phyloCSF were
used to further confirm these 19,423 presumed IncRNAs.
Finally, 14,912 novel IncRNAs corresponding to 8,217
IncRNA genes were identified (Figure 2), including 12,376
lincRNAs, 1,057 antisense IncRNAs, and 1,479 intronic
IncRNAs. Overall, a total of 23,334 IncRNAs (8,422 known
mouse IncRNAs and 14,912 novel IncRNAs) were yielded.
In addition, 76,787 protein-coding transcripts were also iden-
tified. The 23,334 IncRNA and 76,787 protein-coding gene
transcripts were subjected to further analysis.

Characteristic comparison of IncRNAs and mRNAs

In this study, we described the characteristics (gene struc-
ture, expression, and sequence conservation) of the obtained
23,334 IncRNAs and 76,787 messenger RNAs (mRNAs).
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Our results indicated that most of IncRNAs tend to contain
fewer exons (two or three) than mRNAs (Figure 3a). The
distribution of transcript length was obviously different. The
average length of IncRNAs was shorter than that of mRNAs
(Figure 3b). The IncRNAs in our dataset tend to be shorter
in open reading frame length than mRNAs (Figure 3c). In
addition, IncRNAs exhibited a lower level of expression than
mRNAs (Figure 3d), and the conservatism of INcRNAs was
significantly lower than that of MRNAs (Figure 3e). Our results
were observed to be consistent with previous studies.3'-2

Differential expression analysis: SAMP8 versus SAMR1
The expression level of INcRNA and mRNA transcripts was
estimated by fragments per kilobase of exon per million
fragments mapped. As a result, a total of 211 IncRNA tran-
scripts were differentially expressed in SAMP8 mice relative
to SAMR1 mice (Supplementary Table S1), including 97
upregulated transcripts and 114 downregulated transcripts
(P < 0.05). The 211 differentially expressed transcripts cor-
responded to 204 IncRNA genes. Cluster analysis of differen-
tially expressed IncRNAs was revealed by a heat map. Three
samples in the SAMP8 group were clustered together, and
the other three samples in the SAMR1 group were also clus-
tered together (Figure 4a). Meanwhile, 2,505 significantly
dysregulated mRNA transcripts were identified: 1,486 were
upregulated, whereas 1,019 were downregulated in SAMP8
mice (Supplementary Table S2, P < 0.05). Cluster analysis
of differentially expressed mRNAs showed the same pattern
with INcRNAs using a heat map (Figure 4b).

gPCR confirmation

Among the significantly dysregulated IncRNA and mRNA
transcripts, 10 were randomly selected to validate the data of
RNA sequencing using quantitative polymerase chain reac-
tion (gPCR), including 2 mRNAs, 3 known IncRNAs, and 5
novel IncRNAs. Figure 5 shows that all of the selected mRNA
and IncRNA transcripts were detected and exhibited signifi-
cant differential expression in SAMP8 and SAMR1 mice.
These results were consistent with RNA sequencing data.

Functional enrichment analysis: GO and KEGG

First, the potential targets of INcRNAs were predicted in cis.
Taking 100kb as the cutoff, we determined that 165 out of 204
differentially expressed IncRNA genes corresponded to 678
protein-coding genes (Supplementary Table S3). Through
gene ontology (GO) survey, 154 GO terms were significantly
enriched (Supplementary Table S4, P < 0.01). The top five
terms were intracellular organelle (GO: 0043229), organelle
(GO: 0043226), intracellular (GO: 0005622), intracellular
membrane-bounded organelle (GO: 0043231), and intracel-
lular part (GO: 0044424). Importantly, we also observed sev-
eral AD-associated terms, such as response to nerve growth
factor (GO: 1990089), nerve growth factor signaling pathway
(GO: 0038180), and glial cell development (GO: 0021782).
A total of 11 significantly enriched Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways (Supplementary
Table S5, P < 0.05) were detected. Of these pathways,
mitogen-activated protein kinase (MAPK) signaling pathway,
antigen processing and presentation, AD pathway, and FoxO
signaling pathway were related to AD. Taken together, the cis



Analysis of LncRNAs in the SAMP8 Brain by RNA-Seq
Zhang et al.

a
60 —— SAMP8
50
@ 40
>
o
C
8
T 30
[0
Q.
(W]
3
w 20
10 v
0
0 1 2 3 4 5
Day
c d * e
4 * 7
@ 20
g z °
4
3 £ 2
g 15 s
(%]
) 3 84
@ o j=d o
8 g 10 o
2 c > 3
[&] £ £
Ee] €
1 g £
& g 5 U;) 1
£
=
0 0 0
SAMPS SAMR1 SAMP8 SAMR1 SAMPS SAMR1

Figure 1 Learning and memory deficits in senescence-accelerated mouse prone 8 (SAMP8) mice. Morris water maze test was
conducted in SAMP8 and senescence-accelerated mouse resistant 1 (SAMR1) mice at 7 months of age (n = 8/group). (a) Mean escape
latency in the place navigation test (days 1-5). (b) Swimming paths in the probe trial test. (¢) Number of crossings in the probe trial test.
(d) Time spent in the target quadrant in the probe trial test. (e) Average swimming speeds of mice in the visible-platform test. *P < 0.05.
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Figure 2 Coding potential analysis. In this Venn diagram, four
tools were selected to analyze the coding potential of long noncoding
RNAs (IncRNAs), which includes CPC, CNCI, PFAM, and phyloCSF.
LncRNAs simultaneously shared by the four tools were designated
as candidates for subsequent analyses.

results showed that protein-coding genes were regulated by
their neighboring IncRNAs involved in AD.

Then, based on Pearson’s correlation coefficients (|4 >
0.95), 39 out of 204 differentially expressed IncRNA genes
that corresponded to 367 protein-coding genes were

observed using trans analysis (Supplementary Table S6).
Our results showed that 58 GO terms were significantly
enriched (Supplementary Table S7, P < 0.01), and several
terms were closely related to AD, including G-protein coupled
receptor activity (GO: 0004930), G-protein coupled receptor
signaling pathway (GO: 0007186), neurological system pro-
cess (GO: 0050877), and ketone body metabolic process
(GO: 1902224). By contrast, the KEGG results revealed 17
significantly enriched pathways (Supplementary Table S8,
P < 0.05). The AD-associated pathways were also detected,
including steroid hormone biosynthesis, AD pathway, syn-
thesis and degradation of ketone bodies, and antigen pro-
cessing and presentation. Overall, IncRNAs could regulate
protein-coding genes associated with AD through trans.

Finallyy, GO and KEGG analyses were performed on
2,505 significantly dysregulated mRNAs. As the results, we
derived 810 highly enriched GO terms (Supplementary
Table S9, P < 0.01) and 15 significantly enriched pathways
(Supplementary Table S10, P < 0.05). These results were
also reflected in AD, such as the four pathways (i.e., oxida-
tive phosphorylation, AD, antigen processing and presenta-
tion, and peroxisome proliferator-activated receptor signaling
pathway) and several GO terms (e.g., GO: 0043005, GO:
0002682, GO: 0051591, and GO: 0019882).

Association study
To deepen our understanding of the relationship between
IncRNAs and AD, first, we selectively analyzed pairs, in
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Figure 3 Comparison of the identified long noncoding RNAs (IncRNAs) and mRNAs in our study. (a) Distribution of the number of
exons in the mRNAs and IncRNAs. (b) Distribution of transcript lengths in the mRNAs and IncRNAs. (c¢) Distribution of open reading frame
lengths in the MRNAs and IncRNAs. (d) Expression level analysis in the mRNAs and IncRNAs. (e) Conservative analysis of sequence in

mRNAs and IncRNAs.

which the IncRNAs and their target genes were significantly
differentially expressed between SAMP8 and SAMR1. At the
same time, another requirement was that the selected pairs
should be associated with AD. According to these standards,
the fulfilled pairs were detected. For example, Gapdh, a sig-
nificantly dysregulated AD-associated gene, was regulated
by ENSMUSGO00000099587.1. ENSMUSG00000097785.1
and XLOC_1614232 acted on Casp9 simultaneously. A
group of IncRNAs, including ENSMUSG00000104806.1,
ENSMUSG00000085956.1, and XLOC_1382576, targeted
Ndufa11l and Ndufs2. More results are listed in Table 1.
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We predicted that these IncRNAs were most probably
involved in the adjustment of AD. However, the clear function
of these predicted IncRNAs required additional verification.

Discussion

AD was described for the first time 110 years ago.** How-
ever, no adequate treatment or cure is yet available for this
disease. Accumulating studies indicate that the complex
mechanisms of AD in the human brain require a coordi-
nated posttranscriptional regulatory network of genes. Based
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Figure 4 Cluster analysis by using heat map. (a) Cluster analysis of differentially expressed long noncoding RNAs (IncRNAs) (b) Cluster
analysis of differentially expressed mRNAs. Red indicated an increased expression, and blue indicated a decreased expression.

on this finding, ncRNAs are likely to be important factors.
LncRNAs are among the least well-understood ncRNAs and
considered to be longer than 200bp."* The IncRNAs seem
to have a relationship with AD, but current research in this
area is still superficial. In addition to Lee’s research,?? Zhou
et al®® identified AD-associated IncRNAs by reannotation of
microarray data. These studies provided several hints, but
cannot provide more detailed insights and may lack compre-
hensive assessment. RNA sequencing, as a next-generation
technology, has opened up the possibility to investigate the
AD-associated IncRNAs in unprecedented detail. Consid-
ering the difficulty of obtaining human tissue samples, an
appropriate animal model is necessary to understand the
pathogenic mechanisms of AD. The 7-month-old SAMP8
mice developed severe deficits in learning and memory, and
our Morris water maze experiment confirmed it. The mice are
relatively “old” in their average life span of 12 months and
can be considered a valid animal model of AD.2® In our study,
the primary goal was to identify AD-associated IncRNAs as
much as possible in the 7-month-old SAMP8 mice using RNA
sequencing. According to the results, these known or novel
IncRNAs may constitute potential candidates for future appli-
cation of preventing and treating AD.

First, we identified a total of 23,334 multiple-exon IncRNAs
in SAMP8 and SAMR1 mice brains using lllumina HiSeq
4000 Platform, including 8,422 known and 14,912 novel
IncRNAs. According to the statistics, 23,334 IncRNAs tran-
scripts corresponded to 14,517 IncRNA genes. Alternative
splicing cases are obviously observed within the 14,517

IncRNA genes. Marquardt et al.®” reported that altered splic-
ing of INcRNA genes could quantitatively modulate gene
expression involved in many physiological processes. We
predicted that this phenomenon may play functional roles in
AD pathogenesis. In addition, the 23,334 identified INcRNAs
showed fewer exons, shorter length, average open reading
frame length, lower expression level, and are less conser-
vative than mRNAs. The same characteristics were also
detected in humans, pigs, and other mammals.3'-3338 The
common factor of IncRNAs in mammals perhaps indicates
their important roles in regulation, control, and guidance. Our
RNA-seq datasets also displayed 76,787 protein-coding tran-
scripts between the two groups. Furthermore, the mRNAs
could be used as auxiliary materials to explore the AD-asso-
ciated IncRNAs.

Second, we measured differential IncRNA expression
between SAMP8 and SAMR mice at 7 months of age. A total
of 211 dysregulated IncRNA transcripts, transcripted from
204 IncRNA genes, were detected. Then, we focused on the
211 IncRNAs and predicted their potential function in AD.
Based on previous experience,® the interactions of protein-
coding genes and IncRNAs were determined through cis or
trans. In fact, AD is a multifactorial disease, and many theories
have been advanced as to its cause. These theories include
AP deposition, tau neuropathology, synapse injury, oxidative
stress, neuron loss, immune system dysfunction, and mito-
chondrial dysfunction.®® Notably, GO functional annotation
analysis showed that they were enriched in “response to
nerve growth factor,” “nerve growth factor signaling pathway,”

www.moleculartherapy.org/mtna
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Figure 5 Validation of transcript expression by quantitative polymerase chain reaction (qPCR). Mouse B-actin gene is used as a
housekeeping internal control. Transcript expression was quantified relative to the expression level of 3-actin using the comparative cycle
threshold (ACT) method. The data were presented as the mean + SE (n=3).*P < 0.05.

“glial cell development,” “G-protein coupled receptor activ-
ity,” “G-protein coupled receptor signaling pathway,” “ketone
body metabolic process,” and “neurological system process”
terms. All of these terms were related to AD pathogenesis.
Other important findings were the enriched pathways, includ-
ing “MAPK signaling pathway,” “antigen processing and pre-
sentation,” “Alzheimer’s disease pathway,” “FoxO signaling
pathway,” “steroid hormone biosynthesis,” and “synthesis and
degradation of ketone bodies.” These KEGG pathways were
all involved in AD control. Without question, a close relation-
ship between the 211 dysregulated IncRNAs and AD was
observed.

Third, we analyzed pairs in which the IncRNAs and their
target genes were significantly dysregulated and then further

Molecular Therapy—Nucleic Acids

refined the closest results. In fact, these altered pairs identified
in our study were highly relevant to AD. Significantly, the mito-
chondrial function is altered in AD, and multiple genes par-
ticipate in this process. Four NADH dehydrogenase-related
genes, namely, Ndufa2, Ndufa8, Ndufa11, and Ndufs2, were
strongly regulated by XLOC_1040665, XLOC_1382576,
ENSMUSG00000099587.1, ENSMUSG00000104806.1, and
ENSMUSG00000085956.1. Apod, a risk gene of AD,* was
targeted by XLOC_745263. Neu1, another risk gene of AD,*
was targeted by ENSMUSGO00000092203.6. In addition,
many altered pairs were involved in AD-associated signaling
pathways. For example, MAPK11, one of the four p38 MAPKSs
that play an important role in MAPK signaling, was targeted
by ENSMUSGO00000097578.1. More results are summarized
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Table 1 LncRNAs: the valuable markers and potential therapeutic targets to treat AD

log2 fold-change

Potential target protein-coding genes

LncRNAs (SAMP8 versus SAMR1)
XLOC_1040665 #NAME
XLOC_1382576 #NAME
XLOC_1614232 -3.31
XLOC_1696814 -1.91
XLOC_1820220 #NAME
XLOC_1335365 -5.08

XLOC_783262 INF

XLOC_817787 #NAME
XLOC_745263 -1.69
XLOC_807791 #NAME
XLOC_1527963 1.86
XLOC_233258 1.79
XLOC_1279009 #NAME
XLOC_1750966 -2.61
XLOC_154992 -2.65
XLOC_1126908 1.60
XLOC_673634 2.39
XLOC_1671429 -0.56
ENSMUSG00000097908.6 -0.58
ENSMUSG00000087231.6 1.43
ENSMUSG00000099587.1 0.51
ENSMUSG00000097785.1 3.83
ENSMUSG00000104806.1 -1.26
ENSMUSG00000085956.1 2.62
ENSMUSG00000107743.1 -1.29
ENSMUSG00000097578.1 -0.60
ENSMUSG00000092203.6 1.39
ENSMUSG00000106634.1 1.75

Ndufa8

Ndufa11, Ndufs2, Capns1, Oxct1, Gpr55, Entpd2, P2ry1, Sic17a8,
Acaala, Pink1, Foxp1, Pla2g7, Glo1, Anxa5, Trpc6

Casp9, Gpr55, Hmgcl, Foxp1, Kctd2, Pla2g7, Glo1, Tor1b, Anxa5, Trpc6
Calr

Keap1

Oxct1, Gprs5, Acaala, Hmgcl, Foxp1, Pla2g7, Glo1, Tor1b, Anxa5, Trpc6
Daxx

Daxx, Slc39a7, Rxrb

Apod

Rps6ka2

Gng12

Slc17a8, Ctss, Glo1, C1ga, Scyl2

Pink1, Kif17

Foxp1

Syt13

Bche

Rspo2

Dlgap2

Vgf

Gng12

Gapdh, Ndufa2, Vamp1

Casp9, Tor1b

Ndufa11, Ndufs2, Ccr1, Slc17a8, Foxp1, Glo1, Anxa5, Trpcé

Ndufa11, Ndufs2, Oxct1, Gpr55, Acaala, Foxp1, Pla2g7, Glo1, Anxa5,
Rspo2, Trpc6

Itpr2

Mapk11

Neut, Hspalb, Hspala

Gpr55, P2ry1, Glo1, Anxa5, Trpcé

#NAME means no expression in SAMP8; INF means no expression in SAMR1. To make the fold-change values easier to work with, a log2 transformation is
applied. AD, Alzheimer’s disease; INcRNAs, long noncoding RNAs; SAMP8, senescence-accelerated mouse prone 8; SAMR1, senescence-accelerated mouse

resistant 1.

in detail and given in Table 1. Notably, one IncRNA can control
multiple AD-associated genes. In particular, XLOC_1382576
was correlated with the expression of 15 genes. By con-
trast, one AD-associated gene could be regulated together
by several IncRNAs. For example, Trpc6 was targeted by
XLOC_1614232, XLOC_1382576, XLOC_1335365, ENS-
MUSG00000104806.1, ENSMUSG00000085956.1, and
ENSMUSG00000106634.1. In fact, in contrast to mRNA
sequences that may indicate function, the sequence motifs
of IncRNA are usually uninformative for predicting function.®!
The functional roles of IncRNAs are highly complex and
diverse. Therefore, our ongoing effort will focus on the func-
tion of these most likely IncRNAs, expecting to provide more
fundamental information in understanding their regulatory
mechanisms in AD on the molecular level. This endeavor is
going to be an enormous challenge for many years to come.

Furthermore, the accuracy of RNA sequencing was mea-
sured by gPCR in our study. Ten differentially expressed
transcripts were randomly selected and used for testing. Ulti-
mately, we determined that all results were consistent with
RNA-seq data, which proved the reliability of RNA-seq and
laid a solid foundation for further exploration.

This study provided a catalog of SAMP8 mice brain
IncRNAs for further understanding of their regulation roles in
AD pathogenesis. Along with its application in other diseases,
IncRNAs have become effective therapeutic targets. Perhaps,
these potential IncRNAs in our study can be regarded as new
biomarkers for AD and provide the basis for earlier detection
or effective therapy. Regardless, this strategy will provide an
invaluable resource for the clinical treatment of AD.

Materials and methods

Animal and tissue collection. Three-month-old SAMP8 mice
(n = 15) and 3-month-old SAMR1 mice (n = 15) were pur-
chased from Beijing WTLH Biotechnology, Beijing, China.
The mice were housed one per cage with standard environ-
ment (22+2 °C, 45-55% humidity, and 12 hours light/dark
cycle) and allowed to obtain diet freely until 7 months old.
Eight animals of each group were randomly selected for Mor-
ris water maze. We also selected three animals from each
group and gave them general anesthesia for the collection of
the cerebral cortex. These tissues were immediately stored
in a liquid nitrogen jar for RNA sequencing. All the animal

www.moleculartherapy.org/mtna
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experiments followed the “Guide for the care and use of labo-
ratory animals” and were approved by the Institutional Animal
Care and Use Committee of Beijing Normal University.

Behavioral studies. Morris water maze was used to evaluate
the spatial learning and memory of the mice as previously
described.*?“3 Briefly, in the place navigation test (days 1-5),
we placed a platform at the center of one suppositive quad-
rant. Two trials per day were administered for five consecu-
tive days. For each training trial, the mice were placed into
the maze from four assigned points and allowed to swim for
90 seconds. The escape latency was recorded by software
upon mounting the platform. However, if the mice failed to
find the platform within the stipulated time, then the escape
latency was regarded as 90 seconds. In the spatial probe
test (day 6), we removed the platform and released the mice
from the opposite quadrant. Then, the mice were allowed to
swim freely for 60 seconds. In the visible-platform test (day
7), we raised the platform above the water surface, and each
mouse was given four trials. All experiments were conducted
at approximately the same time of each day.

Total RNA extraction, library preparation, and sequencing.
TRIzol reagent (Invitrogen, Carlsbad, CA) was used to iso-
late the total RNA of each sample. The purity, concentration,
and integrity of RNA were checked using the NanoPhotom-
eter spectrophotometer (IMPLEN, Westlake Village, CA), the
Qubit RNA Assay Kit in Qubit 2.0 Fluorometer (Life Technolo-
gies, Carlsbad, CA), and the RNA Nano 6000 Assay Kit of
the Bioanalyzer 2100 System (Agilent Technologies, Santa
Clara, CA), respectively.

In this study, a total of six complementary DNA (cDNA) librar-
ies were constructed, i.e., three for SAMP8 mice and another
three for SAMR1 mice. We utilized 3 pg RNA per sample as
input material for RNA sample preparation. First, we removed
the ribosomal RNA by Epicentre Ribo-Zero rRNA Removal Kit
(Epicentre, Madison, WI) and cleaned the rRNA-free residue
by ethanol precipitation. Second, rRNA-depleted RNA by NEB-
Next Ultra Directional RNA Library Prep Kit for lllumina (NEB,
Ipswich, MA) was used to create sequencing libraries. Then,
random hexamer primer and M-MuLV Reverse Transcriptase
(RNaseH-) were used to synthesize the first-strand cDNA.
Second-strand cDNA was synthesized subsequently using
DNA Polymerase | and RNase H. NEBNext Adaptor with hair-
pin loop structure was ligated to prepare for hybridization, after
adenylation of the 3’ ends of DNA fragments. For the purpose
of selecting cDNA fragments of preferentially 150—-200bp in
length, the library fragments were purified with AMPure XP
System (Beckman Coulter, Beverly, MA). Finally, the products
were purified (AMPure XP System) and the Agilent Bioanalyzer
2100 System was selected to assess the library quality. After
we completed the clustering of the index-coded samples, which
was performed on a cBot Cluster Generation System using the
TruSeq PE Cluster Kit v3-cBot-HS (lllumina), the libraries were
sequenced at the Novogene Bioinformatics Institute (Beijing,
China) on an lllumina HiSeq 4000 Platform, and 150bp paired-
end reads were generated.

Quality analysis, mapping, and transcriptome assembly.
Clean reads were obtained by removing reads containing
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adapter or poly-N and low-quality reads from raw data through
in-house perl scripts. Q20, Q30, and GC contents of the
clean reads were calculated. All the downstream analyses
were based on the good-quality clean reads. Paired-end
clean reads were mapped to the mouse genome sequence
(ftp://ftp.ensembl.org/pub/release-81/gtf/mus_musculus/)
with TopHat v2.0.9.444 The mapped reads of each sample
were assembled by Cufflinks v2.1.1.46

LncRNA identification. LncRNAs were identified following
six steps: (i) Cuffcompare software was used to combine
all assembled transcripts.*” (ii) Transcripts were removed
if <200bp in length or less than two exons. (iii) Cufflinks
v2.1.1 was used to calculate the reads coverage of each
transcript, and those with less than three reads coverage
were removed. (iv) Cuffcompare software was used to com-
pare the transcripts and known mouse IncRNAs. The quali-
fied IncRNAs were immediately classified in our results as
known IncRNAs. We also discarded those transcripts that
belong to tRNA, rRNA, snoRNA, snRNA, pre-miRNA, and
pseudogenes. (v) The remaining transcripts were blasted
with known mRNA and completed the preliminary screen-
ing. (vi) The coding potential of transcripts was assessed
by four types of software, namely, CNCI, CPC, PFAM, and
phyloCSF.“¢5! Transcripts without coding potential were
defined as novel IncRNAs. We selected the novel IncRNAs
and known IncRNAs as the final results. In addition, the novel
IncRNAs were grouped into three subtypes (i.e., incRNA,
intronic INcRNA, and antisense IncRNA) using information
of class_code (http://coLetrapnelllabio/cufflinks/cuffcompare/
index.Html#transfrag-classcodes).

Conservative analysis of IncRNAs. phyloFit and phastCons
are two important statistical programs in the Phast (v1.3)
package. phyloFit was used to compute phylogenetic models
for conserved and nonconserved regions among species to
analyze the sequence conservation of transcripts. Then, with
these models, phastCons was used to compute a set of con-
servation scores of IncRNAs and coding genes.5?

Expression analysis. We calculated the fragments per kilo-
base of exon per million fragments mapped of the transcripts
using Cuffdiff (v2.1.1) to evaluate the expression levels of
IncRNAs and protein-coding genes in each sample.*® Tran-
scripts with P value <0.05 was described as differentially
expressed between SAMP8 and SAMR1.

gPCR. The results of RNA sequencing were validated by
gPCR. gPCR was performed using the SYBR green assay
(TaKaRa Biotechnology, Dalian, China) on a Roche LightCy-
cler 480 machine (Roche Applied Science, Mannheim, Ger-
many). The specific quantitative primers for 10 transcripts are
listed in Supplementary Table S11. In addition, the primers
of B-actin gene were designed as an endogenous control.
The 25 pl reaction volume contained 8.5 pl H,0, 1 pl of each
primer, 2 pl cDNA, and 12.5 pl of 2x RealMasterMix (TaKaRa
Biotechnology). The conditions were as follows: 95°C for
30 seconds, followed by 40 cycles (95°C for 5 seconds and
60°C for 30 seconds). Each experiment was performed in
triplicate.
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Target gene prediction. In this study, cis and frans analyses
were used to predict the target genes of INcRNAs. Briefly, the
coding genes 100K upstream and downstream of IncRNAs
were searched as cis role results. The trans role of INcCRNA
was to identify each other by the expression level, and the
results with Pearson’s correlation coefficients (| > 0.95)
were selected.

GO and KEGG enrichment analyses. GO enrichment analy-
sis was applied to target genes of IncRNAs by the GOseq
R package.® In addition, the differentially expressed protein-
coding genes were also analyzed using GO. GO terms with
P value <0.05 were considered significantly enriched.

The KEGG database is used to understand the high-level
functions and utilities of the biological system. Therefore, we
used KOBAS software to detect the enrichment of IncRNA
target genes or differentially expressed protein-coding genes
in KEGG pathways.** Hypergeometric P value <0.05 was
considered significant.

Statistical analysis. The statistical difference was analyzed
using the SPSS (version 20.0). All data were shown as the
means + SEM. Significance was accepted at P < 0.05. Briefly,
the escape latency in the Morris water maze test was com-
pared by applying two-way analysis of variance. Student’s
t-test was used to compare the qPCR results and the rest
data of the Morris water maze test.
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