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ABSTRACT
Post-transcriptional regulation by miRNAs plays an important role in the pathogenesis of rheu-
matoid arthritis (RA), however, the roles of specific miRNAs in RA pathogenesis remain largely
unclear. This study performed dual-omics (miRNA and mRNA) integration analysis and in-depth
cellular and molecular functional exploration to identify novel RA-associated miRNAs and to
understand their underlying pathogenic mechanism. Based on the miRNA and mRNA expression
profiles in peripheral blood mononuclear cells (PBMCs) from a discovery sample set (25 RA cases
and 18 healthy controls), 18 differentially expressed miRNAs (DEMIRs) (|Fold-change|>2 and
P < 0.05) were identified and corresponding interaction networks of DEMIRs and mRNA were
constructed. After the expression validation of the DEMIRs in a validation sample set (35 RA cases
and 35 healthy controls), miR-99b-5p was highlighted. The over-expression of newly discovered
miR-99b-5p is able to suppress T cell apoptosis, promote cell proliferation and activation, increase
expression of proinflammatory cytokines (IL-2, IL-6, TNF-α, and IFN-γ), and inhibit expression of its
target genes mTOR and RASSF4. This study comprehensively identified PBMC-expressed miRNAs
along with corresponding regulatory networks significant for RA and discovered miR-99b-5p as
a novel post-transcriptional mediator involved in RA pathogenesis. The findings improved our
understanding of RA pathogenesis and provided novel insights into the molecular mechanisms
underlying RA pathogenesis.
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Introduction

Rheumatoid arthritis (RA) is a serious autoimmune
disease characterized by inflammatory synovitis and
progressive impairment of joints [1]. Previous studies
have shown multiple genetic and environmental fac-
tors to be associated with RA, however, the role of
genetic and environmental factors in RA pathogenesis
remains largely unclear [2]. Epigenetic factors not
only serve as a bridge between genotype and pheno-
type but also as a reflection of the specific mechanism
of environmental factors in pathogenesis [3]. Post-
transcriptional regulation by miRNAs, as an impor-
tant epigenetic mechanism, exerts essential effects on
gene expression through binding to mRNA 3ʹ
untranslated region (3ʹUTR), influences mRNA
degradation or translation repression, and contributes
to the variation in cell development process including

proliferation, differentiation, apoptosis, oxidative
stress, and so on. Accumulating evidence has sug-
gested that miRNAs exert important effects on the
RA pathogenesis [4–6].

Previous studies have identified several RA-
associated miRNAs [6–10]. These miRNAs parti-
cipate in the regulation of multiple RA-related
cytokine signalling pathways [11], which leads to
the development of synovial tissue lesions, the
dysregulation of immune cells [12–14], and the
aggravation of joints by inducing osteoclastogen-
esis and the secretion of metalloproteinase [15,16].
However, due to relatively lower coverage of
miRNA screening in previous studies [9,10], the
miRNAs identified for RA are thus far limited.
Furthermore, most previous studies on miRNA
lacked in-depth investigation of target genes or
regulatory networks. Therefore, comprehensive
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and in-depth studies are needed for better under-
standing the significance of miRNA in RA
pathogenesis.

To identify novel RA-associated miRNAs and
understand their underlying pathogenic mechanism,
this study generated dual-omics datasets (miRNA
and mRNA) from peripheral blood mononuclear
cells (PBMCs) of a discovery sample. Subsequently,
we identified and validated DEMIRs along with cor-
responding target genes in a validation sample and
constructed RA-associated expression regulatory
network in PBMCs. We evaluated the clinical sig-
nificance of all DEMIRs and explored the functional
effects of highlighted miRNA on RA-relevant
immune cells (Jurkat T cells). Concisely, we found
that PBMC-expressed miRNAs, together with their
target genes, were interacted and significantly regu-
lated with RA. The miR-99b-5p targets RASSF4 and
mTOR, influences immune cell behaviour, and con-
tributes to inflammation and rheumatoid arthritis.
The workflow of the present study is schematically
presented in Figure S1.

Results

Identification of differentially expressed miRNAs
between RA cases and controls

Among the 2,578 miRNAs tested by Affymetrix
miRNA 4.0, 18 differentially expressed miRNAs

(DEMIRs) (17 down-regulated and 1 up-regulated)
were identified between 25 RA cases and 18 controls
included in the discovery sample set (|Fold-
change|>2 and P < 0.05). (Table 1, Figure S2).
Hierarchical clustering analysis showed that these
DEMIRs have the ability to discriminate most of
the RA cases and controls (Figure S3).

Integrative analysis (miRNA &mRNA) and
interaction network construction

To explore the role of the identified miRNAs in
the pathogenesis of RA, we integrated miRNA and
mRNA data generated from the discovery sample
and constructed interaction networks for signifi-
cant miRNAs and mRNAs. We predicted target
genes of DEMIR using three publicly available
bioinformatics databases (TargetScan, miRDB
and miRanda). A total of 1,243 target genes were
simultaneously predicted by using the 3 databases.
Among them, 921 genes were covered and quanti-
fied in the miRNA microarray. Among the 921
genes, 592 were differentially expressed between
RA cases and controls (P < 0.05). Pearson correla-
tion analysis further showed that 141 of the 592
DEGs were significantly correlated with 9
DEMIRs, which constituted 149 significant pairs
(P < 0.05) for subsequent network analysis.

The 9 DEMIRs and 141 putative target genes con-
tributed to multiple complex regulatory networks

Table 1. Differentially expressed miRNAs between RA cases and controls.
miRNA Location Fold change with RA P value

hsa-miR-99b-5p chr19:52195871−52195892 (+) 2.07 3.17E-02
hsa-miR-101-3p chr1:65524125−65524145 (−) −2.09 1.71E-04
hsa-miR-1184 chrX:154115651−154115673 (−) −3.66 4.92E-04
hsa-miR-1246 chr2:177465752−177465770 (−) −5.66 7.04E-06
hsa-miR-142-3p chr17:56408606−56408628 (−) −2.16 1.20E-02
hsa-miR-142-5p chr17:56408644−56408664 (−) −3.75 1.36E-04
hsa-miR-195-5p chr17:6920986−6921006 (−) −2.33 1.64E-02
hsa-miR-26b-5p chr2:219267380−219267400 (+) −2.28 1.61E-02
hsa-miR-29b-3p chr7:130562226−130562248 (−) −2.67 6.27E-03
hsa-miR-29c-3p chr1:207975210−207975231 (−) −3.24 2.58E-03
hsa-miR-3201 chr22:48670176−48670192 (+) −2.44 6.74E-03
hsa-miR-3607-5p chr5:85916325−85916346 (+) −2.5 1.18E-03
hsa-miR-3613-3p chr13:50570562−50570585 (−) −2.49 1.23E-02
hsa-miR-3651 chr9:95054743−95054766 (−) −2.18 5.01E-03
hsa-miR-4448 chr3:183604648−183604667 (+) −2.1 1.91E-05
hsa-miR-4668-5p chr9:114694380−114694402 (+) −2.36 6.85E-03
hsa-miR-7641 chr11:104123325−104123343 (+) −2.19 2.58E-02
hsa-miR-8084 chr8:94041989–94042011 (+) −2.04 2.13E-02

The location of the miRNA in Affymetrix miRNA 4.0 microarray was referred to the Human Genome Build37 version
available at NCBI. The P value was generated by two-sided Student’s t-test of expression levels between active RA
cases and controls. Fold change ‘+’: up regulation; ‘−’: down regulation.
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(Figure 1(a)). Among the 149 pairs of DEMIRs and
DEGs, miR-101-3p and its putative target ARID1A
demonstrated the strongest correlation (r = −0.66,
Table S1). The primary network was comprised of 4
miRNAs (miR-101-3p, miR-1184, miR-1246, and
miR-142-5p) and their target genes (the total is 129)
with eachmiRNA targeting at least 16 genes. Network
analyses helped to find 8 common target genes
(TMF1, ICK, SLC30A7, UBR7, ZSWIM6, ARID1A,
SH2B3 and EDEM3) of different miRNAs. When
focused on strong correlation pairs (r<-0.4), 2
miRNAs (miR-101-3p and miR-1184) and their
target genes (the total is 36) formed a big network
(Figure 1(b)) with ARID1A as the common target
gene. The target genes have known RA associated
functions (e.g. SH2B3, COTL1 and SPRED2) [17–19].
Mining the literature, we found 11 genes were also
involved in the immune inflammation (Table S2).

Clinical evaluation for the identified miRNAs

Receiver-operating characteristic (ROC) analyses
were performed to assess the discriminative capa-
city of the 18 DEMIRs, respectively (Table S3).
The area under the curve (AUC) ranged from
0.698 to 0.876 for the 18 DEMIRs, most of which
showed great power in discriminating between RA
patients and healthy subjects.

As shown in Table S3, significant correlations
were observed between hsa-miR-26b-5p and
C-reactive protein (CRP; r = −0.425, P = 0.034),
between hsa-miR-3201, hsa-miR-8084, and ery-
throcyte sedimentation rate (ESR; r = −0.409 and
−0.407, P = 0.043 and 0.043), between hsa-miR
-3613-3p and 28-joint Disease Activity Score
(DAS28; r = 0.423, P = 0.035), between hsa-miR
-4448 and swollen joint count (SJC; r = 0.398,
P = 0.049), and between hsa-miR-1184, hsa-miR
-3613-3p, hsa-miR-4668-5p and tender joint count
(TJC; r = 0.459, 0.498 and 0.496, P = 0.021, 0.011
and 0.012), respectively.

Validation of the DEMIRs in additional sample

RT-qPCR assays in a validation sample (35 RA
cases and 35 healthy controls) showed that 3
(miR-99b-5p, miR-26b-5p and miR-7641) of the
9 selected miRNAs presented significant differen-
tial expression between RA cases and controls

(P < 0.05, Figure 2), as well as consistent expres-
sion trends with the discovery sample.

Functional role of miR-99b-5p in Jurkat T cells

Among the 18 DEMIRs, the miR-99b-5p was the
only up-regulated miRNA in RA in the discovery
sample. Additionally, the miR-99b-5p was veri-
fied to have significantly higher expression in
T lymphocytes among RA patients in contrast
to healthy controls (P = 0.039, Figure S4).
Therefore, the Jurkat cells (T cells) were selected
as target cells in investigating the in-deep func-
tions of miR-99b-5p. We first constructed the
miR-99b-5p over-expression (OE) Jurkat cell
line (using lentiviral particles) and the empty
vector (negative control, OE-NC) cell line. The
percentage of GFP-positive cells determined by
flow cytometry was 84.6% in the stable trans-
fected Jurkat cell culture with miR-99b-5p lenti-
virus. The relative amount of miR-99b-5p was
over 5.23-fold higher in OE cells than that in
NC cells (Figure 3(a)). We further investigated
the functional effect on behaviours of Jurkat
T cells after treatment with miR-99b-5p inhibi-
tor. Compared with the treatment with inhibitor
negative control, the expression of miR-99b-5p
reduced to 0.3-fold after treating with miR-99b-
5p inhibitor in Jurkat cells (Figure 4(a)).

CCK-8 assays revealed that the proliferative
ability of Jurkat cells was significantly increased
in OE cells compared with NC cells (P < 0.05,
Figure 3(b)). Conversely, miR-99b-5p-inhibitor
cells exhibited lower proliferation rate compared
with the negative controls (P < 0.01) (Figure 4(b)).
Flow cytometry analysis showed the effects of
miR-99b-5p on cell apoptosis and cell cycle (raw
data shown in Figure S5). As shown in Figure 3(c),
the overexpression of miR-99b-5p significantly
decreased the percentage of apoptotic cells com-
pared with the NC cells (P < 0.001). Furthermore,
cell cycle analysis revealed that the overexpression
of miR-99b-5p significantly increased cells at G2/
M phase (Figure 3(d)) suggesting that the miR-
99b-5p stimulated cell division and proliferation.
Together, these results suggested that miR-99b-5p
promotes Jurkat T cell growth by stimulating pro-
liferation and inhibiting apoptosis.
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Cell surface CD69 and CD25 are early and middle
T lymphocyte activation markers. Without phytohe-
magglutinin (PHA) stimulation, the positive rates of
CD69 and CD25 Jurkat cells were low in both miR-
99b-5p OE cells and NC cells (Figure 3(e), Figure
S5). With PHA stimulation, the positive rates of both
antigens significantly increased in both OE and NC
cells (P < 0.01). Moreover, the overexpression of
miR-99b-5p caused a significant increase in the

CD69 and CD25 positive rate compared with the
negative controls (P < 0.05). The results indicated
that the overexpression of miR-99b-5p could effec-
tively promote Jurkat T cell activation.

The overexpression of miR-99b-5p significantly
elevated the expression of proinflammatory cyto-
kines, including IL-2, IL-6, TNF-α and IFN-γ
(P < 0.05, Figure 3(f)). However, no significant
difference was suggested for IL-1β, IL-4 and IL-8.

Figure 1. Networks constructed by the DEMIRs and DEGs.
(a). Regulatory networks constructed by all negatively correlated miRNAs and target mRNAs (listed in Table S1). (b). Regulatory
networks constructed by highly correlated miRNA-mRNA pairs (r< −0.4).
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Prediction and validation of target genes for
miR-99b-5p

Based on the 3 publicly available bioinformatics
databases (TargetScan, miRDB and miRanda),
a total of 10 target genes of miR-99b-5p were
predicted from either one of the 3 databases for
subsequent analysis.

The 10 genes were all significantly differentially
expressed between RA cases and controls in the
discovery sample (P < 0.05) and were negatively
correlated with miR-99b-5p (P < 0.05, r = −0.32~
−0.62) (Table S4). Furthermore, RT-qPCR of the
10 target genes in Jurkat cells showed that, 6 genes
were significantly down-regulated in the OE cells
out of 7 successfully quantified genes compared to
the NC cells (Figure 5(a)).

According to the correlation coefficient of target
gene mRNA level with miR-99b-5p level and the
fold change with RA in the microarray analyses of
the discovery sample, 2 of the 7 validated target
genes (mTOR with highest correlation and RASSF4
with highest fold change) were further tested the
differential expression in an additional human
sample (35 RA cases vs. 35 controls). The differ-
ential expression between RA cases and controls
for both mTOR and RASSF4 genes were replicated
in PBMC in vivo (Figure 5(b)).

Previous study has validated the miR-99b-5p
could decrease the expression of mTOR by directly
targeting to its 3ʹUTR [20]. The dual luciferase assay
of 293T cells was performed with co-transfecting the
wild-type or mutant-type 3ʹUTR ofmTOR andmiR-
99b-5p mimics. The relative luciferase activity of the
wild-type mTOR 3ʹ UTR construct was found sig-
nificantly lower than controls, whereas that of the
mutated site was not significantly changed. In the
present study, the dual-luciferase assays using
pmirGLO vector showed that compared with NC
cells, the overexpression of miR-99b-5p significantly
inhibited the luciferase activity of wild-type 3ʹUTRof
RASSF4, which was rescued when the 3ʹUTRs of
RASSF4 was mutated. The data suggested that miR-
99b-5p indeed inhibits RASSF4mRNA level through
binding to the 3ʹUTR of RASSF4 (Figure 5(c)).

To further explore the function of miR-99b-5p
target gene, we conducted the Pearson correlations
between the target genes and inflammatory cyto-
kines by using the gene expression levels detected
in Jurkat T cells and PBMCs (Table S5). Highly
negative correlations were found between IL-2 and
the 2 targets including mTOR and RASSF4 in
Jurkat T cells (P < 0.05). Significant negative cor-
relations were also found between RASSF4 and IL-
6 in both Jurkat and PBMCs (P < 0.05). The above
results taken together gave us clues that miR-99b-
5p may induce the expression of inflammatory
cytokines through regulating the targets negatively.
More functional studies are called for the further
underlying mechanisms.

Discussion

By performing high-throughput miRNA and
mRNA expression microarray analyses for RA,
this study comprehensively identified PBMC-
expressed miRNAs and their regulatory networks
significant for RA, and discovered miR-99b-5p as
a novel post-transcriptional mediator involved in
RA pathogenesis. The miRNA-mRNA integrative
analysis improved our understanding of the tar-
geted regulation mechanism of miRNA and pro-
vided novel candidate miRNA biomarkers for RA
diagnosis, as supported by both in vivo and in vitro
validations, high discriminative capacity, and sig-
nificant correlation with the RA-associated clinical
variables. Pursuant molecular biological assays

Figure 2. Differential expressions of miRNAs in the validation
sample.
The sample consisted of 35 RA cases and 35 healthy subjects.
The expression level of each miRNA had been normalized
against RNU48. P values were calculated by the two-sided
Student’s t-test. * P < 0.05, ** P < 0.01. The miRNAs with non-
significant differential expression or inconsistent direction with
the discovery sample were shown in Figure S6.
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dissected the miR-99b-5p-mediated regulatory
effects on target gene expression, inflammatory
cytokine expression, T cell growth (proliferation,
apoptosis, cycle), and activation. The above dual-
omics integration analysis and in-depth cellular
and molecular functional exploration shed new
lights on the underlying association mechanisms
between key miRNA and RA, highlighted specific
biological pathways, and provided novel biomar-
kers for developing molecular diagnosis and treat-
ment strategies for RA.

Previous studies have reported that RA is asso-
ciated with altered miRNA levels in various tissues
or cells [6–8,21]. Our study has found 18 aber-
rantly expressed miRNAs in PBMCs of RA cases,
most of which had not been reported previously.
Interestingly, three significant miRNAs (miR-29b-
3p, miR-29c-3p and miR-26b-5p), identified
herein in PBMCs, were non-significant in whole

blood [9]. The miR-1246 was down-regulated in
PBMC in RA cases in the present study, but up-
regulated in serum of RA cases as reported pre-
viously [22]. These conflicting results imply cell-
and tissue- specific expression pattern of disease-
related miRNAs.

This study demonstrated the significance and func-
tional relevance of newly discovered miR-99b-5p to
RA. Located in the non-coding regions of Sperm
Acrosome Associated 6 (SPACA6) on chromosomes
19, miR-99b-5p is a member of the miR-99b family
that is highly conserved among 58 different species
[23]. Previous studies have reported that the miR-
99b-5p regulates the oncogenesis process in various
cancers and has the potential to serve as an important
tumour biomarker for cancer diagnosis, prognosis
and therapy [20,23–25]. Yet, this study is the first to
reveal that miR-99b-5p is involved in RA pathogen-
esis. Specifically, the miR-99b-5p is significantly up-

Figure 3. Functional effect of miR-99b-5p overexpression on behaviours of Jurkat T cells.
(a). Relative expression of miR-99b-5p in OE cells and OE-NC cells using RT-qPCR. The expression was normalized against U6. (b). Cell
proliferation using cell counting kit-8 assay. (c). Cell apoptosis using Annexin V/PI double staining. (d). Cell cycle using PI staining. (e).
Cell activation assay with (+) or without (-) phytohemagglutinin (PHA) stimulation. (f). Expression changes of inflammatory cytokines.
The expression level of each mRNA was normalized against glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Two-sided
Student’s t-test was used for the comparisons between groups. * P < 0.05, ** P < 0.01, *** P < 0.001. OE: over-expression cells, OE-
NC: negative control cells.
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Figure 4. Functional effect on behaviours of Jurkat T cells by using miR-99b-5p inhibitor.
(a). Relative expression of miR-99b-5p in miR-99b-5p inhibitor cells and inhibitor-NC cells using RT-qPCR. The expression was
normalized against U6. (b). Cell proliferation using cell counting kit-8 assay. Two-sided Student’s t-test was used for the comparisons
between groups. ** P < 0.01, *** P < 0.001.

Figure 5. Effect of miR-99b-5p on target gene expression.
(a). Relative mRNA levels of 7 target genes in miR-99b-5p OE cells and OE-NC cells using RT-qPCR. The expression was normalized
against glyceraldehyde-3-phosphate dehydrogenase (GAPDH). (b). Relative mRNA levels of 2 target genes in human PBMC in 35 RA
cases and 35 controls using RT-qPCR. The expression was normalized against beta-2-microglobulin (B2M). (c). Dual luciferase assay of
Jurkat T cells co-transfected with the luciferase reporter plasmid containing the wild-type or mutant-type RASSF4-3ʹUTR and miR-
99b-5p overexpression lentivirus or negative vector. Two-sided Student’s t-test was used for the comparisons between groups. *
P < 0.05, ** P < 0.01, *** P < 0.001. OE: over-expression cells, OE-NC: negative control cells.
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regulated in RA cases, which could significantly pro-
mote T cell growth, activation, and expression of
multiple proinflammatory cytokines (IL-2, IL-6,
TNF-α and IFN-γ), and therefore play an important
role in inflammatory response and RA development.
Previous research about the effect of miR-99b-5p on
osteoclast development and differentiation [26] serves
as additional evidence supporting the role of miR-
99b-5p in RA pathogenesis and progression, which
manifests bone and joint damage.

Supported by in vivo and in vitro evidences, we
identified mTOR and RASSF4 as potential target
genes of miR-99b-5p. Specifically, both gene expres-
sion levels were negatively correlated with miR-99b-
5p level in Jurkat T cell culture as well as circulating
PBMC and significantly down-regulated in PBMC in
RA cases. The mTOR is a serine/threonine kinase
that regulates cell growth, proliferation and survival
via two distinctive multi-protein complexes, mTOR
complex-1 (mTORC1) and mTOR complex-2
(mTORC2) [27]. The frequent hyperactivity and
promotion on aberrant cell survival, via the specific
PI3K/AKT/mTOR signalling pathway, in various
cancers makes mTOR a desirable target for antic-
ancer drug discovery [27–29]. However, the role of
mTOR in RA pathogenesis was unclear. Due to the
complexity of immune and structural cells, including
T cells, B cells, macrophages and fibroblasts [30–33],
mTOR inhibition was not necessarily applicable for
RA treatment. The newly disclosed mechanism, i.e.
mTOR is regulated by miR-99b-5p, provides suppor-
tive evidences for research and development on RA
treatment. RASSF4 belongs to the RAS-associated
domain family, which has the degraded expression
and acts as tumour suppressor in different tumour
types [34–36].With the CpG islands spanning across
the promoter and exon of RASSF4, the gene was
frequently inactivated by promoter methylation
and contributed to inhibition of cell growth, inter-
ference of tumorigenesis-related signal transduction,
and consequently suppression of tumour develop-
ment [36]. The present study examined RASSF4
expression in RA and demonstrated that miR-99b-
5p inhibited the expression of RASSF4 by directly
targeting its 3ʹUTR. The mRNA level of RASSF4 was
found significantly decreased by miR-99b-5p over-
expression in T cells in vitro and reduced in PBMC
of RA populations. Taken together, the above evi-
dences suggested that RASSF4 mRNA expression

level could be regulated by DNA methylation and
miRNA expression and play important roles in
pathogenesis of various diseases.

Target genes that shared with the different
DEMIRs in the miRNA regulatory network also
attracted our attention. Among the whole correla-
tion pairs, the target gene ARID1A was detected to
have the strongest negative correlation with miR-
101-3p and remained to be the only one common
gene in the higher correlation pairs. The gene is
implicated in transcriptional activation and repres-
sion of select genes by acting as a subunit within the
SWI/SNF chromatin remodelling complex [37].
Knockdown of the gene resulted in the reduction of
the anti-inflammatory cytokine IL-4 [38]. The
ARID1A mutations have been found to cooperate
with PI3K/AKT/mTOR pathway mutation on pro-
tumorigenic cytokine signalling [39] through which
contributing to several cancer aetiology [40–42]. The
common gene SH2B3 encoded for the lymphocyte
adaptor protein LNK and participated in T cell
growth, cytokine signalling, and immune responses
[43,44]. The gene has been found to have the SNP
site (rs10774624) associated with RA [17].
Enrichment analysis performed in the present
study also found SH2B3 was involved in the neuro-
trophin signalling pathway, which exerted vital roles
in the aetiology of immune disorders [45–48].

In summary, this study identified 18 newly discov-
ered miRNAs and their regulated gene expression
networks significantly regulated in PBMC during
RA pathogenesis. Furthermore, the present study
highlighted that miR-99b-5p, via targeting and inhi-
biting mTOR and RASSF4 mRNA expression, inhib-
ited T cell apoptosis, stimulated T cell proliferation,
and promoted T cell activation and proinflammatory
cytokine expression thus playing a significant role in
inflammation and RA pathogenesis. The findings
improved our understanding of RA pathogenesis
and provided novel insights into the molecular
mechanisms underlying RA pathogenesis.

Materials and methods

Study population and sample preparation

A discovery sample of 43 subjects (25 RA cases
and 18 controls) was recruited for miRNA and
mRNA microarray profiling in PBMCs. Another
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sample of 35 RA cases and 35 controls was
recruited for validation purpose (Table S6). All
the RA patients met the 2010 criteria of the
American College of Rheumatology and the
European Union League Against Rheumatism.
All patients had an examination of tender and
swollen joints and disease activity score of 28
joints (DAS28) recorded. Laboratory investigations
included C-reactive protein (CRP) and erythrocyte
sedimentation rate (ESR). Active RA was defined
as having a 28-joint disease activity score (DAS28)
of 2.6 or higher. For health controls, subjects with
severe cardiovascular diseases, liver and kidney
dysfunction, malignant tumour and other immune
diseases including systemic lupus erythematosus,
ankylosing spondylitis were excluded. No signifi-
cant differences in age and BMI were detected
between the cases and controls in either discovery
or validation sample (Table S6). The study was
approved by the ethical committee of Soochow
University. All the study subjects signed informed
consents before enrollment.

Transcriptome-wide miRNA and mRNA
expression profiling

The transcriptome-widemiRNA andmRNA expres-
sion profiles were determined using Affymetrix
miRNA 4.0 and lncRNA&mRNA Human Gene
Expression Microarray V4.0 (CapitalBio, Beijing,
China), respectively. Peripheral blood samples were
collected from each subject and total RNA was then
extracted from PBMCs which separated by density
gradient centrifugation from blood samples. About
1.0 ug of total RNA per sample was converted in
microarray to profile miRNA and mRNA expres-
sion. Fold-change and/or P-value of two-sided
Student’s t-test were calculated to demonstrate the
expression difference of miRNAs and mRNAs.

Network construction based on the expression
levels of miRNA and mRNA

This study used 3 online prediction tools
(TargetScan, miRDB, andmiRanda) to predict target
genes for the identified miRNAs. Pearson’s correla-
tion analysis was conducted, and the significant and
negatively correlated pairs of miRNA-mRNA were
retained. The target genes were annotated through

PUBMED literature searching or through DAVID
(https://david.ncifcrf.gov/). Based on the correlation,
the regulatory network of miRNA-mRNA was con-
structed and visualized using Cytoscape3.2.1
software.

Validation for the expressions of the identified
miRNA and corresponding targets

The expression of the miRNAs and mRNA was
validated using real-time reverse transcription
quantitative polymerase chain reaction (RT-
qPCR). Total RNA was extracted from PBMCs or
CD3 + T lymphocytes using TRIzol reagent. Each
sample was analysed in triplicate. All the specific
primers were designed and purchased from CT
Bioscience (CT Bioscience, Changzhou, China).
The gene expression levels were relatively quanti-
fied by using the comparative cycle threshold (Ct)
method. The miRNA and mRNA expression levels
were normalized against RNU48/U6 and beta-
2-microglobulin (B2M), respectively.

Functional effects of miR-99b-5p on RA-relevant
immune cells

To study the role of miR-99b-5p in RA, we con-
structed the miR-99b-5p overexpression and low-
expression Jurkat cell lines. Jurkat cell is an
immortalized human lymphocyte cell line, which
has been commonly used as a cell model in the
research field of autoimmune diseases [49,50]. The
full-length and 1000bp up- and downstream
sequences of miR-99b-5p was synthesized and
cloned in to the pCDH-CMV-MCS-EF1-copGFP
lentiviral expression vector. The miR-99b-5p inhi-
bitor was synthesized by GenePharma (Shanghai,
China). The resulting construct of miR-99b-5p
overexpression plasma was verified by sequencing.
The miRNA expression of miR-99b-5p was
detected by RT-PCR according to standard proto-
cols as previously described.

For the cell proliferation assay, the cell counting
kit-8 (CCK-8) was used to detect cell proliferation.
The cell apoptosis was assessed using PE Annexin
V Apoptosis Detection Kit. The cell cycle was
assessed using propidium iodide (PI) staining. For
the cell activation assay, we determined the positive
rate of T cell activation biomarkers (CD69 and
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CD25) by flow cytometry and expression of cyto-
kines (IL-2, IL-6, TNF-α, IFN-γ, IL-1β, IL-8, proin-
flammatory cytokines; IL-4 anti-inflammatory
cytokine) by RT-qPCR in Jurkat cells. The luciferase
reporter plasmids (wild-type or mutant-type
RASSF4 3ʹUTR) were constructed using the
pmirGLO vector. 2.0µg of pmirGLO vector with
wild-type or mutant-type RASSF4 3ʹUTR was co-
transfected with miR-99b-5p overexpression lenti-
virus into Jurkat T cells using DharmaFECT Duo
Transfection Reagent (Active Motif, USA). The rela-
tive luciferase activity was assessed using Dual-
Luciferase Reporter Assay system. The primer infor-
mation was shown in Table S7.

Statistical analyses

Two-sided Student’s t-test was used to compare
the differential expression between RA cases and
controls, as well as between miRNA over-
expression cell lines and controls. Receiver-
operating characteristic (ROC) analysis was con-
ducted to determine the cut-off points that yielded
the highest sensitivity, specificity, and accuracy in
molecular diagnosis of RA. Pearson’s correlation
analysis was performed to test the association
between miRNA expression levels and the clinical
variables, including C-reactive protein, erythrocyte
sedimentation rate, 28-joint Disease Activity Score,
swollen joint count, and tender joint count.
P < 0.05 was considered as statistically significant.
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