
ARTICLE OPEN ACCESS

Multiple Sclerosis
circRNA Profile Defined Reveals Links to B-Cell Function

Anna E. Zurawska,MD, PhD,*Marcin P.Mycko,MD, PhD,* Igor Selmaj, MD, PhD, Cedric S. Raine, MD, PhD, and

Krzysztof W. Selmaj, MD, PhD

Neurol Neuroimmunol Neuroinflamm 2021;8:e1041. doi:10.1212/NXI.0000000000001041

Correspondence

Dr. Selmaj

kselmaj@gmail.com

Abstract
Background and Objectives
To investigate the total circular RNA (circRNA) profile in patients with relapsing-remitting
multiple sclerosis (RRMS) and healthy controls (HCs).

Methods
Hybridization microarray was used to define the circRNA profile in peripheral blood mono-
nuclear cells (PBMCs) from 20 untreated patients with RRMS (10 in relapse and 10 in remission)
and 10HCs.We analyzed close to 14,000 individual circRNAs per sample. The discovery set data
were validated using quantitative reverse transcription-PCR with an independent cohort of 47
patients with RRMS (19 in relapse and 28 in remission) and 27 HCs.

Results
Microarray analysis revealed 914 transcripts to be differentially expressed between patients with
RRMS in relapse and HCs (p < 0.05). We validated 3 circRNAs from 5 showing highest levels of
differential expression in the RRMS relapse vs HC group: hsa_circRNA_101348, hsa_circRNA_
102611, and hsa_circRNA_104361. Their expression was significantly increased during relapse in
RRMS (p = 0.0002, FC = 2.9; p = 0.01, FC = 1.6; and p = 0.001, FC = 1.5, respectively) and in
patients showing gadolinium enhancement on brain MRI (hsa_circRNA_101348, p = 0.0039,
FC = 2.4; hsa_circRNA_104361, p = 0.029, FC = 1.7). Bioinformatic analysis revealed 15
microRNAs interacting with these circRNAs in a complementarymanner and led to the discovery
and validation of 3 protein-coding RNAs upregulated in patients with RRMS during relapse. Two
of these, AK2 and IKZF3, have previously been implicated in B-cell function.

Discussion
circRNAs display a distinct profile in PBMCs from patients with RRMS, and our results may
implicate circRNA in the known disturbed B-cell activity in RRMS and thus represent a novel
biomarker for monitoring relapse activity.
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Multiple sclerosis (MS) is a chronic neurologic condition in
which the CNS displays inflammation and demyelination.1,2

Although the etiology of MS is still not fully understood,
accumulating evidence purports it to be a multifactorial entity
with a significant autoimmune component.3

The working model of the pathogenesis of MS implicates in-
terplay between genetic, environmental, and epigenetic fac-
tors.4 Results from genome-wide association studies in MS
have led to the discovery of more than 200 nonmajor histo-
compatibility complex genes potentially involved in pre-
disposition to the disease but with a modest odds ratio.5 More
recently, attention has turned to epigenetic mechanisms which
might contribute to mechanisms in MS. Epigenetic mecha-
nisms identified for the pathogenesis of MS are DNA meth-
ylation, histone modification, and microRNA (miRNA)
alterations. Because human genome sequencing has pro-
gressed, noncoding RNA (ncRNA) has received increasing
attention as an important epigenetic component. Several clas-
ses of ncRNAs are known, but a particular role in epigenetic
modification is attributed to miRNA. These small RNA mol-
ecules are considered to be one of the most important post-
transcriptional regulators. For example, it was found that
several miRNAs control cellular transcription processes and
contribute to the development of many disorders.6 Previous
studies also implicate miRNA in MS in the induction of au-
toimmune reactions.7 Because regulation ofmiRNA expression
is highly dynamic and complex, growing evidence supports the
existence of yet another higher level of regulation involved in
miRNA activity affected by a group of molecules referred to as
circular RNA (circRNA).

It has been shown that circRNA molecules represent a novel,
unique class of endogenous ncRNA controlling the expression
and function of miRNA.8 They are called natural miRNA
“sponges” because a single circRNA molecule is able to neu-
tralize several miRNAs simultaneously and thus might de-
termine the availability of miRNA for posttranscriptional
regulation. In addition, it was shown that circRNA might in-
fluence the posttranscriptional regulation through other
miRNA-independent mechanisms, for example, binding and
sequestering RNA-binding proteins (RBPs), base pairing with
other than miRNA types of transcripts, translation control, and
production of proteins.9

Interestingly, circRNAs are characterized by exceptionally high
stability, tissue-specific expression, and evolutionary conservation.

In recent years, there has occurred steadily growing evidence
revealing that the unique features of circRNAs implicate them in a
variety of physiologic and pathologic processes.10 The structure
of circRNAs in the form of covalently closed continuous loops
renders them more resistant to endonucleases than linear RNA
forms, and as a result, they might be more suitable as biomarkers
than other types of RNAs. Although accumulating evidence re-
veals circRNA to have an active role in CNS pathology and
immune regulation, little is known about their involvement in the
pathogenesis of MS.11

In the present exploratory study, we provide novel data on
the global expression pattern of circRNA in peripheral blood
mononuclear cells (PBMCs) from the blood of patients with
MS and correlate the profile with disease stages and activity.
We also evaluate the involvement of circRNA in buffering
the regulatory activity of miRNAs and consequently their
influence on the transcription of annotated protein genes.
Our data support an important role for a circRNA-miRNA
regulatory network in immune mechanisms in MS at the
level of the B cell for which it may serve as a useful biomarker
for disease activity.

Methods
Participants and Study Design
A total of 104 participants were enrolled, comprising 67 patients
with relapsing-remitting multiple sclerosis (RRMS) and 37
healthy controls (HCs) (Table 1). All patients with MS fulfilled
the McDonald criteria, 2017. All patients had not been treated
with disease-modifying drugs for at least 6 months. None had a
history of anti-CD20 and anti-CD52 treatment. The disability
level for neurologic status of MS was assessed by the expanded
disability severity scale (EDSS). Relapse was defined as the
development of new neurologic symptoms or worsening of
existing symptoms leading to an EDSS increase by 1 point over
at least 24 hours. Patients in relapse were sampled within 3 days
from the beginning of the relapse and before the administration
of glucocorticoid treatment. Remission was defined as stable
clinical condition at least for 6 months.

In the exploratory stage of our investigation, we performed
microarray hybridization analysis of RNA from the PBMCs of
20 patients with RRMS (10 in relapse and 10 in remission)
and 10 HCs. In the second stage, for further validation, RNA
samples were isolated from a new cohort of 47 patients with

Glossary
ANOVA = analysis of variance; AUC = area under the curve; circRNA = circular RNA; cRNA = complementary RNA; EDSS =
expanded disability severity scale; FOV = field of view;Gd = gadolinium;HC = healthy control;miRNA = microRNA;MRE =
miRNA response element;MS = multiple sclerosis; ncRNA = noncoding RNA; PBMC = peripheral blood mononuclear cell;
qRT = quantitative reverse transcription; RBP = RNA-binding protein; ROC = receiver operating characteristic; RRMS =
relapsing-remitting multiple sclerosis; TE = echo time; TR = repetition time.
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MS and 27 HCs and were subjected to quantitative reverse
transcription (qRT)-PCR analysis. Clinical and demographic
characteristics of participants are listed in Table 1.

Standard Protocol Approvals, Registrations,
and Patient Consents
Study protocols and patient consent forms were approved by
the Ethics Committees of the Medical University of Lodz and
the University of Warmia and Mazury in Olsztyn, Poland.
Written informed consent was obtained from all study
participants.

MRI Protocol
Brain MRI data were acquired on a 3.0 T scanner (Siemens,
Erlangen, Germany). MRI images used for this study were
obtained ±2 weeks from the time of the blood sample collection.
To detect focal white matter lesions, MRI used dual-echo (rep-
etition time [TR] = 4,500milliseconds, echo time [TE] = 22 and
90milliseconds, 25 slices, slice thickness = 3mm, 512 × 512 × 44
matrix, and field of view [FOV] = 250 mm) and T1-weighted
(TR = 750 milliseconds, TE = 17 milliseconds, 25 slices, slice
thickness = 3 mm, 512 × 512 × 44 matrix, and FOV = 250 mm).
Gadolinium (Gd)-enhancingT1-weighted lesionswere identified
from postcontrast T1-weighted spin echo images (TR = 467
milliseconds, TE = 8 milliseconds, 240 × 240 × 132 mm FOV,
number of excitations = 1), acquired 5 minutes after adminis-
tration of a dose of contrast (0.1 mM/kg).

PBMC and RNA Isolation
PBMCs were isolated from whole blood by a density gradient
centrifugation method using Ficoll Histopaque (Sigma-
Aldrich), as described earlier.23 Total RNA was extracted
from PBMCs using the mirVana miRNA Isolation Kit (Life
Technologies). The RNA quantity and quality were measured
with NanoDrop ND-1000 (Agilent).

Microarray Hybridization
RNA samples were subjected to microarray hybridization with
Arraystar Human Circular Array V2 (8 × 15K, Arraystar).
Briefly, total RNA was digested with Rnase R (Epicentre, Inc.)
to remove linear RNA and to enrich circRNA. Then, the
enriched circRNA fraction was amplified and transcribed into
fluorescent complementary RNA (cRNA) using a random
priming method (Arraystar Super RNA Labeling Kit; Arrays-
tar). The labeled cRNAmolecules were purified by the RNeasy
Mini Kit (Qiagen). The concentration and specific activity of
the labeled cRNA (pmol Cy3/μg cRNA) were measured using
a NanoDrop ND-1000 (Thermo Fisher) and a 2100 Bio-
analyzer (Agilent). Each labeled cRNA (1 μg) was fragmented
by adding 5 μL of 10× blocking agent and 1 μL of 25× frag-
mentation buffer; then, the mixture was heated to 60°C for 30
minutes, and finally, 25 μL of 2× hybridization buffer was added
to dilute the labeled cRNA.Hybridization solution (50 μL) was
dispensed into the gasket slide and attached to the circRNA
expression microarray slide. The slides were incubated for 17
hours at 65°C in an Agilent Hybridization Oven. The hybrid-
ized arrays were washed, fixed, and scanned using an Agilent
Scanner G2505C (Agilent Technology).

Agilent Feature Extraction software (version 11.0.1.1) was
used to analyze the acquired array images. Quantile normal-
ization and subsequent data processing were performed using
the R software limma package.

qRT-PCR Analysis
Quantitative validation of circRNAwas performed by qRT-PCR
with SYBR Green using specific primers for circRNA identified
in the discovery segment of our study. For qRT-PCR, cDNAwas
synthesized from total RNA using SuperScript III Reverse
Transcriptase (Invitrogen) from 1 μg of the total RNA. Sub-
sequently, the qRT-PCR reaction was performed in a total vol-
ume of 10 μL, containing 0.5 μL/10 μM of forward/reverse
primers, 2 μL of cDNA, 2× SuperArray PCR master mix, and 2
μL of double-distilled water. The primers used in the qRT-PCR
were designed such that the amplicon spanned the circular
junction site as follows: for hsa_circRNA_010402, 59
CCCATTACAAGTTGACCTCCAC 39 and 59 GCCACC
TTCAAAATACCTGTCT 39; for hsa_circRNA_101348, 59
GACCTTAGTAAAGCTCAGTTCCAT 39 and 59 GATATT
GAAAACGTGCTCTCTTCT 39; for hsa_circRNA_104361,
59 GCTTTGATGGATGCTTCCAG 39 and 59 GCAGTT-
GACAACAACCCAATT 39; for hsa_circRNA_102611, 59
TTTGGATGGTATGCCTTACACT 39 and 59 CACACTA-
CAAAGTTGACTTGTGC 39; and for hsa_circRNA_
036391, 59 TTTCCAAGTGGCAGATTATGG 39 and 59

Table 1 Main Characteristics of the Individuals Enrolled in
the Study

Characteristic
Healthy
controls

RRMS
relapse

RRMS
remission

Discovery set

No. 10 10 10

Female 6 6 6

Male 4 4 4

Age, yrs,mean ± SD 35.8 ± 7.4 35.2 ± 9.0 32.4 ± 9.0

Disease duration,
mean ± SD

— 4.7 ± 6.0 5.0 ± 6.4

EDSS, mean ± SD — 3.4 ± 1.9 2.4 ± 1.1

Validation set

No. 27 19 28

Female 21 12 20

Male 6 7 8

Age, yrs,mean ± SD 34.7 ± 8.7 37.2 ± 15.2 36.5 ± 10.4

Disease duration,
mean ± SD

— 6.9 ± 8.9 4.9 ± 5.5

EDSS, mean ± SD — 3.1 ± 0.7 2.2 ± 1.0

Abbreviation: EDSS = expanded disability severity scale.
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CATGCTCAGCTATTACCAGGGT 39. The primers used in
the qRT-PCR for gene expression measurement of CBX5,
DGKH, IKZF3, RNF24, and AK2 were as follows: for CBX5, 59

GTGGCCGAGGACTTTGATTG 39 and 59 CCTGTAA-
CAACGCATCTCATATT 39; for DGKH, 59 GTGAGG-
CAAGTCATTGAGGAA 39 and 59 GGTATTGAGCACAG

Figure 1 circRNA Profile in RRMS

Heatmaps show differentially expressed
circRNAs fromunsupervised hierarchical
clustering present in the PBMCs of pa-
tients with RRMS relapse vs controls (A),
RRMS remission versus controls (B), and
RRMS relapse versus remission (C). Color
key represents Z score values; the raw
data displayed as a heatmaps are pre-
sent in Supplementary file, links.lww.
com/NXI/A538. Volcano plot graphs for
circRNA expression levels in the PBMCs
of RRMS relapse vs controls (D), RRMS
remission versus controls (E), and RRMS
relapse versus remission (F). The vertical
green lines correspond to upregulation
and downregulation >2-fold. The hori-
zontal green line represents an adjusted
p value of 0.05. The red squares indicate
differentially expressed circRNAs with
statistical significance. (G) Chromosomal
distribution of significantly differentially
expressed circRNAs in RRMS relapse and
RRMS remission versus controls.
circRNA= circular RNA; PBMCs = periph-
eral blood mononuclear cells; RRMS =
relapsing-remitting multiple sclerosis.
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GGAGGTT 39; for IKZF3, 59 GGCTCCAACTCAACTCGT
CTA 39 and 59 TCACAAAGGGAATAAGCAATCT 39; for
RNF24, 59 GCTCGGATTTCCCACATTA 39 and 59 TCTTT
GTGTGCTTGATGTCTTAG 39; and for AK2, 59 GGCTG
ATTCACCCCAAGAGT 39 and 59 GCAGGCGGATTTT-
CAAGG 39.

β-actin was used as an internal control using the following
primers: 59 GTGGCCGAGGACTTTGATTG 39 and 59
CCTGTAACAACGCATCTCATATT 39. Briefly, the cycle
parameters for the PCR were as follows: 95°C for 10 minutes,
followed by 40 amplification cycles of a denaturing step at the
same temperature for 10 seconds and an annealing/extension
step of 1 minute at 60°C. A melting curve was performed to
confirm that the amplicons were unique and specific. Quanti-
fication for each sample was generated using Rotor-Gene Real-
Time Analysis software 6.0 (Qiagen). The relative amount of
the target gene was determined by calculating the ratio between
the target and housekeeping genes using a 2-ddCt formula.

circRNA Bioinformatic Target Prediction
The target miRNAs for differentially expressed circRNAs were
predicted using Arraystar miRNA target prediction software
based on TargetScan12 and miRanda,13 software tools in-
cluding composite metrics allowing a search for the presence of
circRNA sites that might match the seed region of miRNA.
Based on the number and potential strength of the circRNA-
miRNA interactions, the top 5 that show the highest expression
of the predicted miRNA interacting with a given circRNA are
reported.

The classification of protein-coding mRNA putatively con-
trolled by miRNA identified by circRNA analysis was per-
formed with the help of a miRNA target prediction database
miRWalk (version 3.0; mirwalk.umm.uni-heidelberg.de/).
miRWalk contains information that applies a random forest-
based approach to integrate and predict miRNA target sites.
The output of the random forest-based model is the predicted
probability that a candidate target site is a true target site. Each
of the miRNAs predicted to be affected by circRNA is queried

into the miRWalk to produce a list of the candidate mRNA
with a predicted p < 0.05 value.

Statistical Analysis
In the discovery set, candidate circRNAs were chosen if sig-
nificant differences (p < 0.05) were observed among the
groups using a 1-way analysis of variance (ANOVA) test with
the Scheffé post hoc test. Before the ANOVA test, the Levene
test for equality of variances was performed. The p values for
each analysis of discovery set were also adjusted for multiple
comparisons using the approach of Benjamini and Hochberg
to control for false discovery rates at 0.05. In the qRT-PCR
validation set, the association and the levels of each of the
selected circRNA between groups were assessed by ANOVA
with the Scheffé post hoc test; the associated p value and the
area under the curve (AUC) from receiver operating char-
acteristic (ROC) curve for the full model were calculated.
Outlier sensitivity analysis of the circRNA levels was tested
using the Tukey method value (Tukey test). R-squared sta-
tistic was used to examine the association between circRNA
expression and each of the clinical measures.

Data Availability
Anonymized circRNA microarray analysis expression data
have been reposited in the GEO database, accession
number: GSE171950 (ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE171950).

Results
Global Profiling of circRNA in the PBMCs of
Patients With MS
To determine the global expression profile of circRNAs from
the PBMCs of patients with RRMS, in a discovery set of the
study, we used microarrays containing probes for 13,617
human circRNAs. At this stage of the analysis, we tested 30
samples. In total, we have identified on average 11,805 dif-
ferent circRNAs per sample in the RRMS relapse group,
12,077 circRNAs in the RRMS remission groups, and 12,184
in the HC group.

Table 2 List of the 5 Selected circRNAs Differentially Expressed in RRMS Relapse vs Healthy Controls

circRNAa circBase name

RRMS relapse

p Value FDR
Fold change vs
controls

hsa_circRNA_104361 hsa_circRNA_0009092 9.222E-08 0.000087105 3.6238837

hsa_circRNA_010402 hsa_circRNA_0010402 1.9571E-07 0.000094208 2.0630411

hsa_circRNA_102611 hsa_circRNA_0007334 3.57292E-05 0.00113355 2.3034444

hsa_circRNA_101348 hsa_circRNA_0031787 9.113E-05 0.0074206 2.4052553

hsa_circRNA_036391 hsa_circRNA_0036391 0.0001127 0.0079066 2.528224

Abbreviations: circRNA= circular RNA; FDR = false discovery rate; RRMS = relapsing-remitting multiple sclerosis.
a According to Arraystar base.
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Profile of Differentially Expressed circRNA
To search for unique circRNA in the RRMS profile, we per-
formed global statistical analysis to detect differentially
expressed transcripts. We found that expression of individual
circRNAs in the RRMS relapse and RRMS remission groups
significantly differed from that in controls (Figure 1, A and B).
Unsupervised hierarchical clustering based on circRNA ex-
pression allowed for clear separation of both RRMS groups,
relapse and remission, from controls (Figure 1A and B).
However, similar unsupervised hierarchical clustering based on
circRNA expression in the RRMS relapse vs remission group
did not provide a clear distinction between these 2 stages of the
disease (Figure 1C). Thus, microarray data from the discovery
set permitted identification of a group of circRNA that was
specifically and differentially expressed in patients with RRMS.

Individual analysis of circRNA expression revealed 914 tran-
scripts to be differentially expressed between patients with
RRMS in relapse andHCs; 595 were upregulated (p < 0.05, fold
change [FC] > 2.0), and 319 were downregulated (p < 0.05, FC
< 0.5). In the RRMS remission group, there were 622 differ-
entially expressed circRNAs vs HCs; 573 were upregulated and
49 downregulated (p < 0.05, FC > 2.0)—Figure 1, D and E.
When the RRMS relapse group was analyzed and compared
with the RRMS remission group, we found 15 differentially
expressed circRNAs, all of them upregulated in relapse (p <
0.05; FC > 2.0) (Figure 1F). In the subsequent analysis, we
focused our research on the upregulated circRNA transcripts.

Differentially expressed circRNAs were widely distributed
among chromosomes (Figure 1G). They were most often

Figure 2 Validation of the Differential Expression of the Selected circRNA in RRMS

(A) The expression levels of the indicated circRNAwere analyzed using qRT-PCR. Significancewas determined by analysis of variancewith the Scheffé post hoc
test. *p < 0.05, **p < 0.01, and ***p < 0.0001. The bold line represents mean value (±SD). (B) ROCs for the comparison of hsa_circ_101348, hsa_circ_102611,
and hsa_circ_104361 expression in (B.a) RRMS relapse vs controls, (B.b) RRMS remission vs controls, and (B.c) RRMS relapse versus remission. circRNA =
circular RNA; ROC = receiver operating characteristic; RRMS = relapsing-remitting multiple sclerosis; qRT = quantitative reverse transcription.
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found on chromosome 1 (8.6% and 8.7%) and chromosome 3
(11.7% and 7.6%) for the RRMS relapse and remission groups
vs HCs, respectively.

Validation of Differentially Expressed circRNA
To validate the differentially upregulated circRNA, we tested the
5 circRNAs from the group of the highest differentially expressed
circRNA in the RRMS relapse vs control groups in the discovery

cohort (Table 2). The validation cohort involved 74 partici-
pants: 19 patients with RRMS in relapse, 28 in remission, and 27
HCs. The highest relative amount of circRNA in the validation
cohort was found for hsa_circRNA_102611. Interestingly, the
results showed that expression levels of hsa_circRNA_101348
(p = 0.0002; FC = 2.9), hsa_circRNA_102611 (p = 0.01; FC =
1.6), and hsa_circRNA_104361 (p = 0.001; FC = 1.5) were
higher in patients with RRMS in relapse vs HCs. Importantly, all

Figure 3 circRNA Expression in PBMC is Increased in Relation to Magnetic Resonance Imaging Activity in RRMS

(A) Box andwhisker plots of relative expression of indicated circRNA in PBMCs in gadolinium-enhanced (Gd)+ (n = 11) and in (Gd)− (n =13) patients with RRMS.
Significance was determined by the Student t test. *p < 0.05. PBMCs (B.a) hsa_circRNA_101348, (B.b) hsa_circRNA_102611, and (B.c) hsa_circRNA_104361
expression levels were plotted against disease duration. Circles represent individual data, and the line represents a correlation trend; p values were
calculated by R2 statistic. PBMCs (C.a) hsa_circRNA_101348, (C.b) hsa_circRNA_102611, and (C.c) hsa_circRNA_104361 expression levels were plotted against
EDSS. Circles represent individual data, and the line represents a correlation trend; p values were calculated by R2 statistics. circRNA = circular RNA; EDSS =
expanded disability severity scale; PBMCs = peripheral blood mononuclear cells; RRMS = relapsing-remitting multiple sclerosis.
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these 3 circRNAs showed higher expression in RRMS relapse vs
remission (hsa_circRNA_101348, p = 0.0006; FC = 2.8; hsa_
circRNA_102611, p = 0.01; FC = 1.5; and hsa_circRNA_
104361, p = 0.03; FC = 1.8), but not in the remission vs HC
group (hsa_circRNA_101348, p = 0.827; FC = 1.0; hsa_
circRNA_102611, p = 0.675; FC = 1.1; and hsa_circRNA_
104361, p = 0.318; FC = 0.9)—Figure 2A.

To further confirm the significance of the observed differences
in expression of hsa_circRNA_101348, hsa_circRNA_102611,
and hsa_circRNA_104361 between RRMS groups and con-
trols, we performed ROC curve analysis. ROC confirmed that
these circRNAs provided the best AUC values for discrimi-
nating patients with RRMS relapse from HCs (for hsa_
circRNA_101348, 0.8444; for hsa_circRNA_102611, 0.7194;
and for hsa_circRNA_104361, 0.6667) (Figure 2B). ROC
curve analysis also confirmed that expression of these 3
circRNAs better predicted RRMS relapse than RRMS re-
mission. Collectively, the above-mentioned data showed that
PBMC expression of hsa_circRNA_101348, hsa_circRNA_
102611, and hsa_circRNA_104361 provided a clear distinction
between RRMS and controls, in addition to RRMS relapse and
remission.

circRNA Expression Levels Correlate With MRI
and RRMS Clinical Activity
To determine whether expression of the circRNAhsa_circRNA_
101348, hsa_circRNA_102611, and hsa_circRNA104361 cor-
related with RRMS activity, we performed a correlative analysis
between the level of circRNA expression and inflammatory ac-
tivitymeasured byMRI.We dividedMS samples from patients in
relapse into 2 categories as follows: with gadolinium-enhancing

lesions (Gd+; n = 11) and without (Gd−; n = 13) on MRI.
The results showed that patients with Gd+ had higher expres-
sion of hsa_circRNA_101348, hsa_circRNA_102611, and hsa_
circRNA104361 than patients without enhancing lesions
(Figure 3A). More importantly, the differences for hsa_
circRNA_101348 and hsa_circRNA_104361 were statistically
significant (p = 0.0039, FC = 2.4; p = 0.029, FC = 1.7, re-
spectively). Thus, we confirmed using an independent MRI
measure that higher expression of hsa_circRNA_101348 and
hsa_circRNA_104361 was associated with inflammatory activity
in RRMS.

We also assessed correlation between hsa_circRNA_101348,
hsa_circRNA_102611, and hsa_circRNA104361 expression
and disease duration in RRMS (n = 47; Figure 3B), as well as
each patient’s disability level, as measured by EDSS (n = 47;
Figure 3C). circRNA in RRMS showed higher levels in pa-
tients with a higher disability score but without statistical
significance. The correlative analysis of all 3 circRNAs dif-
ferentially expressed in patients with MS did not associate
with disease duration up to 20 years postdiagnosis.

Identification of the Spectrum of Molecular
Targets for hsa_circRNA_101348, hsa_circRNA_
102611, and hsa_circRNA_104361
To investigate the potential functions of differentially expressed
circRNAs and their networking with miRNA, hsa_circRNA_
101348, hsa_circRNA_102611, and hsa_circRNA_104361, we
annotated miRNA sequences that are known putative targets of
these circRNAs. In Table 3, we list data on the top 5 miRNAs
for each of the 3 differentially expressed circRNAs defined by
the presence of miRNA response elements.

Table 3 Validated Differentially Expressed circRNAs in RRMS and the Top 5 miRNAs Predicted to Interact With Them

circRNA Predicted interacting miRNAs

hsa_circRNA_104361 hsa-miR-608, hsa-miR-320a, hsa-miR-320b, hsa-miR-320c, and hsa-miR-885-3p

hsa_circRNA_102611 hsa-miR-130b-3p, hsa-miR-130a-3p, hsa-miR-513a-3p, hsa-miR-136-5p, and hsa-miR-301a-3p

hsa_circRNA_101348 hsa-miR-141-5p, hsa-miR-382-3p, hsa-miR-601, hsa-miR-134-3p, and hsa-miR-642a-5p

Abbreviations: circRNA= circular RNA; miRNA = microRNA; RRMS = relapsing-remitting multiple sclerosis.

Table 4 mRNA Predicted to be Induced by hsa_circRNA_101348 and hsa_circRNA_104361 Upregulation

Gene symbol Gene name Protein function

1. AK2 Adenylate kinase 2 Nucleotide kinase

2. CBX5 Chromobox protein homolog 5 Chromobox protein

3. DGKH Diacylglycerol kinase Kinase

4. IKZF3 Ikaros family zinc finger 3 C2H2 zinc finger transcription factor

5. RNF24 Ring-finger protein 24 Ubiquitin protein ligase

Gene Names and Protein Functions Defined According to the PANTHER Classification System (pantherdb.org/).
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To further characterize the function of differentially expressed
circRNA, we analyzed the potential effect of the circRNA/
miRNA interactive complex on protein-coding transcripts.
miRNA target database search revealed a number of mRNAs,
whichmight be targeted bymiRNA controlled by hsa_circRNA_
101348, hsa_circRNA_102611, and hsa_circRNA104361
(Figure 4A). For hsa_circRNA_104361, there were 192 anno-
tated mRNAs simultaneously controlled by all 5 miRNAs pre-
dicted to be interacting with this circRNA. For hsa_circRNA_
102611, there was only 1 annotated mRNA, and for hsa_
circRNA_101348, we found 40 predictedmRNAs. Subsequently,
we analyzed shared annotated mRNA for all 3 differentially
expressed circRNAs. We found that 5 mRNAs overlapped with 2
circRNAs, hsa_circRNA_101348 and hsa_circRNA104361, and
no mRNA overlapped with all 3 circRNAs (Figure 4B).

Thus, we have identified 5 protein-coding transcripts putatively
targeted by hsa_circRNA_101348 and hsa_circRNA_104361
through the miRNA circuit in patients with RRMS in relapse
(Table 4). Interestingly, within these 5 protein-coding tran-
scripts, we identified 2 mRNAs known to be involved in B-cell
function, AK2 and IKZF3. The aforementioned findings pro-
vide support for a contribution of circRNA, hsa_circRNA_
101348 and hsa_circRNA_104361, highlighted in this study, to
the reported B-cell dysfunction in RRMS.

AK2, CBX5, and IKZF3 Expression Is Increased in
PBMCs in RRMS During Relapse
To confirm the bioinformatic prediction of the circRNA effect
on the mRNA profile in patients with RRMS during relapse,
we measured directly the expression levels of AK2, CBX5,
DGKH, IKZF3, and RNF24 in PBMCs. This revealed that 3
transcripts showed higher expression in PBMCs in RRMS
during relapse compared with HCs (AK2, p = 5.65E-22,
FC = 3.1; CBX5, p = 6.86E-22, FC = 2.8; and IKZF3, p =
1.72E-17, FC = 3.0). Furthermore, within these mRNAs,
there were 2 B-cell–associated transcripts, AK2 and IKZF3,
which were predicted by the above-mentioned bioinformatic
analysis. Thus, we have provided the transcription profile of
differentially expressed circRNAs in PBMCs from patients
with RRMS and controls in addition to information be-
speaking a role for these transcripts in B-cell function
(Figure 4C).

Discussion
In this report, we have defined the profile of circRNA expres-
sion in PBMCs from patients with RRMS and HCs. A distinct
pattern was revealed between patients with RRMS and con-
trols. To provide an unbiased profile assessment, we started

Figure 4 mRNA Predicted From miRNA Identified as Interacting With CircRNA

(A) The Venn diagrams display the overlap of the mRNA predicted from the hsa_circRNA_101348–regulated miRNA (hsa-miR-141-5p, hsa-miR-382-3p, hsa-
miR-601, hsa-miR-134-3p, and hsa-miR-642a-5p); hsa_circRNA_102611–regulated miRNA (hsa-miR-130b-3p, hsa-miR-130a-3p, hsa-miR-513a-3p, hsa-miR-
136-5p, and hsa-miR-301a-3p), and hsa_circRNA_104361–regulated miRNA (hsa-miR-608, hsa-miR-320a, hsa-miR-320b, hsa-miR-320c, and hsa-miR-885-3p).
The figures indicate the numbers of the overlapping mRNAs regulated by corresponding miRNAs. (B) The Venn diagram of the overlapping mRNA regulated
by all miRNA predicted to interact with hsa_circRNA_101348, hsa_circRNA_102611, or hsa_circRNA_104361. Figures indicate the numbers of the overlapping
mRNAs regulated by all miRNAs predicted from a single circRNA. (C) Validation of differential expression of mRNAs in PBMCs in relapsing-remitting multiple
sclerosis. Expression levels of the indicated mRNAs were analyzed using qRT-PCR. Significance was determined by analysis of variance with the Scheffé post
hoc test. Dashed line represents mean value (±SD). ****p < 10−16. circRNA = circular RNA; miRNA =microRNA; PBMCs = peripheral blood mononuclear cells;
RRMS = relapsing-remitting multiple sclerosis; qRT = quantitative reverse transcription.
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with a total RNA analysis of PBMCs using a global hybridiza-
tion assay. From this, we obtained a complete circRNA profile
in the PBMCs of patients with RRMS. We identified close to
14,000 circRNA transcripts per sample, and in the discovery set
analysis, we found several hundred circRNAs differentially
expressed of which the majority were upregulated in RRMS.
Our findings were then validated in a separate group of patients
with a quantitative PCR method that highlighted and con-
firmed a significant upregulation of 3 circRNAs, hsa_circRNA_
101348, hsa_circRNA_102611, and hsa_circRNA104361 in
patients with RRMS in relapse. In addition, these 3 circRNAs
showed significant correlation withMRIGd-enhancing lesions,
thus indicating their potential role in inflammatory disease
activity.

Apparently, circRNA are a novel, unique class of endogenous
RNA, the discovery of which has added yet another layer of
amazing complexity to human genetics. circRNAs are character-
ized by a covalently closed cyclic structure lacking polyadenylated
tails. circRNAs have emerged as critical posttranscriptional regu-
lators of gene expression by binding to miRNAs and buffering
their repression of mRNA targets.8 Because single circRNAmight
bind to several miRNAs simultaneously and have several binding
sites for an individual miRNA, this buffering repression mecha-
nism has been dubbed a “spongy” type of interaction.10 The
spongy type of property linked to circRNA has been implicated in
several important biological processes, including brain cell differ-
entiation, macrophage polarization, and several immune pro-
cesses, including B-cell function.14 The aforementioned activity
directly links circRNA to the regulation of immune reactions and
immune-mediated disorders. In addition, it was shown that
circRNA might influence posttranscriptional regulation in several
other miRNA-independent mechanisms. Specifically, circRNA
might be responsible for binding and sequestering RBPs,15 which
might lead to base pairing with other RNA and regulate trans-
lation or even the production of proteins.9

Thus, this study has resulted in the identification of 3 circRNAs
and a group of 15 miRNAs, which they might target in patients
with RRMS in relapse, a stage known to be heavily involved in
mechanisms of autoimmune demyelination. Several miRNAs
have been linked to autoimmune processes leading to de-
myelination in MS.16 We and others have previously identified
miRNAs connected to the development and maintenance of
encephalitogenic populations of T helper cells.17-19 Other
studies have focused on systematic profiling of miRNAs in
various immune system compartments in MS. Indeed, reports
of miRNA in patients with MS have shown them to be dif-
ferentially expressed in PBMCs,20 whole blood, T cells, and
B cells.17,21 Much effort has been attempted to identify circu-
lating extracellular miRNAs as biomarkers in MS.22-24 It has
been found that miRNA expression may be influenced by the
clinical type of MS, disease activity, and the therapy being
applied.25 In particular, earlier work from our group identified
miR-301a as an endogenous regulator of Th17 development in
an animal model of MS.21 We have also identified significant
changes in serum exosomes expressing miR-301a in MS and

have validated it as a biomarker for RRMS during relapse.25

Interestingly, the circRNAs highlighted in this study targeted
several miRNAs, which have been previously implicated inMS.
miRNA-141 has been found to be modified during T helper–
cell activation. miRNA-320a has been localized within MS
brain lesions,26 and miRNA-134 has been found to be dysre-
gulated in the blood of patients with MS.22 Of particular in-
terest are data on miRNA-130b and miRNA-320b, which were
found to be downregulated in B cells from patients with MS,
raising the possibility of their involvement in an increased B-cell
transcriptional program. However, it should be recognized that
studies of miRNA changes in PBMCs provided heterogenic
profiles, rendering them a challenging task to establish a solid
and reliable miRNA biomarker for MS.24 Therefore, profiling
circRNA, molecules involving a higher level of control over
miRNA activity, may yield a more robust correlation, leading to
the identification of more specific biomarkers for MS.

The data obtained in this study lend a strong immune-related
context to the action of the 3 circRNAs highlighted. Previous
analyses have shown that circRNAs are implicated in the in-
duction of innate immunity genes and may confer protection
against viral infection.27 Accordingly, circRNAs have already
been implicated in autoimmune pathology, including MS28

specifically that circRNA, hsa_circ_0106803, derived from the
GSDMB gene, was 2.8-fold upregulated in patients with
RRMS. The same group also found a consistent up-regulation
in MS of lncRNAMALAT1, known to regulate alternative
splicing and generation of circRNA derived from MS-
associated genes (IL7R, SP140).29 Iparraguirre et al.30

reported the presence of differentially expressed circRNA
in 8 patients with RRMS in remission and 4 HCs. They found
that circ_0005402 and circ_0035560, both located inside the
ANXA2 gene, are downregulated in patients with RRMS in
remission. More recently, the same group reported on RNA-
Seq profiling of leukocyte and showed sex-dependent
circRNA upregulation in patients with MS.31 Six differen-
tially expressed circRNAs were validated in women with MS
and 3 in men with MS. Paraboschi et al. presented a bio-
informatic analysis of circRNA enrichments derived from
noncoding elements in the MS-associated genome and sug-
gested that they may be possibly involved in susceptibility to
the disease.32 In another study, exosomal circRNA within
CSF was found to correlate with IgG levels in MS.33

Among the autoimmune aberrations described in RRMS, a
significant role for B-cell function is prominent. In recent years,
B cells have been proven to play a leading role in antigen
presentation within the CNS, the secretion of proinflammatory
cytokines,34 and the production of antimyelin antibodies.35 It
has also been proposed that ectopic lymphoid tissue aggregates
in the leptomeninges are composed of B cells and may de-
termine chronicity of MS disease.36 Finally, recent clinical trials
confirmed that B-cell depletion represents an efficient thera-
peutic approach in RRMS37-39 and primary progressive MS.40

In light of these data on a critical role for B cells in the path-
ogenesis of MS, it is of particular relevance that within protein-
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coding genes controlled by the circRNAmolecules identified in
this study, we have revealed 2 B-cell–related transcripts, AK2
and IKZF3 (Aiolos). These findings were confirmed by direct
demonstration of an upregulation of AK2 and IKZF3 in the
PBMCs of patients withMS in relapse. TheAK2 gene is known
to encode phosphotransferase adenylate kinase 2 andmeets the
cell-specific requirements for the functions of mitochondria,
particularly in B-cell activation and antibody production. The
role of AK2 has been specifically emphasized in B cells infected
with Epstein-Barr virus, long discussed in MS as an MS-
associated viral infection.41 IKZF3 encoding for the proteins
Aiolos and Ikaros, which are key Ikaros family zinc-finger
transcription factors, regulates lymphoid and myeloid cell de-
velopment and immune homeostasis.42 Aiolos has been shown
to play a critical role in the function of mature B cells and is
required for the generation of high-affinity Ab-secreting plasma
cells.43 Other studies have suggested an essential role of Aiolos
at later stages of B-cell differentiation.44 Numerous studies have
identified polymorphisms in IKZF3 to be associated with a risk
for the development of systemic lupus erythematosus.45 In-
terestingly, an IKZF3 variant is described as one of the MS risk
alleles.46 Thus, modulation of Aiolos expression by circRNA
has the potential to contribute to the B-cell–mediated aberrant
immune response in MS. Specifically, it might direct B-cell
differentiation toward autoantibody secretion. In light of the
above-mentioned data, further research involving B-cell pop-
ulations is warranted. The third transcript, CBX5, predicted
from differentially expressed circRNA/miRNA interactions in
relapse, has been linked to stem cell self-renewal, lineage
commitment, and cancer and development.47

Another aspect of our findings might prompt consideration of
the circRNAs identified in this study as potential distinguishing
biomarkers for MS. To date, the diagnosis of MS has been
largely based on clinical and MRI findings. Of high priority in
MS is the identification of specific biomarkers that might im-
prove diagnosis and provide further insight into its pathologic
background. All 3 differentially expressed circRNAs shown in
this study had an increased presence in PBMCs from patients
with RRMS in relapse. Their expression also correlated with
inflammatory activity, as assessed by MRI. Significantly, circR-
NAs have already been found to distinguish several disorders
with particular emphasis on cancer and other malignancies.48

Among circRNA properties that make them attractive candi-
dates for disease biomarkers are their unique stability, conser-
vation, and relatively high abundance in blood and body fluids.
This possibility stems from the known resistance of circRNA to
RNAse activity due to their covalently closed cyclic structure.49

The abundance of circRNA in theCNS suggests that theymight
have particular relevance to the search for biomarkers in nervous
system diseases.50 Thus, it is anticipated that further studies on
circRNAmight facilitate the delineation of novel diagnostic and
prognostic biomarkers in MS.

In summary, we have demonstrated overexpression of the
circRNA molecules, hsa_circRNA_101348, hsa_circRNA_
102611, and hsa_circRNA104361 in the PBMCs of patients

with RRMS in relapse. The expression pattern of circRNAs
that interact by a spongy type of activity with miRNA creates a
circRNA/miRNA network specific for RRMS. These data
hold promise for the development of new biomarkers for
RRMS and suggest a previously undescribed role for circR-
NAs in the regulation of the transcriptional program of B cells
in MS.
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