l\' frontiers
in Psychiatry

ORIGINAL RESEARCH
published: 15 December 2020
doi: 10.3389/fpsyt.2020.580307

OPEN ACCESS

Edited by:
Fuquan Zhang,
Nanjing Medlical University, China

Reviewed by:

Chen Zhang,

Shanghai Jiao Tong University, China
Cunyou Zhao,

Southern Medical University, China
Zhi Xu,

Southeast University, China

*Correspondence:
Yong Xu
Xuyongsxty@163.com

T These authors have contributed
equally to this work and share first
authorship

Specialty section:

This article was submitted to
Schizophrenia,

a section of the journal
Frontiers in Psychiatry

Received: 05 July 2020
Accepted: 16 November 2020
Published: 15 December 2020

Citation:

RenY, LiW, Liu S, Li Z, Wang J,

Yang H and Xu Y (2020) A Weighted
Gene Co-expression Network Analysis
Reveals IncRNA Abnormalities in the
Peripheral Blood Associated With
Ultra-High-Risk for Psychosis.

Front. Psychiatry 11:580307.

doi: 10.3389/fpsyt.2020.5680307

Check for
updates

A Weighted Gene Co-expression
Network Analysis Reveals IncRNA
Abnormalities in the Peripheral Blood
Associated With Ultra-High-Risk for
Psychosis

Yan Ren"2t, Wei Li"?, Sha Liu®*, Zhi Li®, Jiaying Wang®, Hong Yang "2 and Yong Xu?®*

" Department of Psychiatry, Shanxi Bethune Hospital, Taiyuan, China, 2 Shanxi Academy of Mediical Science, Taiyuan, China,
3 Shanxi Key Laboratory of Artificial Intelligence Assisted Diagnosis and Treatment for Mental Disorder, First Hospital of Shanxi
Medical University, Taiyuan, China, * Department of Psychiatry, First Hospital/First Clinical Medical College of Shanxi Medical
University, Taiyuan, China, ® Department of Hematology, Taiyuan Central Hospital of Shanxi Medical University, Taiyuan,
China, ® Department of Oncology, The Second Hospital of Shanxi Medical University, Taiyuan, China

Objective: The primary study aim was to identify long non-coding RNA (IncRNA)
abnormalities associated with ultra-high-risk (UHR) for psychosis based on a weighted
gene co-expression network analysis.

Methods: UHR patients were screened by the structured interview for prodromal
syndromes (SIPS). We performed a WGCNA analysis on INcRNA and mRNA microarray
profiles generated from the peripheral blood samples in 14 treatment-seeking patients
with UHR who never received psychiatric medication and 18 demographically matched
typically developing controls. Gene Ontology (GO) analysis and canonical correlation
analysis were then applied to reveal functions and correlation between INCRNAs
and mRNAs.

Results: The INncRNAs were organized into co-expressed modules by WGCNA, two
modules of which were strongly associated with UHR. The mRNA networks were
constructed and two disease-associated mMRNA modules were identified. A functional
enrichment analysis showed that mRNAs were highly enriched for immune regulation
and inflammation. Moreover, a significant correlation between INcRNAs and mRNAs were
verified by a canonical correlation analysis.

Conclusion: We identified novel INcRNA modules related to UHR. These results
contribute to our understanding of the molecular basis of UHR from the perspective
of systems biology and provide a theoretical basis for early intervention in the assumed
development of schizophrenia.

Keywords: ultra-high-risk for psychosis, long non-coding RNA, mRNA, weighted gene co-expression network
analysis, inflammation
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INTRODUCTION

Schizophrenia (SZ) is a serious psychotic disorder caused by a
combination of genetic and environmental factors, resulting in
functional impairment (1). In the last two decades, researchers
have devoted considerable attention to the prodromal state
of psychosis in order to offer early intervention (2, 3).This
prodromal stage has been termed as “ultra-high-risk, UHR,
“at-risk mental state, ARMS,” or “clinical high risk, CHR” (4).
The most prevalent among them are the ultra-high-risk (UHR),
which consisted of the presence of attenuated positive symptoms,
and/or brief limited intermittent psychotic symptoms, and/or
genetic vulnerability along with a significant functional decline
(5). About 22-29% of UHR individuals will transition to
psychosis, with most transitions occurring in the first 3 years
after diagnosis (6). Although UHR is related to both genetic and
environmental factors (7), the precise regulatory mechanisms
are unknown.

Long non-coding RNAs (IncRNAs) are defined as transcripts
longer than 200 nucleotides, which do not encode for proteins
(8). A recent study has shown that IncRNAs may contain
increasingly complex regulatory information, with roles in
transcriptional and post-transcriptional gene silencing (9).
LncRNAs might have regulatory functions in diverse biological
processes via the assembly of distinct regulatory components (10,

11). LncRNAs are highly expressed in the brain and have been
found to be dysregulated in many neurological and psychiatric
disorders including schizophrenia (12, 13), but little is known
about the roles of IncRNAs in UHR.

Brain tissue is ideal for inferring prodromal psychosis, but
human brain tissue is rarely available, and previous studies
have shown that peripheral blood cells share over 80% of the
transcriptome with brain tissues (14). Since peripheral blood has
been reported to be viable for providing a “neurological
footprint,” blood is therefore a convenient surrogate
in UHR (15).

Weighted gene co-expression network analysis (WGCNA)
is a systematic method for the analysis of complex gene
regulatory networks. Based on microarray data, WGCNA can
be used to construct correlation modules and identify candidate
biomarkers in complex diseases (16). For instance, a few
of hub genes associated with the schizophrenia have been
obtained by using this method (17). In our previous study,
using WGCNA, we have elucidated two convergent IncRNA
modules in patients with early-onset schizophrenia (18), while
an integrated analysis of IncRNAs in UHR patients has yet
to be explored.

We hypothesized that an integrated WGCNA analysis of
IncRNAs would provide novel insight into understanding the
pathogenesis of UHR for psychosis. To test this, we performed
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FIGURE 1 | Zsymmary Statistics for the preservation of IncRNA modules. Most IncRNA network modules from individuals at ultra-high risk (UHR) for psychosis or
typically developing controls(TDCs) are well-preserved. Zsummary is the summary statistics of module preservation. The vertical axis represents the Zsymmary Score, and
the horizontal axis represents the LncRNA numbers in each module. Zsymmary < 2.0 implies no evidence for preservation.
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a co-expression network analysis of blood-based IncRNA and
mRNA microarray profiles in 14 patients with UHR who
had never received medical treatment and 18 demographically
matched typically developing controls (TDCs). Our results
identify IncRNA modules associated with UHR for psychosis that
has not been described previously. The findings also improve
the current understanding of the pathophysiological mechanisms
that accompany with UHR.

MATERIALS AND METHODS
Subjects

UHR individuals who had never received psychiatric medication
were recruited from the Department of Psychiatry at the First
Hospital of Shanxi Medical University. Patients received a face-
to-face evaluation by the structured interview for psychosis-
risk syndromes (SIPS). The following three diagnostic criteria
were evaluated: (a) brieflimited intermittent psychotic symptoms
(BLIPS), (b) presence of the attenuated positive symptoms state
(APSS) (19), and (c) genetic risk and deterioration syndrome
(GRDS) with a recent deterioration in general functioning.
Prodromal symptoms were defined as the presence of at least
one of the three criteria. Exclusion criteria for UHR individuals
were a history with a psychotic episode of more than 1 week of
duration; serious developmental disorder; history of neurological
illness; head trauma; substance abuse; and IQ < 70.

Eighteen gender- and age-matched healthy individuals were
recruited as TDCs from neighboring communities. None of these
individuals had any major physical disease, neurological disease,
mental disease, head trauma, family history of any neurological
or psychiatric diseases, or IQ < 70.

This study was approved by the Medical Research Ethics
Committee of the First Hospital of Shanxi Medical University.
All participants or their legal guardians gave written informed
consent. Table1 shows the demographic characteristics of
two groups.

RNA Isolation

Peripheral blood samples were collected from all participants.
The total RNA was extracted from peripheral blood using the
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and stored at
80°C. Total RNA was quantified with the NanoDrop ND-1000
spectrophotometer (Wilmington, DE, USA). Each sample was
evaluated for integrity by agarose gel electrophoresis.

LncRNA Microarray

The IncRNAs and mRNA sequences were detected using the
Arraystar Human 8 x 60 K LncRNA Microarray v2.0 Detection
Chip. The array contains 33,045 IncRNA detection probes
and 30,215 mRNA detection probes, all from authoritative
data sources and the literature. The procedures described
in the Agilent One-Color Microarray-based Gene Expression
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FIGURE 2 | LncRNA co-expression network modules. The IncRNAs were organized into twelve co-expression network modules. Different colors represent different
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Analysis (Santa Clara, CA, USA) manual were strictly followed.
Fluorescent cDNA was purified using the RNeasy Mini Kit
(Qiagen, Hilden, Germany). Samples were washed, fixed, and
scanned using an Agilent DNA Microarray Scanner (part number
G2505C). Experiments were completed by Kang Chen Bio-Tech
(Shanghai, China).

Microarray Data Pre-processing

Chip images were obtained using Agilent Feature Extraction
Software (Version 11.0.1.1), and data were processed using
GeneSpring GX v11.5.1 (Agilent Technologies). Raw expression
data were transformed by log2, background corrected and
normalized by quantile normalization for both IncRNA and
mRNA data sets. In total, 21,250 IncRNAs and 21,654 mRNAs
were obtained for subsequent analyses.

Weighted Gene Co-expression Network
Analysis (WGCNA) and Gene Ontology
Enrichment Analysis

We used the WGCNA package to build a weighted gene co-
expression network. First of all, differentially expressed genes
(DEGs) screening was applied to selected the most variable

transcripts (20). Transcripts with logFC > (abs(log2(1.8)))
and P-value < 0.05 were selected for subsequent analysis. In
total, the 4,105 IncRNAs and 4,013 mRNAs were selected for
construction of co-expression networks, respectively. Network
preservation was assessed and the preservation statistic ZSummary
>2.0 indicates that the module is significantly preserved (21).
The Pearson’s correlation matrices were calculated for all pairs
of RNAs, and then transformed into adjacency matrices using a
power function amn = power (Smn, ) = |[Smn|B. The parameter,
B, was optimized to maintain both the scale-free network and
sufficient node connectivity. Here, the power of § = 16 for
IncRNA and B = 18 for mRNA were chosen. A dynamic tree
cut algorithm was used to identify gene co-expression modules,
built with the default value of SplitDepth for robust module
detection in WGCNA (cutHeight = 200; minModuleSize = 30;
deepSplit = 2; mergeCutHeight = 0.15). Modules were defined
as the branches cutoff of the tree and each module was labeled in
unique colors. The module eigengene (ME) was defined as the
first principal component of the module. Modules which were
most relevant to the disease were then identified using WGCNA
package. RNAs that tended to have the highest connectivity
in the selected module (|GS| > 0.9 and |dat KME| > 0.85)
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FIGURE 3 | Correlation between IncRNAs module eigengenes (ME) disease characteristics. Each row corresponds to a module eigengene, each column to a trait.
Each cell contains the corresponding correlation and the P-value. The table is color-coded by the correlation according to the color legend. Group represents the
disease trait of individuals at ultra-high risk (UHR) for psychosis or typically developing controls.
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were extracted and defined as hub RNAs. Gene Ontology (GO)
analysis was applied to reveal functions of gene products by the
“GOenrichmentAnalysis” function in the WGCNA package. The
p-value < 0.05 was used as the cut-off criterion.

Canonical Correlation Analysis (CCA)

The R package CCP (Significance Tests for Canonical Correlation
Analysis) was used for a CCA of hub IncRNAs and hub
mRNAs (22), as well as to explore the correlations between these
multivariate variables (23).

RESULTS

LncRNA Co-expression Networks

We first performed a WGCNA to construct co-expression
networks for UHR individuals and TDCs samples separately. As
determined by the Zgmmary statistic, the modules in the two
groups were well-preserved and had no global perturbations
between two groups (Figure 1). Subsequently, we combined
the two data sets to build the network and identify modules,
as previously described in gene co-expression networks in the
brain (24). The IncRNAs with similar patterns of expression
were grouped into modules and a total of 11 modules
(Figure 2) were identified. Each IncRNA module eigengene

(Supplementary Table 1) was used to identify the correlations
between modules and phenotypes which included the disease,
age and gender. The modules that were most significantly related
to disease were the brown and yellow modules (Figure 3). The
brown module contained 526 IncRNAs, with four hub IncRNAs
identified (Figure4). Among which ASHG19A3A011462 and
ASHG19A3A026335 were up-regulated in UHR individuals,
while ASHG19A3A049471 and ASHG19A3A049556 were down-
regulated. The yellow module contained 473 IncRNAs, with one
hub IncRNA (ASHG19A3A044112) identified (Figure 4), which
was down-regulated in UHR individuals. However, the function
of the identified IncRNAs remains unknown.

mMRNA Co-expression Networks and

Functional Annotations

We used the same method described above to construct
mRNA co-expression networks for UHR individuals and
TDCs. Zsummary statistic showed that the modules were
well-preserved in UHR group and TDCs group (Figure5).
By using the combined data set, we identified 10 mRNA
modules (Figure 6). The red and pink modules were highly
significantly correlated with UHR, shown in Figure 7. The red
module contained 208 mRNAs. A GO enrichment analysis
showed this module was significantly enriched for inflammation
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FIGURE 4 | Hub IncRNAs in brown and yellow modules related to UHR. Hub IncRNAs in the module were identified according to the absolute values of GS (gene
significance) and kME (eigengene connectivity) of each INncRNA. The depth of point represents the absolute value of GS, and the depth of line represents the absolute
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FIGURE 5 | Zsymmary Statistics for the preservation of mMRNA modules. Most mRNA network modules from individuals at ultra-high risk (UHR) for psychosis or typically

developing controls(TDCs) are well-preserved. Zsymmary is the summary statistics of module preservation. The vertical axis represents the Zsymmary Score, and the
horizontal axis represents the LncRNA numbers in each module. Zsymmary < 2.0 implies no evidence for preservation.
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FIGURE 6 | mRNA co-expression network modules. The mRNAs were organized into eleven co-expression network modules. Different colors represent different
modules, and gray represents INcCRNAs that cannot be merged into any module.
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Each cell contains the corresponding correlation and the P-value. The table is color-coded by the correlation according to the color legend. Group represents the
disease trait of individuals at ultra-high risk (UHR) for psychosis or typically developing controls.

(Supplementary Table 2). We confirmed that there are nine
hub mRNAs in the red module, including TOM1, TJP2, RALY,
ARRBI, STX10, ASNA1, KCNJ13, GNB2, and STX5, all of which
were down-regulated in UHR individuals. The pink module
contained 145 mRNAs and two hub mRNAs (i.e., C190rf60 and
HLX) were identified, both of which were down-regulated in
UHR individuals (Figure 8). A GO enrichment analysis showed
that this module was significantly enriched for the immune
response (Supplementary Table 2).

Correlation Between Hub IncRNAs and
Hub mRNAs

As shown in Table 2, the first two pairs of canonical variables
were statistically significant (P < 0.05). We identified specific hub
IncRNAs that were highly correlated with hub mRNAs.

To find out the key factors in each group of canonical
variables, we presented the loadings for the canonical function
(Supplementary Table 3). Canonical loading presents a
correlation between the original variable and its corresponding
canonical variate. These values reflect the degree of a variable
be represented by a canonical variate. Canonical loadings for
variables suggested that LncRNA ASHG19A3A044112 (0.513)
and ASHG19A3A049556 (0.489) had more effect to form the

variables of IncRNA (V2). And the RALY, ARRBI, ASNAI,
C190rf60, GNB2, and STX5 were more important factors to
form the second fair for variables of mRNA (U2). These results
indicated a high correlation between the IncRNA and mRNA.

DISCUSSION

In this study, we performed a systematic analysis of IncRNAs
co-expression networks in the drug-naive patients with UHR
for psychosis. Importantly, we used the gene co-expression
networks constructed from IncRNA expression profile and
we found the existence of two IncRNAs modules relevant
to UHR. Furthermore, we revealed their potential biological
functions based on the functions of corresponding mRNAs with
highly correlated expression patterns. These findings provide
insight into the pathogenesis of UHR from the perspective of
systems biology.

There is abundant evidence linking changes in IncRNA
expression to the molecular pathology of central nervous system
diseases (25, 26). The epigenetic mechanisms underlying the
precursory stage of schizophrenia are largely unknown. Network
analysis reveals the higher-order relationships of the transcripts
and can greatly alleviate the multiple testing problems (27). In
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TABLE 1 | Demographic properties of UHR individuals and TDCs.

UHR TDCs t/x2 P-value
(n=14) (n=18)
Age, 16.14 + 15.67 + 0.658 0.516
years 1.406 2.401
Gender 9/5 10/8 0.653 0.419
(M/F)

UHR, ultra-high risk; TDC, typically developing control.

addition, this network analysis reduces potentially confounding
factors, such as prior knowledge bias from the published
literature or batch effects when constructing the networks from
multiple profiling data. Strikingly, compared with single genes,
biological modules may represent specific subsets of enriched
biological processes.

Our integrative analysis reveals several modules of particular
interest. Two IncRNAs modules were identified to be associated
with UHR, named brown and yellow modules, respectively.
Hubs are topologically central in the module, having maximal

TABLE 2 | Canonical correlation coefficients for relationships between hub
INcRNAs and hub mRNAs.

Canonical variables Correlation coefficient F P

V1-Ud 0.983 3.782 <0.001
V2-U2 0.843 1.676 0.031
V3-U3 0.731 1.223 0.261
V3-U3 0.575 0.905 0.569
V3-U3 0.466 0.794 0.601

V1:the first canonical variables of LncRNA, U1:the first canonical variables of mRNA.

informational connections with other nodes. In our study, a
total of five IncRNAs were identified as hub LncRNAs in these
modules. Two mRNAs modules, named red and pink modules,
were highly significantly correlated with UHR. GO enrichment
analysis showed these two modules were significantly enriched
for immune response and inflammation.

There is growing evidence for the important roles of
immune-inflammatory abnormalities in the pathogenesis of
UHR for psychosis. Immune-mediated glutamate-dopaminergic
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dysregulation may lead to various positive symptoms of the
prodromal stage due to the early chronic immune system
damage (28). Anti-inflammatory treatment can effectively
improve symptoms of patients with UHR (29). Inflammation
may progress slowly and be difficult to detect at the early
stage. Maternal infections trigger early immune changes
in fetal development and are immune-related risk factors
for schizophrenia (30). Disturbances in the expression of
inflammation-related genes may lead to clinical symptoms. As
the most important immune inflammatory cells in the brain, the
microglia hypothesis of schizophrenia is widely accepted (31).
The excessive activation of microglia results in the production
of a large number of toxic factors, inhibition of the growth of
nerve cells, withering, and promotion of the occurrence and
progression of degenerative diseases (32). These results have been
confirmed in animal model (33). Increased microglial activity in
individuals with UHR and schizophrenia occur at an early stage
of the disease (34). Abnormal immune inflammatory responses
of the central nervous system may play a key role in the UHR.

Our results should be interpreted with caution due to several
limitations. First, the sample size of our current study was
relatively small, which may limit the statistic power. Second,
some confounding factors in the data analysis should be
considered because the potential batch effects and multiple-
testing issue from RNA-sequencing data could confound true
biological relationships of the data to a certain extent. Another
issue is the tissue specificity of gene expression. Here, we
measured IncRNA and mRNA expression in peripheral blood
but not in the brain. However, between 35 and 80% of known
transcripts are present in both brain and blood tissue samples,
estimates of cross-tissue correlation in expression levels has been
reported to range from 0.25 to 0.64 (35). We are also aware that
issues pertaining to blood-brain gene expression correlations are
not addressed. The advantage of using blood samples is that it
can be acquired without using invasive procedures, and repeated
sampling from the same individual is applicable, which facilitates
longitudinal studies. Additional studies on larger cohorts of
patients as well as brain-blood correlation of the identified
genes are needed to further investigate the implication of the
pathophysiology of UHR.

In conclusion, at a system level, our research indicated that
two convergent IncRNA dysregulation of the expression in
peripheral blood was involved in the early pathological processes
of UHR that lead to psychosis. The IncRNAs could correlate with

REFERENCES

1. Hafner H, Heiden WAD. The course of schizophrenia in the light
of modern follow-up studies: the ABC and WHO studies. Eur Arch
Psychiatry Clin Neurosci. (1999) 249(Suppl. 4):S14-26. doi: 10.1007/
pl00014180

2. Demars F, Kebir O, Marzo A, Iftimovici A, Chaumette B. Dysregulation
of peripheral expression of the ywha genes during conversion to
psychosis.  Entific Rep. (2020) 10:9863. doi: 10.1038/s41598-020-66
901-1

3. Kiristensen TD, Ebdrup BH, Hjorthj C, René CWM, Nordentoft M. No effects
of cognitive remediation on cerebral white matter in individuals at ultra-high

mRNAs, and lead to an immune-inflammatory abnormalities
in the pathogenesis of UHR for psychosis. We hope that our
research can provide a basis for the search for biomarkers for the
UHR individuals as well as for the development of strategies for
early intervention of UHR.

DATA AVAILABILITY STATEMENT

The data have been assigned the ArrayExpress database
at EMBL-EBI (www.ebi.ac.uk/arrayexpress) under accession
number E-MTAB-9804, and will be publicly available on
December 1, 2020.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Medical Research Ethics Committee of the First
Hospital of Shanxi Medical University. Written informed consent
to participate in this study was provided by the participants’ legal
guardian/next of kin.

AUTHOR CONTRIBUTIONS

YR and YX designed the study. WL, SL, and YR drafted
the manuscript. YR and HY recruited samples. ZL and JW
performed the analyses. All authors reviewed and approved the
final manuscript.

FUNDING

This work was supported by the National Natural
Science Foundation of China (81971601), Key Research
and Development (R&D) Projects of Shanxi Province
(201803D31142), Applied basic research projects of Shanxi
Province, China (201901D111418), and Programs of science and
technology for Returness of Department of human resources and
social security of Shanxi Province, China [(2019)91].

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpsyt.
2020.580307/full#supplementary-material

risk for psychosis-a randomized clinical trial. Front Psychiatry. (2020) 11:1.
doi: 10.3389/fpsyt.2020.00873

4. Frauke SL, Schimmelmann BG, Stephan R. The near babylonian speech
confusion in early detection of psychosis. Schizophr Bull. (2011) 37:653-5.
doi: 10.1093/schbul/sbr039

5. Fusar-Poli P, Yung AR, Mcgorry P, Van OS]. Lessons learned from the
psychosis high-risk state: towards a general staging model of prodromal
intervention. Psychol Med. (2014) 44:17-24. doi: 10.1017/S0033291713000184

6. Fusar-Poli P, Cappucciati M, Borgwardt S, Woods SW, Addington ], Nelson
B, et al. Heterogeneity of psychosis risk within individuals at clinical high
risk: a meta-analytical stratification. JAMA Psychiatry. (2016) 73:113-20.
doi: 10.1001/jamapsychiatry.2015.2324

Frontiers in Psychiatry | www.frontiersin.org

December 2020 | Volume 11 | Article 580307


www.ebi.ac.uk/arrayexpress
https://www.frontiersin.org/articles/10.3389/fpsyt.2020.580307/full#supplementary-material
https://doi.org/10.1007/pl00014180
https://doi.org/10.1038/s41598-020-66901-1
https://doi.org/10.3389/fpsyt.2020.00873
https://doi.org/10.1093/schbul/sbr039
https://doi.org/10.1017/S0033291713000184
https://doi.org/10.1001/jamapsychiatry.2015.2324
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Ren et al. INcRNA Abnormalities in UHR
7. Huang ZH, Hou CL, Huang YH, He XY, Wang QW, Chen X, et al. Individuals 23. Hong S, Chen X, Jin L, Xiong M. Canonical correlation analysis
at high risk for psychosis experience more childhood trauma, life events and for RNA-seq co-expression networks. Nucleic Acids Res. (2013) 41:e95.
social support deficit in comparison to healthy controls. Psychiatry Res. (2019) doi: 10.1093/nar/gkt145
273:296-302. doi: 10.1016/j.psychres.2019.01.060 24. Chen C, Cheng L, Grennan K, Pibiri F, Zhang C, Badner JA, et al. Two gene
8. Kapranov P, Cheng J, Dike S, David A, Duttagupta R, Willingham AT, et al. co-expression modules differentiate psychotics and controls. Mol Psychiatry.
RNA maps reveal new RNA classes and a possible function for pervasive (2013) 18:1308-14. doi: 10.1038/mp.2012.146
transcription. Science. (2007) 316:1484-8. doi: 10.1126/science.1138341 25. Qureshi IA, Mattick JS, Mehler MF. Long non-coding RNAs in
9. Mattick JS, Lee JT. The genetic signatures of noncoding rnas. PLoS Genet. nervous system function and disease. Brain Res. (2010) 1338:20-35.
(2009) 5:€1000459. doi: 10.1371/journal.pgen.1000459 doi: 10.1016/j.brainres.2010.03.110
10. Guttman M, Rinn JL. Modular regulatory principles of large non- coding rnas. 26. Taft R, Pang KC, Mercer TR, Dinger M, Mattick JS. Non-coding RNAs:
Nature. (2012) 482:339-46. doi: 10.1038/nature10887 regulators of disease. J Pathol. (2010) 220:126-39. doi: 10.1002/path.2638
11. Meng Q, Wang K, Brunetti T, Xia Y, Liu C. The dgcr5 long noncoding 27. Dewey FE, Perez MV, Wheeler MT, Watt C, Ashley EA. Gene coexpression
rna may regulate expression of several schizophrenia-related genes. network topology of cardiac development, hypertrophy, and failure. Circ
Sci Transl Med. (2018) 10:eaat6912. doi: 10.1126/scitranslmed. Cardiovasc Genet. (2011) 4:26-35. doi: 10.1161/CIRCGENETICS.110.941757
aat6912 28. Muller N, Schwarz M. Schizophrenia as an inflammation-mediated
12. Cui X, Niu W, Kong L, He M, Jiang K, Chen §, et al. Long noncoding RNA dysbalance of glutamatergic neurotransmission. Neurotox Res. (2006) 10:131-
as an indicator differentiating schizophrenia from major depressive disorder 48. doi: 10.1007/bf03033242
and generalized anxiety disorder in nonpsychiatric hospital. Biomarkers Med. 29. Smesny S, Milleit B, Schaefer MR, Hesse J, Schlogelhoferd M, Langbein
(2017) 11:221-8. doi: 10.2217/bmm-2016-0317 K, et al. Effects of omega-3 PUFA on immune markers in adolescent
13. Bock RD, Mackintosh AJ, Maier F, Borgwardt S, Andreou C. Eeg microstates as individuals at ultra-high risk for psychosis—results of the randomized
biomarker for psychosis in ultra-high-risk patients. Transl Psychiatry. (2020) controlled Vienna omega-3 study. Schizophr Res. (2017) 188:110-7.
10:300. doi: 10.1038/541398-020-00963-7 doi: 10.1016/j.schres.2017.01.026
14. Cai C, Langfelder P, Fuller TF, Oldham MC, Luo R, Berg LHVD, et al. Is 30. Patterson PH. Immune involvement in schizophrenia and autism: etiology,
human blood a good surrogate for brain tissue in transcriptional studies? BMC pathology and animal models. Behav Brain Res. (2009) 204:331-21.
Genomics. (2010) 11:589. doi: 10.1186/1471-2164-11-589 doi: 10.1016/j.bbr.2008.12.016
15. Goh WWB, Sng CG, Yee JY, See YM, Lee TS, Wong L, et al. Can 31. Monji A, Kato T, Kanba S. Cytokines and schizophrenia: microglia
peripheral blood-derived gene expressions characterize individuals at ultra- hypothesis of schizophrenia. Psychiatry Clin Neurosci. (2009) 63:257-65.
high risk for psychosis? Comput Psychiatry. (2017) 1:168-83. doi: 10.1162/ doi: 10.1111/j.1440-1819.2009.01945.x
CPSY_a_00007 32. Michelle LB, Jau-Shyong H. Microglia and inflammation-mediated
16. Sheng L, Xiaoping L, Tongzu L, Xiangyu M, Xiaohong Y, Cheng E neurodegeneration: multiple triggers with a common mechanism. Prog
et al. Identification of biomarkers correlated with the tnm staging and Neurobiol. (2005) 76:77-98. doi: 10.1016/j.pneurobio.2005.06.004
overall survival of patients with bladder cancer. Front Physiol. (2017) 8:947. 33. Juckel G, Manitz MP, Martin B, Friebe A, Heneka MT, Wolf R]. Microglial
doi: 10.3389/fphys.2017.00947 activation in a neuroinflammational animal model of schizophrenia—a
17. Feltrin AS, Tahira AC, Simées SN, Brentani H, Martins DC, Esteban pilot study. Schizophr Res. (2011) 131:96-100. doi: 10.1016/j.schres.2011.0
FJ. Assessment of complementarity of WGCNA and NERI results 6.018
for identification of modules associated to schizophrenia spectrum 34. Bloomfield PS, Selvaraj S, Veronese M, Rizzo G, Bertoldo A, Owen
disorders. PLoS ONE. (2019) 14:€0210431. doi: 10.1371/journal.pone. DR, et al. Microglial activity in people at ultra high risk of psychosis
0210431 and in schizophrenia: an [; !'s C]JPBR28 PET brain imaging study.
18. Ren Y, Cui Y, Li X, Wang B, Na L, Shi J, et al. A co-expression network Am ] Psychiatry. (2016) 173:44-52. doi: 10.1176/appi.ajp.2015.1410
analysis reveals IncRNA abnormalities in peripheral blood in early-onset 1358
schizophrenia. Prog Neuro Psychopharmacol Biol Psychiatry. (2015) 63:1-5. 35. Tylee DS, Kawaguchi DM, Glatt SJ. On the outside, looking in: a review
doi: 10.1016/j.pnpbp.2015.05.002 and evaluation of the comparability of blood and brain “-omes”. Am | Med
19. Cohen S, D’Andrea JT, Miller TJ, Mcglashan TH, Woods SW. Empirical Genet Part B Neuropsychiatr Genet. (2013) 162:595-603. doi: 10.1002/ajmg.b.3
evaluation of the criteria of prodromal syndromes (COPS) for diagnosing 2150
attenuated positive symptoms state (APSS). Schizophr Res. (2006) 86:78-79.
doi: 10.1016/50920-9964(06)70233-x Conflict of Interest: The authors declare that the research was conducted in the
20. Zhang B, Horvath S. A general framework for weighted gene co- absence of any commercial or financial relationships that could be construed as a
expression network analysis. Stat Appl Genet Mol Biol. (2005) 4:Articlel7. potential conflict of interest.
doi: 10.2202/1544-6115.1128
21. Roussos P, Katsel P, Davis KL, Siever LJ, Haroutunian V. A system- Copyright © 2020 Ren, Li, Liu, Li, Wang, Yang and Xu. This is an open-access
level transcriptomic analysis of schizophrenia using postmortem article distributed under the terms of the Creative Commons Attribution License (CC
brain tissue samples. Arch Gen Psychiatry. (2012) 69:1205-13. BY). The use, distribution or reproduction in other forums is permitted, provided
doi: 10.1001/archgenpsychiatry.2012.704 the original author(s) and the copyright owner(s) are credited and that the original
22. Menzel U. CCP: Significance Tests for Canonical Correlation Analysis (CCA). publication in this journal is cited, in accordance with accepted academic practice.

R package version 1.1. (2012). Available online at: https://CRAN.R-project.
org/package=CCP (accessed October 29, 2012).

No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Psychiatry | www.frontiersin.org

10

December 2020 | Volume 11 | Article 580307


https://doi.org/10.1016/j.psychres.2019.01.060
https://doi.org/10.1126/science.1138341
https://doi.org/10.1371/journal.pgen.1000459
https://doi.org/10.1038/nature10887
https://doi.org/10.1126/scitranslmed.aat6912
https://doi.org/10.2217/bmm-2016-0317
https://doi.org/10.1038/s41398-020-00963-7
https://doi.org/10.1186/1471-2164-11-589
https://doi.org/10.1162/CPSY_a_00007
https://doi.org/10.3389/fphys.2017.00947
https://doi.org/10.1371/journal.pone.0210431
https://doi.org/10.1016/j.pnpbp.2015.05.002
https://doi.org/10.1016/s0920-9964(06)70233-x
https://doi.org/10.2202/1544-6115.1128
https://doi.org/10.1001/archgenpsychiatry.2012.704
https://CRAN.R-project.org/package=CCP
https://CRAN.R-project.org/package=CCP
https://doi.org/10.1093/nar/gkt145
https://doi.org/10.1038/mp.2012.146
https://doi.org/10.1016/j.brainres.2010.03.110
https://doi.org/10.1002/path.2638
https://doi.org/10.1161/CIRCGENETICS.110.941757
https://doi.org/10.1007/bf03033242
https://doi.org/10.1016/j.schres.2017.01.026
https://doi.org/10.1016/j.bbr.2008.12.016
https://doi.org/10.1111/j.1440-1819.2009.01945.x
https://doi.org/10.1016/j.pneurobio.2005.06.004
https://doi.org/10.1016/j.schres.2011.06.018
https://doi.org/10.1176/appi.ajp.2015.14101358
https://doi.org/10.1002/ajmg.b.32150
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

	A Weighted Gene Co-expression Network Analysis Reveals lncRNA Abnormalities in the Peripheral Blood Associated With Ultra-High-Risk for Psychosis
	Introduction
	Materials and Methods
	Subjects
	RNA Isolation
	LncRNA Microarray
	Microarray Data Pre-processing
	Weighted Gene Co-expression Network Analysis (WGCNA) and Gene Ontology Enrichment Analysis
	Canonical Correlation Analysis (CCA)

	Results
	LncRNA Co-expression Networks
	mRNA Co-expression Networks and Functional Annotations
	Correlation Between Hub lncRNAs and Hub mRNAs

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


