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Aim: To assess whether expression of circular RNAs (circRNAs) in peripheral blood mononuclear cells can
serve as a biomarker for diagnosis and/or therapeutic response in people living with schizophrenia (SZ).
Materials & methods: Differentially expressed circRNAs were screened via microarray in nine individuals
living with SZ and nine healthy controls, then quantified using real-time quantitative reverse transcrip-
tion PCR in SZ (n = 102) and healthy control (n = 103) groups. CircRNAs were re-assessed twice in 30
randomly selected individuals living with SZ after 4- and 8-week antipsychotic treatments. Results: Five
circRNAs were differentially expressed between groups. Only hsa circRNA 104597, which was downregu-
lated in the SZ group, was significantly upregulated after 8-week treatment. Conclusion: Dysregulation
of hsa circRNA 104597 may serve as a novel potential diagnostic and therapeutic biomarker for SZ.
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Schizophrenia (SZ) is a serious neuropsychiatric disorder with high recurrence and disability rates. McGrath et al.
reported that the lifetime prevalence, annual average morbidity and lifetime morbidity risk were 0.46, 0.015 and
0.72%, respectively [1]. Under less stringent diagnostic criteria, these rates grow as much as twofold [2]. An inability
to maintain employment and a lower life expectancy with SZ create a severe economic and social burden. Current
evidence indicates that SZ is caused by an interaction between environmental and genetic factors, although its
pathogenesis remains unclear. Furthermore, a lack of reliable biomarkers hampers the early diagnosis and effective
treatment of people living with SZ [3].

Circular RNA (circRNA) is a eukaryotic RNA species first found in plants in the 1970s [4]. Its native form
is circular [5,6], which makes it highly stable and resistant to RNase R degradation [7]. CircRNAs function as
competing endogenous RNA, and as such may be involved in disease progression [8–10]. The hypothesis of competing
endogenous RNA-gained substantial attention as a potential unifying function for mRNA, long noncoding RNA,
pseudogene transcripts and circRNA. Given the stability of circRNA, circRNAs may surpass linear RNAs as miRNA
sponges [11,12]. Furthermore, circRNAs may potentially serve as minimally invasive biomarkers for disorders of CNS,
since they can freely cross the blood–brain barrier [13]. Recent studies suggest that the circRNA Cdr1as is massively
bound by the miRNAs such as miR-7 and miR-671 in human and mouse brains [14], and the Cdr1as genome
knockout mice displayed impaired sensorimotor gating-a deficit in the ability to filter out unnecessary information,
which is associated with human neuropsychiatric disorders [15]. Considering a strong deficit in prepulse inhibition
of individuals diagnosed with SZ, we supposed that some circRNAs might participate in the pathogenesis and
development of SZ.

Despite the growing evidence that circRNAs might participate in the mechanisms underlying SZ pathophys-
iology, no data have been published regarding the direct relationship between circRNA and SZ. Furthermore,
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Cdr1as is highly abundant only in the mammalian brain and expressed at low levels or absent in other tissues and
organs [14]. That makes it hard to serve as a minimally invasive biomarker. To assess whether expression of circRNAs
in peripheral blood mononuclear cells (PBMCs) can serve as a minimally invasive biomarker for diagnosis and/or
therapeutic response in people living with SZ, we analyzed circRNA expression profiles in PBMCs from individuals
living with SZ and healthy controls (HCs). We also analyzed changes in expression related to the treatment of
individuals living with SZ with antipsychotic medications.

Materials & methods
Subjects
In order to keep the same diagnostic criteria with our previous study for the following study regarding the interaction
of circRNAs and miRNAs [16,17]. Individuals diagnosed with SZ (outpatient or inpatient) according to the criteria
of the Diagnostic and Statistical Manual of Mental Disorders, 4th Edition (DSM-IV) [18] were enrolled from No.904
Hospital of the Chinese People’s Liberation Army (Changzhou, China) between August 2014 and October 2015.
Inclusion criteria were: first visitors and no history of clinical treatment for SZ or no antipsychotic treatment for
at least 3 months before blood sampling; no other disease, recreational drug use or history of blood transfusion 1
month before study enrollment and age 16–65 years. Exclusion criteria included: serious organic disease, affective
disorder or other psychiatric disorders; personality disorder from sequential medicine; alcohol abuse or other
substance abuse; modified electroconvulsive therapy within 6 months or long-term use of antipsychotic drugs; need
for long-term combined use of mood-altering or CNS-acting drugs. In total, 102 individuals living with SZ (44
men and 58 women), with a mean age of 33.41 ± 15.3 years were enrolled.

HCs were recruited from the hospital staff. Inclusion criteria were: ethnic Han; age 16–65 years; no diagnosis of
SZ or other mental disease following a structured clinical interview per the DSM-IV, nonpatient edition (SCID-
I/NP). Controls were also excluded in cases of a family history of major psychiatric disorders (SZ, bipolar disorder
or major depressive disorder) within at least two generations, serious nervous system disease, other physical disease
or a history of severe traumatic event or blood transfusion within a month before blood sampling. In total, 103
HCs were selected (49 men, 54 women; mean age 35.62 ± 13.9 years [range, 18–62]). The medical ethics board
of No. 904 Hospital approved the study and written informed consent was obtained from all the individuals.

RNA extraction & circRNA microarray expression profiling
Venous blood (5 ml) was collected in EDTA anticoagulant tubes and centrifuged (3000 × g for 10 min) within
3 h. PBMCs were isolated from the blood through density gradient centrifugation, then transferred into 2-ml fresh
RNase/DNase-free tubes and stored at -80◦C until use. Total RNA was isolated from the PBMCs using an RNeasy
Mini kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol, and quantified on a NanoDrop
ND-1000 (Thermo Scientific, ME, USA). RNA integrity was evaluated after agarose gel electrophoresis.

Referring to the sample size for microarray matrix of previous studies [19,20] and using sex- and age-stratified
sampling, blood samples from nine of the 102 individuals living with SZ (men, ages 23, 35, 47 and 62 years;
women, 19, 28, 40, 49 and 64 years) and nine age- and sex-matched HCs (men, ages 22, 35, 46 and 61 years;
women, 19, 28, 40, 48 and 64 years) out of the 103 healthy controls were collected. After quality inspection,
qualified samples were labeled with Cy3-CTP (Cy3) and hybridized onto an Arraystar Human circRNA Array
(8x15K, Arraystar, MD, USA). The elution of RNAs was performed according to the manufacturer’s protocols.
Hybrid images were obtained on an Agilent G2505C Scanner (Agilent Technologies, CA, USA).

Agilent Feature Extraction software (version 11.0.1.1) was used to analyze acquired array images. Quantile
normalization, ComBat adjustment and subsequent data processing were performed using the R software package.
Volcano Plot filtering was used to identify circRNAs with statistically significant between group differences in
expression, and hierarchical clustering to distinguish the circRNA expression pattern among samples.

Reverse transcription PCR
Nine circRNAs with statistically significant differences between groups were isolated and selected for further
validation using real-time quantitative reverse transcription-PCR (qRT-PCR). Blood samples from the total group
populations were used to validate the findings from circRNA profiling. Complementary DNA (cDNA) was
transcribed using a TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems, Inc., USA), and circRNA
fluorescence probe was synthesized by Invitrogen (Thermo Fisher Scientific, USA). A TaqMan reagent kit (TaqMan
General Mixed Reagent kit II, ABI, USA) was used to perform real-time PCR. The cycle threshold (Ct) was obtained
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Table 1. Demographic characteristics of individuals living with schizophrenia and healthy controls.
Characteristic SZ (n = 102) HC (n = 103) Comparison

Statistics p-value

Age (year)

Mean (SD) 33.41(15.3) 35.62(13.9) t = -1.083 0.280

Scope 16–65 18–62

Sex (male/female) 44/58 49/54 � 2 = 0.407 0.524

Ethnicity

Han 102 103

Minority 0 0

HC: Healthy control; SD: Standard deviation; SZ: Schizophrenia.

and relative expression levels of the tested circRNAs were calculated based on the following formula using β-actin as
a normalization control: 2-Ct (Ct = CtcircRNA – Ctβ-actin). Greater Ct values represent lower actual expression levels.

Medical intervention
Thirty individuals living with SZ were randomly selected from the total SZ enrollment. These individuals received
olanzapine monotherapy (5 mg daily, gradually increased to 10–20 mg daily). If extrapyramidal symptoms occurred,
the individual received benzhexol hydrochloride orally. CircRNA expression in these 30 individuals was re-assessed
twice as described above at 4 and 8 weeks after the initiation of olanzapine.

Statistical analysis
Sociodemographic variables were compared between the SZ and HC groups by t-test for continuous variables and
by χ2 test for categorical variables. Volcano Plot filtering was performed using a threshold of fold change ≥1.5 and
p-value < 0.05. The Mann–Whitney U-test was used to compare expression between groups. Changes in expression
between the 0-, 4- and 8-week olanzapine administration time points were analyzed using repeated measures analysis
of variance (ANOVA) followed by Bonferroni’s post hoc test for multiple comparisons if significant changes were
seen. The receiver operating characteristics (ROC) curve was established to evaluate potential diagnostic value.

CircRNA expression is reported as means ± standard error of the mean; all data were processed by DataAssist
v3.0 and SPSS version 20.0 (IBM, IL, USA). All statistical tests were two-tailed, and p < 0.05 was considered
statistically significant.

Results
Demographic characteristics
As shown in Table 1, no statistically significant differences in age and sex (p = 0.52 and 0.28, respectively) were
found between the SZ and HC groups.

CircRNA microarray screening
Using the screening standard defined in the Methods section, nine circRNAs were differentially expressed (Figure 1
& Table 2). Of these, six were upregulated and three were downregulated.

Cluster analysis of differentially expressed circRNAs
Hierarchical clustering under the Euclidean metric and complete linkage rule was applied to generate a heat map
of the normalized microarray expression data of the nine circRNAs demonstrating differential expression between
groups (Figure 2).

Validation of circRNA expression by qRT-PCR
Using β-actin as the internal reference, the above nine circRNAs were validated against the full 205 sample group.
A Mann–Whitney U-test on two independent samples showed there was no significant difference in Ct values of
hsa circRNA 102802 and hsa circRNA 100364 between the two groups (Z = -1.053 and -0.732; p = 0.2931 and
0.4647). The expression trends of hsa circRNA 101835 and hsa circRNA 102315 were reversed relative to those
of the microarray and thus excluded from further analysis. Of the five remaining circRNAs (Figure 3), the Ct
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Figure 1. The volcano plot of circular RNAs. The volcano plot was constructed using fold change values and p-values.
The vertical lines correspond to 1.5-fold up- and down-regulation between individuals living with SZ and HC samples,
and the horizontal line represents a p-value of 0.05. The red points in the plot represent the statistically significant,
differentially expressed circular RNAs.
HC: Healthy control SZ: Schizophrenia.

Table 2. Circular RNAs with altered expressions screened by microarray.
CircRNAs FC p-value Regulation Chr GeneSymbol

hsa circRNA 102802 1.8020691 0.009131853 Up Chr2:112101637-
112101814

LOC541471

hsa circRNA 101835 1.5210435 0.019601877 Up chr16:68155889-68157024 NFATC3

hsa circRNA 100364 1.7941133 0.001489094 Up Chr1:156303337-
156304709

CCT3

hsa circRNA 102315 1.6625476 0.001427498 Up Chr18:19345732-
19359646

MIB1

hsa circRNA 103704 1.7634679 0.00249067 Up Chr4:95494501-95507595 PDLIM5

hsa circRNA 103102 3.9860264 0.001488855 Up Chr20:
61537238-61545758

DIDO1

hsa circRNA 101836 1.9646605 0.000326695 Down chr16:68155889-68160513 NFATC3

hsa circRNA 102101 1.664356 0.000449617 Down chr17:45247282-45249430 CDC27

hsa circRNA 104597 2.5147648 0.000111785 Down Chr8:38801306-38803739 PLEKHA2

circRNA: Circular RNA; Down: Downregulated expression relative to controls; FC: Fold change; Up: Upregulated expression relative to controls.

values of hsa circRNA 101836, hsa circRNA 102101, and hsa circRNA 104597 in the SZ group were significantly
higher (expression was significantly downregulated) than those in the HC group (Z = -3.457, -3.405 and -9.520;
p = 0.0005, 0.0007 and p < 0.0001, respectively). Conversely, the expression levels of hsa circRNA 103704 and
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Figure 2. Heat map of the circular RNAs with altered expressions between groups (fold change ≥1.5; p < 0.05).
Rows represent circular RNA species, and columns represent individual samples. Color gradations are used to
represent the expression levels of circRNAs (red for high-expression and green for low-expression). The numbers with
SZ denote individuals living with schizophrenia while HC denote healthy controls.
HC: Healthy control; SZ: Schizophrenia.

hsa circRNA 103102 in the SZ group were significantly upregulated compared with the HC group (Z = -6.961
and -3.334; p < 0.0001 and 0.0009).

In analyzing the ROC curve (Figure 4), the area under the curve values of hsa circRNA 102101,
hsa circRNA 104597 and hsa circRNA 101836 were 0.6376 (95% CI: 0.561–0.715), 0.8848 (95% CI: 0.837–
0.933) and 0.6397 (95% CI: 0.564–0.716), respectively. When all three circRNAs were used to create a combined
ROC curve, the area under the curve was 0.8967 (95% CI: 0.861–0.953), with 87.25% sensitivity and 85.44%
specificity.

Comparison of circRNA expression across sex & age
According to WHO age segmentation guidelines, the 102 individuals living with SZ were divided into two
subgroups, youth (≤44 years, n = 73) and middle-aged (>44 years, n = 29). A Mann–Whitney U-test on two
independent samples revealed that there were no differences in the expression levels of the five circRNAs between
the two age subgroups (Z = -1.673 to -0.056; p = 0.094 to 0.956), or sex (Z = -1.142 to -0.108; p = 0.254 to
0.914).

Comparison of circRNA expression after 0, 4 & 8 weeks of olanzapine monotherapy
Repeated measures one-way ANOVA revealed significant differences between the 0- and 8-week time points
in hsa circRNA 103704 (F(2, 58) = 9.395; p = 0.0003), hsa circRNA 101836 (F(2, 58) = 5.086; p = 0.0092) and
hsa circRNA 104597 (F(2, 58) = 8.011; p = 0.0008). Bonferroni’s post hoc test for multiple comparisons identified
significant downregulation between the 0- and 4-week time points in expression levels of hsa circRNA 103704 (p
= 0.0005), and hsa circRNA 101836 (p = 0.0446), but not hsa circRNA 104597 (p = 1.0000); between the 4- and
8-week time points, significant upregulation of expression was identified for hsa circRNA 101836 (p = 0.0333) and
hsa circRNA 104597 (p = 0.0141), but not hsa circRNA 103704 (p = 0.0751). Between the 0- and 8-week time
points, only hsa circRNA 104597 expression was significantly different (p = 0.0002) (Figure 5).

Discussion
In the present study, we systematically screened circRNAs that were differentially expressed between individuals
living with SZ and HCs. Our results indicate that several known circRNAs may correlate with the expression
of SZ. The array data will be available when we finish the following study. Evidence suggests that circRNA may
play an important role in the development of SZ, with Cdr1as in particular having support [15]. However, the
low levels or absent in peripheral tissues reduces Cdr1as’ capability to serve as a minimally invasive biomarker [14].
Therefore, we hypothesized that certain circRNAs, which is abundant in PBMCs, also have a potential role in
the development of SZ. We found nine mature circRNAs to be expressed differently between groups, of which
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Figure 3. Comparison of the circular RNAs expression levels between groups by reverse transcription PCR analysis. The figure shows Ct
of the five circRNAs that were significantly different between the individuals living with SZ and HC groups. Lines and error bars represent
mean and standard error of the mean.
circRNA: Circular RNA; HC: Healthy control; SZ: Schizophrenia.

six were upregulated and three downregulated. After validation against the full 205 participants’ samples, three of
the circRNAs (hsa circRNA 101836, hsa circRNA 102101 and hsa circRNA 104597) were downregulated and two
circRNAs (hsa circRNA 103704 and hsa circRNA 103102) were upregulated in the SZ group relative to the HC
group.

Research on blood biomarkers of SZ has tested CRP [21], cytokines [22,23], hormones (e.g., cortisol, insulin, leptin,
prolactin and growth hormone) [24], miRNAs [25,26] and long noncoding RNAs [27], but all demonstrated low
sensitivity and/or specificity. Our ROC curve analysis showed three of the circRNAs were diagnostically valuable,
with a sensitivity of 87.25% and specificity of 85.44%. Notably, hsa circRNA 104597 alone had a sensitivity of
84.31% and specificity of 86.41%. Thus, our results suggest the three circRNAs, particularly hsa circRNA 104597,
have potential as diagnostic biomarkers of SZ.

SZ demonstrates sex and age biases, including higher morbidity in women and the elderly. A previous study
indicated that dynamic changes in circRNA expression were both sex- and age-biased in rhesus macaque brains [28].
In addition, small noncoding RNA expression in SZ is regulated sex-specifically [29,30]. Our data indicated no sex-
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Figure 5. Reverse transcription-PCR analysis of the three validated circular RNAs. The three circular RNAs presented different expression
levels before and after treatment. The lines and error bars represent mean and standard error of the mean.

or age-based dysregulation of the five circRNAs in PBMCs from patients living with SZ patients, but further studies
with larger sample sizes are needed to confirm this.

The ‘perfect’ biomarker should have prognostic value as well. However, most previous studies on ncRNAs
evaluated expression between SZ and HC groups, but not between pretreated and treated SZ groups. We found the
expression level of hsa circRNA 104597 to be downregulated before treatment, then upregulated after treatment
for 8 weeks. Although the underlying mechanisms remain unknown, our results suggest that hsa circRNA 104597
might be a potential therapeutic biomarker for SZ.
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MiRNA prediction software developed by Arraystar based on TargetScan [31] and miRanda [32] was used to
predict the interaction between the circRNAs and miRNAs. Hsa circRNA 104597 contained five binding sites for
hsa-miR-659-3p, hsa-miR-548d-5p, hsa-miR-651-3p, hsa-miR-548c-5p and hsa-miR-548a-5p. Studies indicate the
five miRNAs were associated with the neural system, cardiovascular system and cancer [33–36]. Furthermore, genetic
studies indicate abnormalities in the 8p, 13q and 22q chromosome arms are implicated in the pathogenesis of
SZ [37]; hsa circRNA 104597 is found on chromosome 8.

Conclusion
CircRNAs in PBMCs represent a promising, minimally invasive source for the development of diagnostic and
therapeutic tools. We identified five circRNAs that might serve as such biomarkers for SZ. Our results will be
beneficial for research on the pathogenesis of SZ and suggest hsa circRNA 104597 specifically could serve as a
blood-based biomarker.

Limitations
There are some limitations to this study. First of all, the array data were collected from a small sample of only nine
individuals living with SZ and nine healthy controls, and require further validation. Second, there is a potential
for selection bias in the 30-individual subgroup that is difficult to avoid. Based on ethical considerations, we did
not include a placebo group, so a time-dependent alteration in circRNA expression cannot be eliminated. Next,
the healthy controls were hospital staff members and may not represent the general population. Finally, the short
therapeutic treatment time may not truly represent circRNA expression changes before and after long-term therapy.
A study with a longer follow-up time is needed to clarify the influence of medical treatment on the changes in
circRNA expression.

Executive summary

Methodological issues in the assessment of circular RNAs with altered expression
• Differentially expressed circular RNAs (circRNAs) were screened between individuals living with schizophrenia (SZ)

and healthy controls using the Arraystar Human CircRNA Array.
• Reverse transcription-PCR was used to amplify target genes and compare the differences in gene expression.
Diagnostic value of circRNAs for SZ
• Nine circRNAs with altered expression were identified in peripheral blood mononuclear cells from individuals

living with SZ using the Arraystar Human CircRNA Array.
• Five circRNAs were confirmed to be significantly different between individuals living with SZ and healthy controls

after validation by reverse transcription-PCR.
• No significant difference in the expression levels of the five circRNAs were observed between different sex and

age.
• Three circRNAs demonstrated a diagnostic value for SZ using receiver operating characteristics curve analysis. In

particular, hsa circRNA 104597 had a strong diagnostic value, with an area under the curve value of 0.8848 (95%
CI: 0.837–0.933).

Therapeutic value of circRNAs for SZ
• Only the expression levels of hsa circRNA 104597 in peripheral blood mononuclear cells from individuals living

with SZ showed significant changes after 8-week antipsychotic treatment with olanzapine monotherapy.
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