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Abstract
Aberrant expression or genomic mutations of microRNA have been reported to be associated with a
variety of human diseases. This study is aimed to analyze the association between genetic variations of
miRNA and schizophrenia or bipolar disorder. We performed case-control studies for ten SNPs in a total
sample of 1584 Chinese subjects. All these ten SNPs are on or near mature microRNAs which are
expressed in the brain. To illustrate the function of miR-27a, we constructed a miR-27a knockout (KO)
astrocytoma cell line U-251MG. By comparing the differentially expressed genes in wild-type and KO U-
251MG, we determined several candidate target genes of miR-27a and then veri�ed ICAM-1 as a target
gene of miR-27a. We identi�ed the association between the T/C polymorphism at rs895819 and bipolar
disorder. Ectopic expression of miR-27a in NPCs showed that the T to C mutation at rs895819 reduced
the suppressive effects of miR-27a on the expression of its target genes. Further studies revealed that the
T/C polymorphism on miR-27a led to differential expression of mature and precursor miR-27a without
affecting the expression of primary miR-27a. Our study highlighted the importance of miR-27a and its
polymorphism at rs895819 in bipolar disorder.

1. Introduction
Schizophrenia and bipolar disorder are two major types of psychiatric diseases. Despite the efforts
dissecting the genetic causes of psychiatry [1], most analyses are complicated by environmental factors
[2]. Besides the independent effects, genetic and environmental factors can interact to contribute to the
occurrence and progression of psychiatric diseases [3]. For example, early life adversity can trigger
genome-wide pathogenic changes in DNA methylation, which is a major risk factor for depressive
disorder and schizophrenia [4]. A series of gene families can mediate the epigenetic response to
environmental stresses including noncoding microRNA (miRNA) [5].

MiRNAs are a class of single stranded, evolutionarily conserved non-coding RNAs comprising of
approximately 22 nucleotides. MicroRNAs modulate gene expression at post-transcriptional level by
either repressing messenger RNA (mRNA) translation or selectively degrading mRNA [6]. Unlike mRNA, the
maturation of miRNA requires both nuclear and cytoplasmic processing. MiRNAs biogenesis begins with
the transcription of primary miRNA (pri-miRNA) by RNA polymerase II in the nuclei. pri-miRNA contains 5’
cap and poly (A) tail and are typically several kilobase long, encoding one or several precursor miRNA
(pre-miRNA) [7]. DiGeorge syndrome critical region gene 8 (DGCR8) recognizes the stem-loop (hairpin)
structure of pri-miRNA and renders it to RNase III enzyme Drosha [8]. Drosha cleaves on the stem of pri-
miRNA, releasing the pre-miRNA which is composed of approximately 70 nucleotides with a hairpin
structure [9]. Pre-miRNA is then transferred into cytoplasm and cleaved by another RNase III enzyme
known as Dicer, resulting in the mature, double-stranded RNA duplex with 18–25 nucleotides [7]. Mature
miRNA consists of an antisense or guide strand and a sense or passenger strand. The guide strand
integrate with Argonaut (Ago) protein to form the RNA-induced Silencing Complex (RISC) [10]. RISC can
interacts with the 3’ untranslated region (UTR) of a target mRNA via Watson-Crick pairing, leading to
destabilization or translational repression of the target mRNA [11].
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A considerable number of miRNAs are expressed in human brain [12] and are known to play important
roles in various psychiatric diseases including depressive disorders [13], autism [14], anxiety and stress-
related disorders [15], bipolar disorder and schizophrenia [16]. Importantly, miRNAs can act as epigenetic
regulators in post-traumatic stress disorders [17, 18]. Drug treatments of psychiatric diseases are often
found to be associated with altered expression of miRNA [19, 20]. These data strongly suggest genetic
association between miRNA and psychiatric diseases.

In this study, we analyzed the association between genetic variations of miRNA and schizophrenia or
bipolar disorder in the Chinese Han population. A single nucleotide polymorphism (SNP) of T/C at
rs895819 in miR-27a was found to be associated with bipolar disorder. Using an miR-27a KO cell model,
we identi�ed several candidate target genes of miR-27a and veri�ed ICAM1 as a target gene of miR-27a
by western blotting and QPCR. Furthermore, we characterized the effects of T/C mutation on the
expression of target genes and maturation of miR-27a.

2. Results
2.1 Association study

In this study, we collected the samples from Chinese Han population in southern China. For each group of
schizophrenia, bipolar disorder, and unrelated healthy individuals, 1584 subjects in total were analyzed.
We genotyped the SNPs within the 300 bp region of mature miRNA and identi�ed 457 SNPs in or near
307 miRNAs. The ten SNPs on schizophrenia or bipolar disorder susceptible loci with minor allele
frequency larger than 0.05 (Table 1) was further investigated. We found that rs895819 on pre-miR-27a
was associated with the incidence of bipolar disorder (p = 0.019, Table 2) but not with that of
schizophrenia (Supplementary Table 2). In power calculations we found that the sample size had > 90%
power for rs895819 to detect gene effect OR = 1.25 with  ≤ 0.05. Therefore, we focused on rs895819 for
further analyses.
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Table 1
Identi�ed SNPs in miRNA genes

rs number microRNA Chr. Position Allele frequency (CHB)

rs543412 hsa-mir-100 11 121528137 C:T = 0.636:0.364

rs12903401 hsa-mir-184 15 77289151 G:C = 0.411:0.589

rs2304608 hsa-mir-9-2 5 87998144 G:T = 0.542:0.458

rs629367 hsa-let-7a-2 11 121522224 C:A = 0.167:0.833

rs2910164 hsa-mir-146a 5 159844996 C:G = 0.444:0.556

rs895819 hsa-mir-27a 19 13808292 T:C = 0.689:0.311

rs107822 hsa-mir-219-1 6 33283553 A:G = 0.567:0.433

rs11614913 hsa-mir-196a-2 12 52671866 C:T = 0.489:0.511

rs1011784 hsa-mir-27b 9 96887835 C:G = 0.344:0.656

rs7372209 hsa-mir-26a-1 3 37985712 T:C = 0.322:0.678
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Table 2
Allele-wise association analyses of SNP between bipolar disorder patients and healthy individuals

miRNA SNP Allele OR 95% CI P
valuea

HWE P value for
samples

hsa-mir-100 rs543412 C/T 1.024 0.862–
1.217

0.786 0.66

hsa-mir-184 rs12903401 C/G 1.00 0.846–
1.185

0.999 0.532

hsa-mir-9-2 rs2304608 A/C 1.137 0.960–
1.347

0.136 0.629

hsa-let-7a-2 rs629367 A/C 1.216 0.993–
1.489

0.058 0.374

hsa-mir-146a rs2910164 C/G 1.044 0.879–
1.240

0.625 0.157

hsa-mir-27ab rs895819 C/T 1.253 1.037–
1.515

0.0197 0.87

hsa-mir-219-1 rs107822 C/T 0.982 0.824–
1.171

0.842 0.803

hsa-mir-196a-
2

rs11614913 C/T 1.065 0.899–
1.261

0.466 0.116

hsa-mir-27b rs1011784 C/G 0.922 0.776–
1.097

0.361 0.267

hsa-mir-26a-1 rs7372209 C/T 1.005 0.837–
1.208

0.954 0.15

Note:

a: P values calculated by χ2-test or Fisher’s exact test.

b: P value of < 0.5 is shown in bold and the risk allele is C.

 

 
2.2 Construction of miR-27a knockout astrocytoma cell line

It has been reported that the altered cell number and activity of astrocytes are associated with bipolar
disorder [21]. Hence, in this study we investigated the potential targets of miR-27a in astrocytes. We
chose U-251MG astrocytoma cells as our model cell line and used CRISPR/Cas9 system to generate miR-
27a knockout U-251MG cells. A single guide RNA (sgRNA) targeted to the pre-miR-27a sequence was
designed and delivered along with Cas9 nuclease to U-251MG cells using lentivirus (LVs). DNA
sequencing analyses indicated successful gene editing at targeted genomic locus (Supplementary
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Fig. 1A). We isolated two single clones containing dual allelic gene modi�cations at pre-miR-27a site
(Supplementary Fig. 1B) and chose clone 1 for further analyses.

2.3 RNA-Seq analyses
We performed whole transcriptome (RNA-Seq) analyses on three biological replicates of each wild-type
(WT) and miR-27a knockout (KO) U-251MG cells. Cluster analyses of the sequenced samples suggested
signi�cantly altered gene expression pro�le (Supplementary �gure. 2). In total, 681 signi�cant
differentially expressed genes (DEGs) were identi�ed consisting of 215 (1.4%) up-regulated and 466
(3.0%) down-regulated genes respectively in miR-27a KO cells (Fig. 1A). Gene ontology (GO) analyses
showed that miR-27a KO led to notable enrichment in development-related GO terms in biological process
(BP) (Fig. 1B). For many of these GOs, enrichment was found in more than 20% of the genes within the
same cluster (cluster frequency) (Fig. 1C), suggesting a critical role of miR-27a for developmental
process. Enriched GO terms in cellular component (CC) are mostly plasma membrane or extra cellular
matrix-related. In line with the enriched CC GO terms, enriched molecular function (MF) GOs include many
ligand-receptor binding-related terms (Fig. 1D)

2.4 Identi�cation of the target genes of miR-27a in U-251MG cells
We used a stringent 0.5 FPKM cutoff that generated a list of genes with signi�cant base level expression
and fewer false positives than a lower expression level threshold. To identify the potential target genes of
miR-27a, we examined the DEGs in WT and miR-27a KO U-251MG cells in the RNA-Seq analyses and
determined the top 10 genes with most up-regulated expression in the KO cells (Table 3). We then
validated the mRNA expression of these genes in WT and miR-27a KO cells respectively using real-time
quantitative PCR (RT-qPCR). Among the top 10 genes screened by RNASeq, except for PODXL2, the other
9 genes are all up-regulated, which means that the expression level of these genes in the knockout
mutant is higher than that of the wild-type. Even 6 genes including TRIL, ICAM1 ,HECW1, ZNF542P and
LINC02249 were found to have two-fold more expression in miR-27a KO cells (Fig. 2), suggesting that
these 6 genes could be the potential target genes of miR-27a in U-251MG cells.
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Table 3
Top 10 up-regulated genes in RNA-Seq analyses

Gene ID Gene Name Log2(FKPM_KO/FKPM_WT)a Adjusted P valueb

ENSG00000002746 HECW1 In�nite 5.00E-5

ENSG00000255690 TRIL In�nite 5.00E-5

ENSG00000225930 RP11 In�nite 0.0007

ENSG00000225930 LINC02249 5.91 0.00805

ENSG00000240225 NMNAT3 5.76 5.00E-5

ENSG00000114631 PODXL2 4.25 5.00E-5

ENSG00000090339 ICAM1 4.21 5.00E-5

ENSG00000157833 GAREM2 3.47 5.00E-5

ENSG00000204941 PSG5 3.41 5.00E-5

ENSG00000240225 ZNF542P 3.29 5.00E-5

Note:

a FKPM > 0.5 at least in one group was used that generated a list of genes with signi�cant base level
expression and fewer false positives than a lower expression level threshold.

b Genes have been �ltered to have an adjusted P value of less than 0.01.

 
2.5 The effects of rs895819 polymorphism on target gene expression

To evaluate the effects of rs895819 mutation on the expression of target genes, we constructed
mammalian expression plasmids containing WT (T) or mutant (C) miR-27a sequences (miR-27a-T and
miR-27a-C) for ectopic expression. In order to realize the physiological relevance, we chose to perform the
experiments in neural progenitor cells (NPCs). We transfected NPCs with miR-27a-T and miR-27a-C
plasmids and then quanti�ed the mRNA expression of the 6 candidate target genes as shown in Fig. 3
using RT-qPCR. Among the 6 genes that show two-fold more expression in miR-27a KO cells, all showed
signi�cantly higher expression with miR-27a-C (Fig. 3) except TRIL. These data validated several
candidate target genes of miR-27a in NPCs and, more importantly, demonstrated that rs895819
polymorphism (T to C) could disrupt the inhibitory effects of miR-27a on the expression of its target
genes.

2.6 The effects of rs895819 polymorphism on miR-27a expression
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As rs895819 is located at the terminal loop of pre-miR-27a [22], the T to C mutation may affect the
maturation process of miR-27a. We therefore determined the expression level of mature miR-27a in NPCs.
It was found that mutant miR-27a exhibited signi�cantly lower expression (Fig. 4A), indicating that the
maturation process or the stability of miR-27a might be affected by rs895819 variation (T to C). To
further elucidate the mechanism underlying decreased miR-27a level, we analyzed the expression of pri-
and pre-miR-27a. Interestingly, pri-miR-27a-T and pri-miR-27a-C had similar expression level in NPCs
whereas pre-miR-27a-C had signi�cantly reduced expression compared to pre-miR-27a-T (Fig. 4B). These
results suggested that T to C mutation at rs895819 affected the maturation of miR-27a from primary
form to precursor form. The reduced expression of mature and precursor microRNA with the mutant miR-
27a-C also explained the impaired inhibitory effects of miR-27a-C on the target genes.

2.7 ICAM-1 as a target of miR-27a
Among the 6 genes that show two-fold more expression in miR-27a KO cells, ICAM-1 was predicted as a
target of miR-27a using Targetscan (Supplementary �gure. 3). In miR-27a KO cell, the protein expression
of ICAM-1 was signi�cantly increased compared to U-251 wild type. (p < 0.01, Fig. 5A,5B). The relative
expression of ICAM-1 was dramatically decreased by miR-27a mimic and increased by miR-27a inhibitor
(p < 0.01, Fig. 5C). We found the expression of ICAM-1 was negatively regulated by miR-27a and thus we
identi�ed ICAM-1 as a target in U-251MG.

3. Discussion
MiR-27a is associated with a broad range of human diseases. Aberrant expression or genetic mutations
of miR-27a can lead to colorectal cancer (CRC) [23, 24], breast cancer [25–27], ovarian cancer [28], gastric
cancer [29, 30] and many other cancer diseases. More importantly, single nucleotide polymorphisms
(SNPs) of miR-27a at rs895819 have been found to be associated with high risk of CRC [31] and non-
small cell lung cancer (NSCLC) [32] in the Chinese Han population. Hsa-miR-27a is considered as an
oncogene, and its expression level is abnormal in many types of cancers. Interestingly, the C allele of
rs895819 in our study was demonstrated as a risk allele for bipolar disease, but in cancer it was a protect
allele [33]. This phenomenon might re�ect a reasonable balance of evolutionary adaptation which would
cause opposite effects in different diseases.

In the current study, we analyzed the association between genetic variations in microRNA and two
psychiatric diseases including bipolar disorder and schizophrenia in the Chinese Han population. We
found that T to C mutation at rs895819 of miR-27a was associated with bipolar disorder, but not with
schizophrenia. In many researches, schizophrenia, and bipolar shared overlap susceptibility, however,
they are not totally the same from phenotype to etiology. Franks et al found susceptible loci only for
bipolar but not for schizophrenia in chromosome 19q13 [34]. Moreover, Izumi et al observed signi�cant
allelic association between several SNPs and bipolar disorder but not for schizophrenia or depression
[35], which resembled with our association results. We believed that the differences in genetics between
bipolar and schizophrenia could be clinically useful for distinguishing these two psychiatric diseases and
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might provide help for more speci�c treatment of different patient based on increasing genetic
information.

In order to illustrate the role of rs895819 on Pre-miR-27a in bipolar disorder, we combined RNA seq and
downstream functional experiments and then identi�ed ICAM-1 as a target gene of miR-27a in U-251 MG.
Intercellular adhesion molecule-1 (ICAM-1) is a transmembrane glycoprotein that is overexpressed in
many pathological states [36, 37]. It is of particular interest in psychiatric disorders for two reasons: It has
a key function for the blood-brain barrier, which plays an important role in the biology of psychiatric
disorders, and it is a marker for in�ammation [38]. High soluble ICAM (sICAM) levels were found during
both the depressed and the manic states and also during the euthymic phase in bipolar disorder [39].

RNA-Seq and RT-qPCR analyses of a miR-27a KO cell model validated ICAM-1 in human astrocytes and
NPCs. Although both astrocytes [21] and NPCs [40] play critical roles in bipolar disorder, aberrant neuron
functions have also been hypothesized to be related with bipolar disorder [41]. Therefore, in the future
studies it may be important validate the identi�ed target genes of miR-27a in primary or derived neurons.
It was found in the ectopic expression experiment that suppression of target genes by miR-27a was
dependent on the nucleotide (T or C) at rs895819. The impaired function of miR-27a with C allele could
be due to the reduced binding to target mRNA, or reduced stability or expression of miR-27a. To
discriminate the effects of T to C mutation, we analyzed the expression of mature miR-27a and found
that miR-27a-T had signi�cantly higher expression than miR-27a-C in NPCs. This indicated that T to C
mutation at rs895819 affected the stability or expression of miR-27a. We then examined the expression
of pri- and pre-miR-27a. Interestingly, T to C mutation decreased the expression of precursor miR-27a
without disrupting the expression of pri-miR-27a. Rs895819 is located at the terminal loop of pre-miR-27a
and this loop structure is known to be critical for Drosha processing during microRNA maturation [42].
Hence, our observation of reduced expression of pre- but not pri-miR-27a is likely to be attributed to the
disrupted maturation process from primary to precursor microRNA. Subsequently, the expression of miR-
27a is inhibited and thus its target gene expression of ICAM1 is elevated. This is consistent with high
soluble ICAM-1 level found in bipolar disorder. According to the recent studies, reduced expression of hsa-
miR-27a-3p in CSF of patients with Alzheimer disease were reported [43]. Kondo et. al found the
associations of serum miR-27a with cognitive function in a Japanese population [44]. Moreover, miR-27a
is located in chromosome 19q13, one susceptible locus for bipolar disorder [34]. Thus, all these provides
evidence to support hypothesis of miR-27a involvement in etiology of bipolar disorder (Fig. 6).

The current study has some limitations. First, we did not correct the number of tests performed thus
potentially increasing the risk of false positive. In addition, we had not successfully constructed the KO
model of miR-27a in NPC instead of glioblastome cell line U-251MG, though we eventually veri�ed ICAM-
1 as the target gene of miR-27a in this cell line. In the future studies, it would be also interesting to
examine the effects of rs895819 mutation (T to C) on the interactions between miR-27a and DGCR8 or
Drosha.

4. Materials And Methods
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4.1 Study Population

We recruited 1,584 patients from southern China, including 528 schizophrenia patients with a mean age
of onset at 47.3 ± 13.4 (52.3% male), 528 bipolar disorder patients with a mean age of onset at 41.1 ± 
12.8 (55.3% male) and 528 unrelated healthy individuals with a mean age of 42.72 ± 13.1 (43.6% male)
as the control group. Schizophrenia and bipolar disorder patients were diagnosed on the basis of DSM-III-
R criteria [45]. Each patient was assessed by at least two psychiatrists independently according to the
case records and interviews. A standard informed consent was signed by each participant and reviewed
and approved by the Shanghai Ethical Committee of Human Genetic Resources.
4.2 SNP selection

Since SNPs on or near the pre-miRNAs are more likely to in�uence the generation and function of mature
miRNAs, we chose to analyze the SNPs within the 300 bp sequence of mature miRNA. Candidate miRNA
genes were identi�ed from three different ways: (1) the databases of miRBase version 18.0 and Hapmap
Phase III were downloaded; according to miRBase version 18.0 data, the genomic location of miRNA
genes was determined; by searching SNPs in or near miRNA genomic region according to Hapmap Phase
III data then, we found 457 SNPs on or near (within 300bp) 307 miRNA genes; (2) we utilized data of
SNPedia miRNA project to �nd known SNPs near or on
miRNAshttp://www.snpedia.com/index.php/SNPedia_microRNA_project; (3) we searched in PUBMED
database by using the keywords "microRNA", "brain", “CNS”, "bipolar", "schizophrenia", “psychiatry” to �nd
miRNAs which had been reported to be expressed in the brain and may play functional roles in
psychiatric diseases. Finally, we chose 10 SNPs located in psychiatry susceptible loci, whose minor allele
frequency was larger than 0.05 in Chinese Han population. (Table 1).
4.3 Genotyping and power calculation

Genomic DNA was extracted from peripheral blood lymphocytes using phenol-chloroform method.
Selected SNPs were genotyped by TaqMan® SNP Genotyping Assays (Applied Biosystems, Foster City,
CA) on ABI PRIM 7900 Sequence Detection Systems. The results were then analyzed by SDS 2.2 software
(Applied Biosystems) for allelic discrimination. Allele deviations were assessed using Hardy Weinberg
equilibrium (HWE) and the differences of allele and genotype frequencies between cases and controls
were compared using SHEsis [46]. Three models were constructed using R program. Homozygote (1/1)
and heterozygote (1/0) risk allele were coded as 2 and 1, respectively and homozygote non-pathogenic
allele (0/0) were coded as 0. The dominant model was de�ned as 1/1 + 1/0 versus 0/0 and the recessive
model as 1/1 versus 1/0 + 0/0. Power calculations were post-hoc calculations performed on the G*Power
3.0 program[47]. All reported P-values were two-tailed and statistical signi�cance was de�ned as p < 0.05.
4.4 Plasmids and cells

LentiCRISPRv2 backbone plasmid was purchased from Addgene (#52961). sgRNA targeted to pre-miR-
27a was designed (gtggctaagttccgcccccc) and cloned into LentiCRISPRv2 using Esp 3I (Thermo�sher
Scienti�c, Waltham, CA, USA) digestion as described [48] and this plasmid was referred to as lenti-
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CRISPR-miR-27a thereafter. For overexpression experiments, pri-miR-27a sequences containing T (wild
type) and C (mutant) at rs895819 were cloned into pcDNA 3.1(+) under the control of CMV promoter.

U-251MG cell line was purchased from the BeNa Culture Collection and cultured in DMEM (Thermo�sher
Scienti�c) supplemented with 10% FBS (Thermo�sher Scienti�c), 100 IU/mL of penicillin and 100 µg/mL
of streptomycin at 37°C in a fully humidi�ed atmosphere containing 5% CO2. U-251MG cells were veri�ed
prior to use by Saily Bio (Shanghai, China). Neural progenitor cells (NPCs) were purchased from ATCC
(ACS-5003) and cultured in STEMdiff neural progenitor medium (STEMCELL Technologies, BC, Canada)
at 37°C in a fully humidi�ed atmosphere containing 5% CO2.
4.5 Cell line construction

Lentivirus carrying Cas9 and sgRNA was produced by transfecting 293T cells with lenti-CRISPR-miR-27a
plasmid along with two helper plasmids pMd2.G (Addgene #12259) and psPAX2 (Addgene #12260)
using lipofectamine 3000 (Invitrogen, CA, USA). At 72 h post transfection, the supernatant containing the
lentivirus was harvested, �ltered, and stored at -80 ºC for further application. U-251MG cells were infected
with a MOI of 0.3 and selected using puromycin as described [49]. At 7 days after puromycin selection,
gene modi�cation was veri�ed by DNA sequencing. Single clones carrying edited miR-27a sequence were
isolated by limited dilution and genotyped by DNA sequencing. The primers for the PCR ampli�cation of
miR-27a are listed in Supplementary Table 1.
4.6 RNA-Seq analyses

WT and miR-27a knockout U-251MG cells were harvested with three biological replicates in each group.
Total RNA was extracted using Trizol reagent (Invitrogen, CA, USA). Whole-transcriptome sequencing was
performed and analyzed by Vazyme Biotech (Nanjing, Jiangsu, China). RNA-Seq short reads were aligned
to the human genome (GRCh38) using HISAT [50] with a maximum of two mismatches. On average,
approximately 55.5 million reads across all samples were aligned to the reference, accounting for 96.5%
of the total reads. Gene expression was counted as the number of short reads fully or partially aligned to
the annotated gene model and was presented as expected number of Fragments Per Kilobase of
transcript sequence per Millions base pairs sequenced (FPKM). Expressed genes were de�ned as genes
with more than ten reads in total mapped in all samples and at least two of three replicates having more
than two reads each. In total, 15,406 genes met the criteria and were de�ned as expressed in both WT and
miR-27a KO U-251MG libraries. Differentially expressed genes (DEGs) were identi�ed using the CuffDiff
module in CuffLink program [51] and are normalized to the library size between samples. P-values were
adjusted for multiple testing using false discovery rates [52]. Signi�cant DEGs were identi�ed with an
FDR ≤ 0.05 and a log2 (fold change) ≥ 1. Gene Ontology (GO) enrichment analyses was performed using
Gorilla [53] by comparing the up/down-regulated DEGs to a list of all expressed genes. Signi�cant GO
terms with FDR ≤ 0.05 were reported.
4.7 RT-qPCR analyses of candidate miR-27a targets

The total RNA of WT and miR-27a KO U-251MG was extracted using Trizol reagent (Invitrogen, CA, USA)
according to the manufacturer's instructions. One microgram of RNA was transcribed into cDNA using
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random primers and the SuperScript™ III First-Strand Synthesis System (Invitrogen, Massachusetts, USA).
RT-qPCR was performed using the resulting cDNA templates and the GoTaq® qPCR Master Mix
(Promega) in an Applied Biosystems 7900 Real-Time PCR Cycler (Applied Biosystems). Primers for RT-
qPCR were designed by Beacon Designer 7.01 (www.premierbiosoft.com). The RT-qPCR data were
analyzed using SDS software (Applied Biosystems). GAPDH or U6 small nuclear RNA (snRNA) were used
as internal control for mRNA and microRNA, respectively.
4.8 Transfection

MiR-27a mimic/inhibitor and their negative control (NC) were all purchased from Shanghai GenePharma
Co. Ltd (Shanghai, China). We utilized Lipofectamine RNAiMAX reagent (Invitrogen, USA) to transfect
miR-27a mimic/inhibitor or their corresponding control into U-251MG cells according to the protocol
provided by the manufacturer. MiR-27a mimic and inhibitor at two doses (30pmol, 90pmol) were used to
up-regulate or down-regulate miR-27a expression. Then we investigated the relative mRNA expression of
candidate target genes compared with negative control using QPCR technology.
4.4 Western Blotting

The miR-27a knockout mutant constructed on the U-251MG cell line and wild-type were plated in 6-well
plates at a density of 3 × 105 cells/mL and U-251MG were treated with mir-27a mimics and inhibitor
using RNAiMAX at the indicated concentrations. Cells were collected after 72h, washed with cold 1× PBS,
and lysed in 1× SDS buffer containing protease inhibitor cocktails (HY-K0010, MCE). Protein in cell lysate
was quanti�ed by detergent compatible Bradford assay kit (no. 23246, Thermo). Primary antibodies used
in this study include ICAM1 antibody (ab53013, abcam) and β-actin (#4970, Cell Signaling Technology).
The Millipore immobilon Western chemiluminescence substrate was used for signal development. Blots
were imaged in an Amersham Imager 600 (GE Healthcare). The gray values of the bands were quanti�ed
by ImageJ software. The expression of β-actin was used as an internal control.
4.10 Overexpression of WT and mutant miR-27a in NPCs

The NPCs were counted and seeded on to 6 cm dish to reach a con�uency of 80% on the day of
transfection. The medium was replaced with Opti-MEM medium (Gibco) at 1 h before transfection.
Transfection was performed with 5 µg miR-27a overexpression plasmid for each well using lipofectamine
3000 (Invitrogen). At 4 h after transfection, the medium was replaced with complete medium and
incubated in 37°C. After 20 h, the NPCs were detached by ACCUTASE (STEMCELL Technologies) and
collected by centrifugation at 1000 rpm for 5 min for further analyses.

4.11 Statistical analyses

All experimental data were presented as means ± standard deviation (S.D.). Two-tailed Student’s t tests (T-
test) were used to evaluate differences between groups. ANNOVA tests were used to evaluate the
signi�cance of differences among three or more groups All data were representative of an average of
three independent experiments and signi�cant differences were indicated as * p < 0.05;** p < 0.01;*** p < 
0.001.

http://www.snpedia.com/index.php/SNPedia_microRNA_project
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5. Conclusions
To the best of our knowledge, our study �rst revealed the potential role of miR-27a rs895819 in bipolar
disorder. Although SNPs at rs895819 have been reported in the Chinese Han population, most of the
existing studies are related to A/G polymorphism. Nevertheless, in this study we identi�ed T/C
polymorphism at rs895819 and discovered the association between miR-27a and bipolar disorder by
targeting ICAM-1. Taken together, our results highlighted the critical role of rs895819 polymorphism for
the expression and function of miR-27a, which also suggested a critical role of miR-27a in bipolar
disorder.
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Figures

Figure 1

RNA-Seq analyses of the function of miR-27a. A. Volcano plot of signi�cant DEGs. B. Gene ontology
analyses showing top 10 most signi�cantly enriched GO terms in biological process. C. Top 10 most
signi�cantly enriched GO terms in cellular component. D. Top 10 most signi�cantly enriched GO terms in
molecular function categories.
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Figure 2

RT-qPCR validation of up-regulated genes in miR-27a knockout (KO) U-251MG cell compared to wild type
(WT). Signi�cant difference between WT and KO were analyzed by one-way ANOVA (**, P < 0.01; ***, P <
0.001).



Page 20/22

Figure 3

The effects of overexpressed WT (T allele) and mutant (C allele) miR-27a on target genes in NPCs.
Signi�cant difference between WT and mutant constructs are analyzed by one-way ANOVA (**, P < 0.01;
***, P < 0.001).

Figure 4
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Expression of WT and mutant miR-27a in NPCs. A, Relative expression of mature miR-27a in NPCs. U6
snRNA is used as an internal reference. Signi�cant difference between WT and mutant is analyzed using
unpaired Student’s t test (***, P < 0.001). B, Relative expression of pri- and pre- miR-27a in NPCs. GAPDH
is used as an internal reference. Signi�cant difference between WT and mutant is analyzed using two-
way ANOVA (***, P < 0.001). n.s., not signi�cant.

Figure 5

ICAM-1 is a target of miR-27a in U-251MG. A, Protein expression of ICAM-1 in wild-type U251 (WT) and
mir-27a knockout mutants (KO) by western blotting. B, the relative protein expression level of ICAM-1 in
wild-type U251 (WT) and mir-27a knockout mutants (KO). *Indicates the signi�cant difference between
WT and KO analyzed by t-test, β-actin is used as an internal reference. (**, p<0.01). C, the relative mRNA
expression level of ICAM-1 transfected by mir-27a mimics and inhibitor in U-251MG were determined by
qRT-PCR. The two doses were 30pmol and 90pmol respectively, with three replicates (n=3) for each
sample. * indicates the signi�cant difference compared with mimic-NC group (**, p<0.01). # indicates the
signi�cant difference compared with inhibitor-NC group (##, p<0.01). Signi�cant difference between
these groups were analyzed using one-way ANOVA.
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Figure 6

The possible mechanism of a functional SNP rs895819 on pre-miR-27a associated with bipolar disorder
by targeting ICAM-1. The microRNA located in the intron of the chromosome genome is transcribed by
RNA polymerase II to produce mRNA, and the initial microRNA is produced by RNA shearing. Then the
initial transcription miRNA (PriRNA) is cleaved by Drosha to produce miRNA precursor (pre-miR-27a),
where rs895819 (C/T) is located in the stem-loop region of pre-miR-27a, and �nally digested by Dicer to
form mature miR-27a. MiR-27a-T had signi�cantly higher expression than miR-27a-C in NPCs. T to C
mutation at rs895819 affected the maturation of miR-27a from primary form to precursor form. The
expression of miR-27a was inhibited and thus its target gene expression of ICAM1 is elevated. This is
consistent with high soluble ICAM-1 level found in bipolar disorder.
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