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Identification of a functional human-unique 351-bp Alu
insertion polymorphism associated with major depressive

disorder in the 1p31.1 GWAS risk loci

Weipeng Liu'?, Wengiang Li@**, Xin Cai'?, Zhihui Yang'?, Huijuan Li'?, Xi Su®**, Meng Song®*, Dong-Sheng Zhou’, Xingxing Li°,
Chen Zhang®, Minglong Shao®*, Luwen Zhang®*, Yongfeng Yang®*, Yan Zhang®*, Jingyuan Zhao®*, Hong Chang’,
Yong-Gang Yao®'*"%, Yiru Fang ®°”, Luxian Lv**°, Ming Li®"”® and Xiao Xiao'?®

Genome-wide association studies (GWAS) have reported substantial single-nucleotide polymorphisms (SNPs) associated with major
depressive disorder (MDD), but the underlying functional variations in the GWAS risk loci are unclear. Here we show that the
European MDD genome-wide risk-associated allele of rs12129573 at 1p31.1 is associated with MDD in Han Chinese, and this SNP is
in strong linkage disequilibrium (LD) with a human-unique Alu insertion polymorphism (rs70959274) in the 5’ flanking region of a
long non-coding RNA (IncRNA) LINC01360 (Long Intergenic Non-Protein Coding RNA 1360), which is preferably expressed in human
testis in the currently available expression datasets. The risk allele at rs12129573 is almost completely linked with the absence of
this Alu insertion. The Alu insertion polymorphism (rs70959274) is significantly associated with a lower RNA level of LINC01360 and
acts as a transcription silencer likely through modulating the methylation of its internal CpG sites. Luciferase assays confirm that the
presence of Alu insertion at rs70959274 suppresses transcriptional activities in human cells, and deletion of the Alu insertion
through CRISPR/Cas9-directed genome editing increases RNA expression of LINC01360. Deletion of the Alu insertion in human cells
also leads to dysregulation of gene expression, biological processes and pathways relevant to MDD, such as the alterations of mRNA
levels of DRD2 and FLOTI, transcription of genes involved in synaptic transmission, neurogenesis, learning or memory, and the
PI3K-Akt signaling pathway. In summary, we identify a human-unique DNA repetitive polymorphism in robust LD with the MDD
risk-associated SNP at the prominent 1p31.1 GWAS loci, and offer insights into the molecular basis of the illness.

Neuropsychopharmacology (2020) 45:1196-1206; https://doi.org/10.1038/541386-020-0659-2

INTRODUCTION

Major depressive disorder (MDD) is a severe mental illness
substantially influenced by genetic and environmental risk factors
[1]. Recent genome-wide association studies (GWAS) have
identified multiple common single-nucleotide polymorphisms
(SNPs) conferring risk of MDD [2-4], such as variations spanning
VRK2, DRD2, TCF4, and the extended major histocompatibility
complex (MHC) region [4-6]. Majority of the risk SNPs for MDD are
located in noncoding genomic regions, and identifying the
functional variations among the noncoding SNPs is crucial for
translating the clinical associations into molecular mechanisms
and for understanding the biological basis of the illness [7, 8].
Likewise, there are many studies aiming to characterize the
functional causative SNPs in the psychiatric GWAS risk loci [9-13].
However, both GWAS analyses and follow-up functional studies
primarily focus on SNPs and small indels, and other types of

sequence variations are relatively less investigated. Nevertheless,
accumulating data have shown that sequence variations besides
SNPs, such as variable number tandem repeats (VNTRs), Alu short
interspersed nuclear elements (SINEs), copy number variations
(CNVs), and short tandem repeats (STRs), may also confer
significant risk of psychiatric disorders, and some of them might
be the functional units to which GWAS SNP associations are
attributed [14-19].

Among these sequence variations, Alu polymorphisms are
potentially important players in complex illnesses whose impact
remains less characterized. Alu polymorphisms refer to the presence
or absence of an Alu insertion (mobile genetic elements that are
~300-bp stretch of repetitive DNA sequences ancestrally derived
from the small cytoplasmic 7SL RNA) [20]. Most Alu insertions are
fixed in populations, while some are still polymorphic (comprised of
presence (insertion) and absence (empty) alleles) [21]. Intriguingly,
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Payer et al. have previously identified many Alu polymorphisms in
strong linkage disequilibrium (LD) with GWAS risk SNPs of complex
diseases [14]. Therefore, a comprehensive post-GWAS analysis of
risk loci considering all types of sequence variations is important to
identify potential causative variations and will aid in the under-
standing of genetic mechanisms for psychiatric disorders.

There is a GWAS risk locus at 1p31.1 in which rs12129573 and its
index SNPs are genome-wide significantly associated with MDD in
Europeans (p = 4.01 x 10~ "2 in 135,458 cases and 344,901 controls)
[4]. Here we replicate the association between rs12129573 and
clinical diagnosis of MDD across distinct populations. Moving
beyond statistical analysis, we have discovered a human-unique
Alu polymorphism (rs70959274), which is in strong LD with
rs12129573, in the promoter of LINC01360 (Long Intergenic Non-
Protein Coding RNA 1360). Through both in vitro luciferase
reporter gene assays and CRISPR/Cas9 editing-generated HEK293T
and U251 cells with different Alu polymorphisms, we reveal that
absence of the Alu insertion predicts a higher transcription level of
LINC01360 in cells; eQTL analyses also suggest that the absence of
the Alu insertion correlates to higher expression of LINCO1360 in
the human tissue. We then show that the Alu insertion likely serves
as a transcription silencer of LINC01360 through modulating DNA
methylation. Our results describe a novel human-specific Alu
insertion as a potential causative variation explaining the GWAS
risk associations in the 1p31.1 locus.

METHODS

MDD case-control sample and statistical analysis in

Chinese population

1751 MDD cases and 2468 controls of Han Chinese origin were
recruited for the current study. MDD patients were diagnosed
according to the DSM-IV criteria via standard diagnostic assess-
ments, supplemented with clinical information through thorough
review of medical records and interview with family informants
[22, 23]. Those who were diagnosed with other psychiatric
disorders or neurological disorders, being pregnant, or breast-
feeding at the time of study were excluded. Control subjects were
local volunteers with no history of self-reported mental illnesses.
All the protocols and methods used in this study were approved
by the institutional review board of the Kunming Institute of
Zoology, Chinese Academy of Sciences and the ethics committees
of all participating hospitals and universities. All participants
provided informed consents. Genomic DNA was extracted using
high-salt method [24]. The PCR primers amplifying the DNA
fragments spanning rs12129573 (PCR product length: 458-bp)
were 5'-TGTCCTCAGCAAGAGAATGTGG-3' (forward) and 5/-AATGT
TAATCTGGATGCTTTCGG-3’ (reverse), and SNP genotyping was
conducted using the SNaPShot method as previously described
[25]. We also confirmed the genotyping of rs12129573 of 50
randomly selected individuals using Sanger sequencing, and no
genotyping errors were found. We applied logistic regression
to analyze the associations between SNPs and MDD using
PLINK v1.9 [26], with sex and residence of participants included
in the covariates. Regional association results of the 1p31.1 loci
were plotted using LocusZoom (http://locuszoom.sph.umich.edu/
locuszoom/) [27].

Sequence variation analysis and genotyping of the Alu
polymorphism in human populations

We examined the UCSC website (http://genome.ucsc.edu/) to
identify all types of potential sequence variations in the 1p31.1
region. Genotyping of the Alu polymorphism (rs70959274) was
conducted using PCR in 191 samples (including 135 Han Chinese,
36 European and 20 Pakistani individuals), and amplicons were
analyzed with electrophoresis and Sanger sequencing to
determine different alleles. The PCR primers for genotyping of
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rs70959274 were 5-GCACAATGCAAATATGCCTTAA-3’ (forward)
and 5’-CCATCCTCCATACACAAAACAT-3' (reverse) (PCR product
length: presence of Alu insertion: 495-bp; absence of Alu insertion:
144-bp).

Expression quantitative trait loci (eQTL) analysis in human tissues
To identify the impact of risk SNP rs12129573 on mRNA expression,
we utilized GTEx (Genotype-Tissue Expression project; https:/
www.gtexportal.org/) dataset to explore the gene expression
regulation in human tissues [28]. Genes within 150-Kb away from
the risk SNP rs12129573 were analyzed for its eQTL effects. As
described in the original GTEx report [28], linear regression was
conducted between genes and normalized expression matrices,
with top three genotyping principal components, gender, geno-
typing platforms included as covariates. Detailed information of
the GTEx dataset can be found in the original study and on their
official website [28].

Defining candidate regulatory variations

The pairwise LD (r?) between sequence variations were calculated
using the Haploview program [29]. We used the SNP data from the
1000 Genomes Project (https://www.internationalgenome.org/) to
identify variations in strong LD (= 0.8) with the MDD risk SNP
rs12129573 in Europeans [30]. We used HaploReg v4.1 (https://
pubs.broadinstitute.org/mammals/haploreg/haploreg.php) data-
set to help prioritize the candidate regulatory SNPs [31], which
primarily utilized ChIP-Seq results of histone modifications such as
H3K4me1, H3K4me3, H3K9ac and H3K27ac in brain tissues and
multiple types of cells from the ENCODE dataset [32]. We then
utilized GWAVA (Genome Wide Annotation of VAriants, https://
www.sanger.ac.uk/sanger/StatGen_Gwava, a web-based tool aim-
ing to prioritize the functional variations based on the annotations
of noncoding elements primarily from ENCODE/GENCODE, as well
as the genome-wide properties such as evolutionary conservation
and GC-content), to predict whether the epigenetic features
and regulatory elements overlapped with the tested SNPs [33]. We
also used AliBaba 2.1 program (http://gene-regulation.com/pub/
programs/alibaba2/index.html), which is developed based on the
binding sites resources from TRANSFAC® Public [34], to predict the
potential binding sites of transcription factors within the Alu
sequence at rs70959274.

Cell culture

The HEK293T (human embryonic kidneys 293T) and U251 (human
glioma) cell lines were originally obtained from the Kunming Cell
Bank, Kunming Institute of Zoology, and HCC1806 (human
mammary gland epithelial) cell line was originally obtained from
ATCC. PCR and microscope analyses are regularly performed to
ensure that no cells were contaminated with mycoplasma during
the study. All cells were cultured in a standard humidified incubator
with 5% CO, at 37 °C. HEK293T and U251 cells were cultured in a
humidified 5% CO, incubator at 37°C in Dulbecco’s Modified
Eagle’s Medium (DMEM) basic (Gibco) supplemented with 10%
fetal bovine serum (FBS) (Biological Industries), 1% non-essential
amino acids, 1% sodium pyruvate, and 1% penicillin-streptomycin
(Life Technologies). HCC1806 cells were cultured in RPMI Medium
1640 Basic (Gibco) supplemented with 5% FBS and 1% penicillin-
streptomycin.

LINCO1360 promoter activities characterized by luciferase reporter
assays

Plasmid construction in pGL3-promoter vector. DNA fragments
containing different alleles at rs70959274 were amplified for
luciferase assays using the primers 5-AAAGACTGCAAAGGCTTC
CT-3' (forward) and 5-TCCATATCCATCCTCCATACAC-3’ (reverse)
(PCR product length: presence of Alu insertion: 909-bp; absence of
Alu insertion: 558-bp). The sequences were then sub-cloned into
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pGL3-promoter vector (Promega, #E1761), and Sanger sequencing
was performed to ensure that the recombinant clones only differ
at rs70959274.

Transfection and luciferase reporter gene assay. The reconstructed
pGL3 reporters were transiently co-transfected into HEK293T,
U251, and HCC1806 cells together with an internal control
reporter pRL-TK (Promega, #E224A) using Lipofectamine 3000
(Life Technologies). These plasmids were all accurately quantified
and equal amounts of the plasmids were used for transfection
between different wells in 24-well plate. All transfection proce-
dures lasted 24-48 h, and the cells were then collected to measure
luciferase activity using the Dual-Luciferase Reporter Assay System
(Promega). The activity of firefly luciferase was normalized to that
of Renilla luciferase to control for variations in the transfection
efficiency between different wells. All assays were performed at
least in four biological replicates in independent experiments, and
two-tailed t-tests were performed to analyze statistical differences
between experimental groups.

Prediction of CpG islands within the Alu sequence at rs70959274
and bisulfite sequencing

EMBOSS Cpgplot (http://emboss.bioinformatics.nl/cgi-bin/emboss/
cpgplot) was used to identify CpG islands (CGls) in the Alu insertion
sequence [35]. The default parameters of prediction were as
follows: 1) the observed CpG/expected CpG ratios > 0.6; 2) %C + %
G > 50%; and 3) sequence length > 200-bp.

We used ZYMO EZ DNA Methylation-Gold™ Kit to conduct
bisulfite conversions of DNA following the manufacturer’s instruc-
tions. Sodium bisulfite converts unmethylated cytosine to uracil,
which is then PCR amplified as thymidine while methylated cytosine
remains cytosine. The Bisulfite sequencing PCR primers were 5'-
GTGAAGTTTAGATTTGAGATTTTAA-3' (forward) and 5-TCCATACA
CAAAACATACATTCT-3’ (reverse), and PCR was performed at 95 °C
for 5 min followed by 40 cycles of 95°C for 30 sec, 55 °C for 30 sec
and 72°C for 1 min with a final extension at 72°C for 7 min. PCR
products from bisulfite-treated DNA were tested in 2% agarose gel
and then cloned into the pEASY-T1 vector (TransGen Biotech,
Beijing, China). The colony PCR was undertaken to screen for
positive colonies. The clones of PCR products with the right size
were sequenced on an ABI sequencer with dye terminators (Applied
Biosystems, Foster City, CA, USA). The methylation frequencies of all
CpG sites were determined for ten clones.

CRISPR/Cas9 guide selection and genome deletion of rs70959274
region

Protospacer sequences of CRISPR/cas9 against target regions were
designed by CRISPOR (http://crispor.tefor.net/crispor.py) [36]. We
deleted the 1278-bp DNA sequence encompassing rs70959274
using two Cas9-guide RNA constructs. Annealed oligonucleotides
were sub-cloned into the pL-CRISPR.EFS.GFP plasmid, which
simultaneously delivers spCas9, GFP, and sgRNA. The sgRNA
sequences were 5-AGACATAATCCCAATATCTG-3’ (upstream) and
5-GAGTTAGAAAATTAGGACAG-3’ (downstream).

The HEK293T, U251, and HCC1806 cells were cultured on 6-well
plates and allowed to grow to ~85% confluency; HEK293T cells
were transiently transfected with the pL-CRISPR.EFS.GFP-sgRNA (or
pL-CRISPR.EFS.GFP-control-sgRNA which did not target human
genome) constructs using Lipofectamine 3000, while U251 and
HCC1806 cells were infected with pL-CRISPR.EFS.GFP-sgRNA (or pL-
CRISPR.EFS.GFP-control-sgRNA) lentivirus. In all, 48 h after transfec-
tion or 72h after infection, cells with strong GFP fluorescence
signals were identified with a confocal microscopy and proceeded
for genomic DNA extraction. The target region was then amplified,
and electrophoresis and Sanger sequencing were performed to
confirm successful editing of the genome as previously described
[37]. Cells with and without editing of the target region were then
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allowed to grow to establish sublines. Eventually, three non-deleted
and three biallelic deleted sublines after CRISPR/Cas9 genome
editing were selected for subsequent RNA extraction, complemen-
tary DNA (cDNA) synthesis, real-time quantitative PCR (RT-qPCR),
and RNA-sequencing.

Detection of off-target effects in CRISPR/Cas9

Detection of off-target effects during CRISPR/Cas9 was performed
following our previous study [37]. We predicted 28 most likely off-
target sites in the genome using the tools provided at http://
crispor.tefor.net/crispor.py. Briefly, DNA fragments differed by less
than three nucleotides compared with the target sequence were
considered potential off-target sites. These DNA fragments
were amplified using PCR from HEK293T cells that were used for
the CRISPR/cas9 mediated deletion of the Alu polymorphism at
rs70959274. The T7EN1 cleavage assay was then performed to
examine the cleavage of off-target sites. Specifically, a total of
200 ng purified PCR products were denatured and reannealed in
1x NEB Buffer 2 (NEB) in 20 pl volume using a thermocycler with
the following program: 95 °C, 5 min; 95-85 °C at —2 °C/s; 85-25 °C
at —0.1°C/s; hold at 4°C. In all, 1 pl of T7ZENT enzymes (NEB) were
then added to hybridize PCR products and incubated at 37 °C
for 30 min. The PCR products digested by T7EN1 were separated
on a 2% agarose gel and images were captured by Tanon
5200 Multi.

Real-time quantitative PCR analyses in cells

Total cellular RNA was isolated from HEK293T, U251 and HCC1806
cells using TRIzol reagent. The cDNA was then synthesized from
the total RNA using the RevertAid First Strand cDNA Synthesis Kit
(Thermo, #K1622). An aliquot of 2ug total RNA was used to
synthesize cDNA in a 20 pl reaction mixture containing Random
Hexamer Primer, RevertAid M-MuLV RT, RiboLock RNase Inhibitor,
DNase |, 5x Reaction Buffer and 10 mM dNTP Mix (Thermo). The
MRNA expression was quantified through RT-qPCR using the ABI
PRISM 7900 real-time PCR system (Applied Biosystems) as
previously described [6, 38, 39]. RPS13 was used as the reference
gene to normalize the amplification signal between different wells
and the amount of input cDNA. The primers used for amplification
of RPS13 were 5-CCCCACTTGGTTGAAGTTGA-3’ (forward) and 5’-
CTTGTGCAACACCATGTGAA-3’ (reverse); primers for LRRIQ3 were
5/-CGATTTGTCTGACTGTGTTGGG-3' (forward) and 5'-CATGACTGGT
TAGCTCTTCTGTGA-3' (reverse); primers for NEGRT were 5-TGCA
GTGCGGAAAATGATGTG-3' (forward) and 5/-CTTATCAGGCCACTGC
GTCC-3’ (reverse). Relative mRNA levels of these genes were
presented as the means of 222, Statistical tests against different
groups were conducted using two-tailed t-test.

Two pairs of primers were used to quantify the expression of
LINC01360. The first pair (the forward and reverse primers were
located in different exons) were 5'-CAGGCTGAGGGATGTTAGG
AAG-3' (forward) and 5-CTGAGGTGACAGGGAGTTTGGT-3' (reverse);
the second pair (the forward and reverse primers were located in
the same exon) were 5-TTCCAAGGGCCAATTTTGAA-3' (forward) and
5-GAGGCCCAGTTTGCGTCAT-3’ (reverse). The first pair of LINCO1360
primers is supposed to measure the expression of only part of its
transcripts; the second pair is predicted to measure the expression
of majority of the LINCO1360 transcripts. The predicted transcripts of
LINC01360 in the Ensembl website and locations of each primer are
shown in Fig. S1. Since LINC01360 is not quantifiable in some
samples and cannot be statistically analyzed using RT-qPCR, we
conducted semi-quantitative PCR and the amplicons were separated
on 2% agarose gels to examine the accuracies and intensities of the
PCR product bands. The semi-quantitative PCR of LINCO1360 was
performed on an Applied Biosystems Veriti Thermal Cycler following
the program that firstly 95 °C for 5 min, followed by 40 repeated
cycles of 95 °C for 30's, 60 °C for 30 s and 72 °C for 30 s, with one final
annealing cycle at 72 °C for 5 min.

Neuropsychopharmacology (2020) 45:1196 - 1206
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RNA-sequencing analysis in HEK293T and U251 cells

Paired-end RNA-sequencing analysis was performed for the
HEK293T and U251 cells with and without CRISPR-mediated
deletion of the Alu insertion. RNA-sequencing was conducted on
lllumina NovaSeq 6000 with a 150-bp read length. Fastq data files
were retrieved for sequencing quality and trim reads examination
using trimmomatic-0.36 [40]. This process yielded results of clean
paired-end reads, which were subsequently aligned to the
GRCh38 of the human genome using Hisat2 [41]. FeatureCounts
were used to quantify mMRNA expression of genes annotated in the
Ensembl build GRCh38.91 [42], and genes with average FPKM
(Fragments Per Kilobase Per Million Mapped Fragments) < 0.1
were excluded from further differential expression analyses. R
package DESeq2 was used to analyze the gene expression
differences between experimental groups [43]. Genes with false
discovery rate (FDR) corrected p-value < 0.05 were identified as
significantly differentially expressed.

Biological processes and pathway analyses

To examine whether genes involved in essential pathways in MDD
pathogenesis and relevant psychological characteristics are
affected by the rs70959274 Alu polymorphism, functional annota-
tion analyses with Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway annotation and Gene Ontology (GO) annotation
were performed using R package clusterProfiler [44]. KEGG
pathways and GO biological process (BP) terms with a gene
number <5 were excluded, and KEGG pathways and GO BP terms
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with FDR-corrected p-value <0.05 were considered statistically
significantly enriched. Semantic similarity analyses were then
conducted with GOSemSim [45] to narrow down the enriched GO
terms based on their similarity between each other (r>0.5 was
considered highly similar).

RESULTS

rs12129573 is significantly associated with MDD in Han Chinese

population

The MDD GWAS in European populations discovered significant
associations of 44 independent risk loci, among which rs12129573
in 1p31.1 showed genome-wide significant associations (p=
4.01x 107" in 135,458 cases and 344,901 controls) [4]. In our Han
Chinese samples (1751 MDD cases and 2468 controls), the
putative risk A-allele of rs12129573 was also significantly over-
represented in MDD patients compared with healthy controls
(p=298x10"°, OR=1.239, Table S1). The allele and genotype
frequencies of the SNP are shown in Table S1, and there is no
deviation of Hardy-Weinberg equilibrium in controls.

rs12129573 is significantly associated with a lower RNA expression
of LINCO1360

The rs12129573 locates in the 5’ flanking region of LINCO1360
(Fig. 1). LINC01360 encodes a IncRNA with unknown function, and
is also the only annotated gene within 150-Kb around the SNP.
Accumulating evidence have suggested that noncoding risk
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Fig. 1

Genetic associations of SNPs spanning 1p31.1 region with major depressive disorder (MDD) in European populations, and

schematic of rs12129573 and Alu polymorphism (rs70959274) locations in human genome. A physical map of the region is given and
depicts known genes within the region, and the LD is defined based on the SNP rs12129573. The dash line indicates the threshold for
genome-wide significance (p =5.00 x 10~5). Note: in the PGC2 MDD GWAS, rs12129573 showed genome-wide significant association (p =
4,01 x 107 '?) with the illness in 135,458 cases and 344,901 controls. However, the summary statistics of 23andMe dataset (75,607 cases and
231,747 controls) in their GWAS were not publicly released, and we thus used the results in the remaining samples (including 59,851 cases and
113,154 controls) to make this figure via LocusZoom. Intriguingly, in this smaller dataset, rs12129573 is still the leading variation in the 1p31.1
area showing genome-wide significant association with MDD (p = 5.45 x 10~°).
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Fig. 2 Molecular characterization of the linked rs12129573 and rs70959274. a Expression quantitative trait loci (eQTL) analyses of

rs12129573 with LINC01360 RNA expression in GTEx dataset. b Electrophoresis of Alu polymorphism (rs70959274) different genotypes.
¢ Sanger sequencing of individual carrying heterozygote at the Alu polymorphism (rs70959274). d-f DNA methylation status of the CpG sites
within the 351-bp Alu sequence at rs70959274 in HEK293T, U251 and SH-SY5Y cells respectively. [Each row means one clone in bisulfite
sequencing; the black solid circle donates unmethylation, and empty circle donates methylation].

variations of complex disorders tend to be associated with mRNA
expression of nearby or distal genes [7], we therefore examined
the associations between rs12129573 and the mRNA expression of
all its potential cis-acting genes (<1-Mb) in multiple public brain
eQTL datasets (BrainSeq [46], CommonMind [47], Brain xQTL [48]
and GTEx-brain [28]). Unfortunately, rs12129573 was not asso-
ciated with the mRNA expression of any genes in the brain tissues
(data not shown).

To examine if rs12129573 exerted regulatory effects in human
organs other than the brain, we then retrieved RNA-sequencing data
of multiple human tissues from the GTEx dataset [28]. This tissue-
wide analysis showed that rs12129573 was significantly associated
with LINC01360 expression in human testis (N =322 subjects, p =
1.30x 10, Fig. 2a), and a detailed examination found that its risk
A-allele indicated a higher RNA level of the IncRNA. The GTEx tissue-
wide analysis did not reveal any significant eQTL associations
in other tissues. By contrast, rs12129573 was not associated with
the mRNA expression of other genes near LINCO1360 at 1p31.1 in
the testis, such as LRRIQ3 (>700-Kb far from rs12129573) or NEGR1
(>1-Mb far from rs12129573) (p > 0.4, Fig. S2). According to the RNA-
sequencing data from GTEx dataset [28], LINCO1360 is preferably
expressed in human testis (Fig. S3). To examine the possibility that
the relatively rare presence of LINC01360 expression in the GTEx
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dataset was resulted from limitations of RNA-sequencing techni-
ques, we then conducted semi-quantitative PCR to examine the RNA
expression of LINCO1360 in human brain tissues (Fig. S4) and several
human cell lines (HEK293T, U251, and HCC1806, as shown in the
following sections). However, the expression levels of LINCO1360 in
these samples and cells were quite low.

Functional prediction analysis of rs12129573 LD linked SNPs

To pinpoint the genetic variation(s) conferring functional impact
within this locus, we retrieved information of SNPs in high LD
(P =2 0.8) with rs12129573 in Europeans. Briefly, 170 SNPs were
in high LD with rs12129573 in Europeans, and all the 171 SNPs
were in the noncoding regions near LINC01360. We therefore
performed functional prediction of these SNPs using HaploReg
v4.1 dataset [31]. However, we found that they unlikely resided in
any DNA segments with open-chromatin peaks or transcription
factors binding sites or histone markers in the brain (e.g,
H3K4me1, H3K4me3, H3K9ac, and H3K27ac) (Fig. S5). Further
functional prediction using other programs (e.g., GWAVA [33],
Table S2) also suggested that these SNPs were unlikely functional,
as the functional prediction scores of almost all SNPs were <0.5
(prediction scores from three different versions of the classifier
(Region score, TSS score, Unmatched score) range 0-1, and higher
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scores indicate a greater likelihood that the respective variations
are functional). In addition, we also utilized data from recently
published studies to assess whether any of the 171 SNPs located
in the open chromatin peaks in human brain tissues or neurons
derived from human induced pluripotent stem cells (hiPSC), so as
to examine whether these SNPs exert functions in early neuro-
development [11, 49]. However, none of the tested SNPs were
overlapped with the open chromatin peaks (data not shown).

Identification of a human-unique Alu insertion polymorphism
(rs70959274) in strong LD with rs12129573

Although the functional SNPs in the 1p31.1 region and the
LINCO1360 locus remain unclear, we have identified a 351-bp Alu
insertion polymorphism (rs70959274) in 431-bp 3’ downstream of
rs12129573, which was further confirmed using in silico analysis on
the UCSC website (http://genome.ucsc.edu/) and through Sanger
DNA sequencing of the target region (Fig. 2b, c). Intriguingly, Alu
polymorphisms in strong LD with GWAS risk SNPs of complex
diseases have been repeatedly highlighted, and are thought to play
putative roles in the pathogenesis of these diseases [14]. We
therefore amplified rs70959274 and rs12129573 in 135 Han Chinese
individuals, and found that the MDD risk A-allele of rs12129573 was
almost completely linked with “absence” of the Alu insertion (=
0.94). In 36 European and 20 Pakistani individuals, the substantial LD
between rs12129573 and rs70959274 was also observed (= 0.89
and 1.00, respectively). Considering that Alu elements are usually
conserved in primates [20], we then examined rs70959274 across
species and found that it was human-specific. Further characteriza-
tion of its allelic status in multiple human cell lines revealed
homozygous presence of the Alu insertion in U251 and SH-SY5Y
(human neuroblastoma) cells, heterozygous in HEK293T cells, and
homozygous absence in HCC1806 cells (Fig. S6). However, the Alu
polymorphism rs70959274 was not covered in the current GWAS
platforms or in public eQTL datasets. Given the tight LD between
rs12129573 and rs70959274, we used the genotype of rs12129573
as the proxy of that of rs70959274, and predicted that the presence
of the Alu insertion at rs70959274 was linked with a lower RNA level
of LINC01360.

Alu insertion at rs70959274 decreases promoter activities in vitro
Compared with single base-pair substitution (i.e., rs12129573), the
351-bp Alu insertion polymorphism (i.e., rs70959274) likely exerts a
greater impact in the genome. Indeed, Alu insertions have been
demonstrated to affect transcription and post-transcription
processes through affecting promoter activity, DNA methylation,
alternative splicing, and RNA editing [50]. We therefore tested the
regulatory effect of the Alu insertion on promoter activities using
an in vitro reporter gene assay. We amplified the DNA fragments
spanning rs70959274 from individuals carrying different geno-
types of this Alu polymorphism. These sequences were then sub-
cloned into the pGL3 promoter vector and transiently co-
transfected with an internal control reporter pRL-TK into human
HEK293T, U251, and HCC1806 cells. The luciferase activities of
these cells were then examined. In all three cells, the transcrip-
tional activity of the pGL3 promoter containing the Alu insertion
was significantly lower than that of the promoter without the
insertion (p = 1.36 x 107> in HEK293T cells, p = 0.01 in U251 cells,
and p=0.001 in HCC1806 cells, two-tailed t-test, Fig. 3a—c),
suggesting that the Alu insertion at this locus likely exerted
repressive effects on transcription, which is also consistent with
the eQTL analysis in human tissues.

Alu insertion at rs70959274 contains multiple DNA

methylation sites

To explore the mechanisms underlying this repressive effect of the
Alu insertion on transcriptional activities, we tested whether the Alu
element could bind transcription repressors, or underwent hyper-
methylation of the DNA. Since rs70959274 has multiple similar
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sequences across the genome, the current genome-wide sequen-
cing based on short reads (such as ChIP-Seq on H3K4me1, H3K4me3
or transcription factors etc.) is not able to precisely map to the Alu
region (Fig. S7). A functional prediction of the 351-bp Alu insertion
sequence at rs70959274 did not identify any particular transcription
repressors of interest using AliBaba 2.1 program (http://gene-
regulation.com/pub/programs/alibaba2/index.html), JASPAR (http://
jaspar.genereg.net/) [51], or AnimalTFDB (v3.0) (http://bioinfo.life.
hust.edu.cn/AnimalTFDB/#/) [52] (Fig. S8). Intriguingly, we identified
23 CpG sites and one CpG island (CGI) within the 351-bp Alu
insertion sequence, and bisulfite sequencing further found that all
23 CpG sites in HEK293T and U251 cells were completely or near
completely methylated under natural condition (Fig. 2d, e). Similarly,
hypermethylation of the Alu insertion at rs70959274 was also
observed in SH-SY5Y cells (Fig. 2f).

Deletion of the Alu insertion (rs70959274) in cells increases RNA

expression of LINCO1360

We further tested whether the Alu insertion at rs70959274
repressed the RNA expression of LINC01360. We used a dual
sgRNA-directed CRISPR/Cas9 system to knock out this Alu element
in HEK293T and U251 cells, and then examined the alterations of
LINC01360. Since rs70959274 is a short stretch of repetitive DNA
sequences, and Alu elements generally have abundant presence of
similar sequences in the genome, it is difficult to precisely delete
the Alu insertion at rs70959274. To resolve this problem, we
designed the sgRNAs that could delete the 1278-bp DNA sequence
covering rs70959274. After CRISPR/Cas9-directed genome editing
in cells, we examined 28 most likely off-target sites; 22 sites did not
have any cleavage signals, and 6 sites had detectable cleavage
bands, but further verification of these sites using Sanger
sequencing did not find genomic DNA cleavage within 100-bp
around each site (Fig. S9 and Table S3). Taken together, significant
off-target signals were not detected in this CRISPR/Cas9-directed
editing experiment.

Following CRISPR/Cas9 editing, clones with and without the Alu
element were selected in triplicates and expanded from HEK293T
and U251 cells. Through semi-quantitative PCR, we found that the
RNA level of LINC01360 was significantly increased after the Alu
insertion was deleted in both HEK293T and U251 cells (Fig. 3d, e).
By contrast, mRNA expression of LRRIQ3 or NEGR1 was not altered
after the CRISPR/Cas9 editing (Fig. S10).

Since the Alu insertion sequence (351-bp) was difficult to
precisely target through CRISPR/Cas9 due to the presence of
multiple homological sequences, we deleted both the Alu insertion
and two segments of flanking sequences (i.e., a total of 1278-bp).
To exclude the possibility that the alteration of LINC01360 after
genome editing was solely caused by deletion of the flanking
sequence, we performed CRISPR/Cas9 editing in the HCC1806 cells
(the genotype at rs70959274 is “totally absent of Alu insertion” in
these cells) using the same plasmids to delete these flanking
sequences around rs70959274 (i.e, 928-bp). Deleting these
flanking sequences in HCC1806 cells did not alter expression of
LINC01360, LRRIQ3 or NEGRT (Figs. 3f and S11).

Deletion of the Alu insertion (rs70959274) in cells alters expression
of genes and biological processes relevant to MDD

We then conducted the RNA-sequencing analysis of the HEK293T
and U251 cells respectively with and without CRISPR-mediated
deletion of the Alu insertion (n=3 per condition) to identify
genes exhibiting significantly different expression levels. In the
HEK293T cells, 389 differentially expressed genes (DEGs) with an
absolute fold change (FC) > 1.20 (|log,(FC) | > 0.26) at an FDR <
0.05 between different genotypic groups were defined (Table S4).
Among these genes, 200 DEGs had significantly lower mRNA
levels and 189 DEGs had higher expression following the deletion
of the Alu insertion. These DEGs were enriched in pathways
related to ribosome and biosynthesis of amino acids (FDR < 0.05,
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Fig. 4a and Table S5). Specifically, gene set enrichment analysis
(GSEA) indicated that these DEGs were significantly enriched
in the GO terms “ribosome biogenesis”, “mitochondrial transla-
tion”, “mitochondrial gene expression”, and “establishment of
protein localization to mitochondrion” (FDR < 0.05, Fig. 4a and

Table S6).
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In U251 cells, 132 genes exhibited significantly altered expres-
sion levels in cells with Alu insertion deleted compared with the
wild-type cells (|log,(FC) | > 0.26 at an FDR < 0.05), among which 47
DEGs were down-regulated and 85 DEGs were upregulated
following the Alu insertion deletion (Table S7). KEGG pathway
analyses revealed significantly enriched signals in the PI3K-Akt
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Fig.3 Effects of rs70959274 on LINC01360 transcriptional activities and gene expression. a—c Results of the reporter gene assay testing the
regulatory activities of rs70959274 in HEK293T, U251, and HCC1806 cell lines. Effects of rs70959274 allele variation on pGL3 promoter activity
are shown in the panels for HEK293T, U251, and HCC1806 cells. “Negative control” means pGL3 basic empty vector (which does not have
promoter activity). “Empty pGL3 vector” means pGL3 promoter empty vector (which has an internal promoter). The Y-axis values represent
fold changes of luciferase activity relative to the “Empty pGL3 vector” group. The means and standard deviations of at least four biological
replicates are shown. *p <0.05; *p <0.01; **p <0.001; ***p <0.0001. d—f Semi-quantitative PCR of LINC01360 RNA in HEK293T, U251 and
HCC1806 cell lines with and without CRISPR/Cas9 deletion of the DNA sequence spanning Alu insertion at rs70959274 (or flanking sequence
only). [Control 1-3 and Alu del 1-3 respectively refer the three biological replicates in which the Alu insertion elements were either not deleted
or deleted]. For the semi-quantitative PCR of LINC071360 in HEK293T and HCC1806 cells, the gel electrophoresis figure using the first pair of
primer for LINC01360 was presented, and the semi-quantitative PCR using the send pair of primer yielded similar and consistent results (data
not shown). For the gel electrophoresis figure in U251 cells, the semi-quantitative PCR of LINC01360 using the first pair of primer did not
observe any bands even after the Alu sequence was deleted (data not shown). We then used the second pair of primer which is predicted to
cover majority of the LINC01360 transcripts, and the gel electrophoresis is presented in the figure. Therefore, LINCO1360 likely underwent
distinct alternative splicing patterns in different cells despite all expressed in low level, and LINCO1360 transcripts measured by the first pair of
< primer was not expressed in U251 cells. Alu del, deletion of Alu insertion.
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Fig. 4 KEGG pathway and GO biological processes analyses of dysregulated genes in the HEK293T and U251 cell lines after CRISPR/Cas9

deletion of the Alu insertion at rs70959274.

signaling pathway, focal adhesion, regulation of actin cytoskeleton,
cell cycle and axon guidance (FDR < 0.05, Fig. 4a and Table S8).
More intriguingly, GSEA results indicated that these DEGs were
strongly enriched in the GO terms “positive regulation of neuro-
genesis”, “learning or memory”, “modulation of chemical synaptic
transmission”, “regulation of trans-synaptic signaling” and “regula-
tion of stem cell proliferation” etc. (FDR < 0.05, Fig. 4a and Table S9).
Besides highlighting essential pathways, RNA-sequencing analysis
in U251 cells also revealed some DEGs whose involvement in MDD
were supported by particularly strong evidence, such as FLOTT and
DRD2. FLOTT has been implicated as a MDD susceptibility gene in a
recent integrative analysis of GWAS and RNA-sequencing eQTL
transcriptomes, and the mRNA expression of FLOT1 was signifi-
cantly upregulated in the brain and peripheral blood of MDD
patients compared with controls [53]. In a recent GWAS of
depression, DRD2 was genome-wide significantly associated with
the illness (lowest p = 3.57 x 10>° for rs61902811 in 660,418 cases
and 1,453,489 controls) [2], and dysregulation of the dopamine
system has been repeatedly discussed in the pathophysiology of
depression [54, 55]. Both FLOT1 and DRD2 showed elevated mRNA
expression after deletion of the Alu insertion (which corresponds to
higher genetic risk) in the RNA-sequencing analysis (FLOTT,
log,(FC) =0.39, FDR=0.00934; DRD2, log,(FC)=0.63, FDR=
0.000858; Fig. S12). The current study provides extra evidence
suggesting their pivotal roles in MDD pathogenesis.

Overall, results in both cell lines supported certain pathological
hypotheses. For example, abnormal mitochondrial function has
been reported in MDD [56-58], although the exact mechanisms
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linking mitochondrial abnormalities to MDD remain unclear,
transcriptomic results in HEK293T cells may provide some
insights. Additionally, synaptic dysregulation and impaired
learning or memory have been proposed to facilitate MDD
pathogenesis [59-63], which is also confirmed in the current
transcriptome analysis results in U251 cells. However, there
were only six DEGs (EHD1, C150rf39, DCTPP1, PLK2, HSPB1, RRST)
highlighted in both HEK293T and U251 cells (Table S10), and
these overlapped genes were not enriched in any biological
processes or pathways using the currently available pathway
analysis platforms.

DISCUSSION
Chromosome 1p31.1 is a lead risk locus identified by MDD GWAS
[4]. Here we identify a human-unique Alu insertion in this genomic
region in strong LD with the MDD risk SNP rs12129573, and this
Alu insertion acts as a silencer likely through DNA methylation
mechanisms. Intriguingly, recent studies have also found altered
DNA methylation of the AluY subfamily and long interspersed
nuclear element (LINE-1) in schizophrenia and bipolar disorder
[64, 65]. Therefore, consistent evidence supports the involvement
of such mobile retrotransposon elements in psychiatric disorders.
Given that psychiatric disorders are usually considered primarily
or dominantly originated from humans (although they appear to
decrease Darwinian fitness), there has long been the hypothesis of
potential evolutionary mechanisms underlying these illnesses, and
many studies have proposed that psychiatric disorders might be
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relevant to certain human-unique features (e.g., DNA alleles,
gene expression, and protein function). For example, we have
previously identified a human-specific allele that undergoes
Darwinian natural selection. This allele enables humans to adapt
to a colder environment in Europe, while simultaneously increases
the risk of schizophrenia [66]. A previous study discovered a
human-specific tandem repeat in the AS3MT gene increasing risk
of psychiatric disorders in human populations [19]. In addition, we
previously reported that the primate-specific gene BTN3A2 was a
schizophrenia risk gene in the MHC loci [12], and have also
recently characterized two human-specific Alu polymorphisms in
the GWAS risk loci of psychiatric disorders at 10924.32 and 3p21.1
respectively, and the “presence” of the Alu insertion at each locus
has been recognized as psychiatric risk alleles [17, 18]. Intriguingly,
the human-unique alleles at these previously reported psychiatric
risk loci all indicate higher risk of psychiatric disorders, supporting
the putative origination of psychiatric illnesses in humans.
However, there is never an easy answer to etiology of psychiatric
ilinesses from the perspective of evolution. As mentioned, these
diseases and variations are considered to decrease Darwinian
fitness (e.g., they result in substantial reproductive disadvantage).
Although there have been multiple evolutionary hypothesis (e.g.,
natural selection hypothesis, mutation-selection-drift hypothesis,
and balancing selection hypothesis) discussing why psychiatric
disorders and their risk genetic variations still exist in humans, a
satisfactory and validated explanation is still lacking [67, 68].
Indeed, we herein have identified a new psychiatric risk locus
whose human-unique allele (i.e., Alu insertion) reduced the
genetic risk of MDD. This result thus suggests the complexity of
the genetic and evolutionary basis of MDD. Considering that
numerous genetic variations have pleiotropic effects in human
traits, it is possible that MDD is significantly affected by the
interactions between environmental exposures and genetic
variations, and both evolutionary ancestral and novel alleles at
distinct loci may confer risk of this illness.

We have also defined a IncRNA (LINC01360) whose expression is
affected by the rs70959274 Alu polymorphism. Therefore, this
IncRNA likely plays a role in the pathogenesis of MDD. Never-
theless, the caveats still exist regarding LINCO1360 in the present
study. Although our results strongly suggest the involvement of
this IncRNA in the genetic risk of MDD related to rs12129573 and
the rs70959274 Alu polymorphism, we are not able to compre-
hensively characterize its expression pattern in tissues relevant to
MDD (e.g., the brain) using currently available data (Fig. S1) [28].
Instead, our spatial expression analysis shows that LINCO1360 is
preferably expressed in human testis, suggesting its putative
function in spermatogenesis and testosterone production, etc.
With little knowledge of the link between testis and MDD, the
mechanisms by which LINCO1360 participate in MDD remain
unclear. Nevertheless, testosterone has been implicated in the
pathophysiology and treatment of MDD before. For example,
Giltay et al. [69] found that plasma testosterone levels were lower
in men with MDD compared with healthy men, and Walther et al.
[70] reported that testosterone treatment might to be effective
and efficacious in reducing depressive symptoms in men. There-
fore, further studies exploring whether LINCO1360 affects MDD via
modulating testosterone production or function are of great
interest.

It is also worth noting that the current failure to detect
LINC01360 expression in brain tissues might not be sufficient to
deny its potential function in the brain. Specifically, the GTEx RNA-
sequencing data [28] used in the current study is primarily
obtained from postnatal brain tissues. As accumulating studies
suggest that some genetic risk factors of psychiatric illnesses exert
functional impact during particular stages of brain development
[71-73], whether the expression of LINCO1360 peaks in the brain
during a specific time-window that is not covered in the current
dataset remains an interesting question to answer. In addition, it is
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gradually recognized that gene expression profiles of different
types of cells in the brain differ significantly [74, 75]. Since the data
used to examine LINCO1360 expression in the present study does
not differentiate different types of cells, it is possible that its
expression is altered only in certain cells, and the differences are
therefore undetectable when data from all cells are analyzed
together. As a result, we believe that quantifying LINC01360
expression in different cells in the brain during different develop-
mental stages may provide valuable information regarding its
functionality.

We have confirmed the functional impact of the rs70959274 Alu
polymorphism through CRISPR/Cas9-directed genomic editing in
cells. The regulatory effect of rs70959274 on LINCO1360 promoter
activities are consistent in different cell lines, providing valuable
insights into the functional impact of this Alu polymorphism.
However, caution is also needed regarding the inconsistent RNA-
sequencing results between HEK293T and U251 cells following
deletion of the rs70959274 Alu insertion. For example, the risk
genes highlighted in U251 cells, such as FLOT1 and DRD2, were
not altered in HEK293T cells; and we have observed alteration of
mitochondrial-relevant pathways following genomic editing in
HEK293T cells only. Therefore, we speculate that the Alu insertion
and the IncRNA might exert (partially) distinct functions between
HEK293T and U251 cells, as reflected in the RNA-sequencing
analysis. In addition, previous studies have reported enriched Alu
content in the mitochondrial genes, which might disrupt the
neuronal mitochondrial homeostasis and lead to brain disorders
[76], it is thus also possible that the altered mitochondrial pathway
genes in HEK293T cell after deletion of the Alu insertion at
rs70959274 is not related to LINC01360, but rather because of
other undefined mechanisms.

In summary, our study has described the potential involvement
of a novel human-specific Alu polymorphism in the genetic risk of
MDD conferred by the 1p31.1 locus, and emphasizes the necessity
and importance of considering repetitive DNA polymorphisms in
studying psychiatric illnesses. We also reveal that a IncRNA,
LINC01360, is likely modulated by this Alu polymorphism. While
the exact role of LINCO1360 in MDD remains unclear, further
studies characterizing its expression and function in MDD-relevant
tissues at different developmental stages are urgently needed to
gain insights into the etiology and pathogenesis of this illness.
In addition, it is well-known that DRD2 is a schizophrenia risk
gene, and in previous GWAS study, the LINC07360 locus also
exhibited genome-wide significant association with schizophrenia
(rs12129573, p =8.94 x 10 "> in 40,675 cases and 64,643 controls)
[77], therefore our investigations on the Alu polymorphism and
LINC01360 may also provide insights into the biological mechan-
isms of schizophrenia albeit further characterization study should
be performed.
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