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miRNA-451a Targets IFN Regulatory Factor 8
for the Progression of Systemic Lupus Erythematosus

Jia Cheng,1 Rui Wu,1,2 Li Long,1 Jiang Su,1 Jian Liu,1 Xiao-DanWu,1 Jing Zhu,1 and Bin Zhou1

Abstract—Increasing evidence has shown that miRNA-451a (miR-451a) is associated with the devel-
opment of systemic lupus erythematosus (SLE); however, the mechanism of this association is not fully
known. The present study found an increased expression of miR-451a in the spleen and thymus of an
SLE mice model. A decrease in miR-451a expression partly relieved the enlargement of the spleen and
decreased the proteinuria content and immune complex deposits. The deficiency in miR-451a also
decreased numbers of CD4+CD69+ and CD4+/CD8+ T cells and the levels of the serum cytokines
IL-17a and IL-4. The IFN regulatory factor (IRF) 8 was highly expressed in the immune organs of wild-
type mice but was suppressed in SLE-like mice. A dual-luciferase reporter assay was carried out in
combination with gene silencing and overexpression to verify that IRF8 was a target of miR-451a
in vitro and in vivo. The data indicate the function and a target of miR-451a in SLE, providing a new
target for SLE therapy.
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INTRODUCTION

Systemic lupus erythematosus (SLE) is an autoim-
mune disease characterized by widespread organ involve-
ment [1]. In SLE patients, many different autoantibodies
are produced and deposited in the joints, liver, kidney, and
skin, which result in the impairment of multi-organ func-
tions [2]. In particular, a large number of autoantibodies
and immune complexes can accumulate in the kidney,
causing renal failure [3]. Epidemiologic data have shown
that nearly one third of SLE patients suffer from glomerular

nephritis [4]. SLE is associated with diverse features of
immunologic abnormality, in which B and T lymphocytes
play important roles [5, 6]. Some studies have shown that a
high ratio of CD4+/CD8+ T cells [7] and an imbalance in
T-helper (TH) cell subsets (TH1/TH2/TH17) [8] contribute
to the pathogenesis of SLE. Although there is substantial
evidence that manifold genetic, hormonal, and environ-
mental factors are involved in the development of SLE
[9], the pathogenesis of this disease is not yet fully clear.
Further exploration of the etiology of SLE is thus crucial
toward developing a valid therapy.

The interferon regulatory factor (IRF) family
includes multiple transcription factors involved in both
the development and the activation of distinct cells of the
immune system by directing the expression and activities
of the type I interferon system [10]. IRF [8], a member of
the IRF family of transcription factors, plays a central role
in the development of specific myeloid cell subsets [11].
IRF8 mutations result in immunodeficiency and dysregu-
lated differentiation [12]. IRF8 is also expressed in lym-
phoid cells and is involved in the transcriptional regulation
of critical elements of the germinal center reaction and
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B-cell lineage specification [13]. Some reports have
shown that genetic variation in the IRF8 gene is relevant
to SLE and multiple sclerosis in both mice and humans
[14]; however, the molecular basis of such association
remains unclear.

MicroRNAs (miRs), as endogenous silencers of var-
ious target genes through translational repression or
mRNA degradation [15], play essential roles in regulating
many biological events, including cell proliferation and
differentiation [16]. Alterations in miR expression and
function lead to major dysfunction of the immune system
and mediate susceptibility to autoimmune diseases [17],
such as SLE [18]. The abnormality of miR-451a has been
reported to participate in lymphoid organ tumors [19, 20],
and the overexpression of miR-451a has been found to
modulate the incidence of lymphoma [21]. Furthermore,
the ectopic expression of miR-451a is involved in various
autoimmune diseases, such as multiple sclerosis and rheu-
matoid arthritis [22]. Although the relationship between
miR-451a and SLE has been partly reported, its molecular
mechanism is not fully known.

In the present study, we constructed SLE mouse mod-
els and knocked out miR-451a in SLE mice. The deficien-
cy of miR-451a in SLEmice relieved the immune complex
deposits in the kidney, decreased the ratio of CD4+CD69+
and CD4+/CD8+ T cells, and suppressed the expression of
inflammatory cytokines. Furthermore, miR-451 negatively
regulated the expression of IRF8 in vitro and in vivo. Taken
together, we concluded that miR-451a promoted the pro-
gression of SLE and that IRF8 was a target of miR-451a in
SLE. These findings provide new insights into a potential
biomarker for SLE and represent a valuable therapeutic
strategy for SLE treatment.

MATERIALS AND METHODS

Animal culture

Faslpr/lpr and miR-451a−/− (miR-451a deletion) of
C57B/L6 mice were purchased from Cyagen Biosciences
(USA). The mice were kept under specific pathogen-free
conditions at a temperature of 23 ± 2 °C. Standard rodent
feed and water were given ad libitum. Animal care was
provided according to the procedures outlined in the
BGuide for the Care and Use of Laboratory Animals.^ A
heterozygous F1 generation was obtained from the hybrid-
ization between B6.MRL/lpr and miR-451a−/−. After a
cascade of backcrossing and intercrossing, littermates
were produced with the genotypes miR-451a−/−Faslpr/lpr

and Faslpr/lpr. We chose wild-type (WT, n = 10), Faslpr/lpr

(n = 10), and miR-451a−/−Faslpr/lpr (n = 10) female mice for
the phenotypic assay. The animals were killed, and their
physiologic indexes were recorded.

Coomassie brilliant blue (CBB) detection of urine
protein

Mice urine collected from different groups over 24 h
was used for the proteinuria assay. Urine (0.1 mL) was
added into 5 mL of CBB reagent solution as the test tube,
and 0.1 mL normal saline was added into 5 mL of CBB
solution as the blank control tube. The mixture was kept at
room temperature for 5 min, after which a colorimetric
assay was carried out at 595 nm absorbance by using a
spectrophotometer (Vita Easyshade). The numerical values
were recorded, and the standard curve was constructed for
the measurement of the protein concentration. One millili-
ter of 5% stock protein solution was added into 49 mL
normal saline to dilute the standard protein solution and
obtain a concentration of 1 mg/mL. The diluted solution
(0.1 mL) was drawn from each tube and mixed with 5 mL
CBB for the colorimetric assay. After each test, the color-
imetric tube was washed with 95% ethyl and then with
ddH2O. The concentration of proteinuria was obtained as
(ODtest −ODblank)/(ODstandard −ODblank) × 750 mg/L.

Flow cytometry

Cells were incubated for 30 min at 4 °C with
fluorochrome-labeled monoclonal antibodies (mAbs):
FITC-conjugated anti-mouse CD4, FITC-conjugated anti-
mouse CD8, and FITC-conjugated anti-mouse CD69
(Santa Cruz, California). The control was incubated with
isotype-matched FITC-conjugated mouse antibody (Santa
Cruz, California). Erythrocyte lysis and cell fixation were
carried out by using OptiLyse C lysing solution (cat. no.
1401; Beckman). The treated blood samples were passed
through a Coulter Epics XL flow cytometer (Beckman)
and a Coulter FC 500 analyzer (Beckman Coulter) for
various subset analyses. The relevant data were obtained
and analyzed by using the FlowJo software version 7.6
(Tree Star, Inc., Ashland, OR, USA).

Quantitative real-time polymerase chain reaction
(qRT-PCR)

Spleen and thymus tissues were isolated for total
RNA extraction by using Trizol buffer (Sigma, USA).
The quality of RNA was determined by agarose electro-
phoresis, and the concentration was measured by using a
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NanoDrop ND-2000 spectrophotometer (Thermo Fisher
Scientific, Waltham, USA) at absorbances of 260 and
280 nm. One microgram of RNA was reverse transcribed
into complementary DNA (cDNA) by using the One-Step
cDNA synthesis kit (TaKaRa, Dalian, China) according to
the manufacturer’s instruction. The relative expressions of
the interest genes were analyzed with the One-Step real-
time PCR system (Invitrogen, USA). The real-time PCR
reaction mixture (10 μL) consisted of 1 μL of cDNA
product, 5 μL of 2× SYBR green mix (TaKaRa, Dalian,
China), 0.5 μL of primers, and 3 μL of ddH2O. The
reactions were carried out at 95 °C for 10 min, followed
by 40 cycles at 95 °C for 5 s and then at 60 °C for 10 s. The
2−ΔΔCT method was used to determine the relative
individual gene quantities. For the qRT-PCR, we used the
miR-451a forward primer 5′-AAACCGTTACCAT-
TACTGAGTT-3′ and the reverse primer provided by the
miScript SYBR Green PCR kit, the U6 forward primer
5′-CTCGCTTCGGCAGCACA-3′ and the reverse primer
5′-ACGCTTCACGAATTTGCGT-3′, the IRF8 forward
primer 5′-CCAGCAGTTCTTCCGA-3′ and the reverse
primer 5′-CCTCTTCTGCCAGTTGCC-3′, and the
GAPDH forward primer 5′-GCCAAAAGGGTCAT-
CATCTC-3′ and the reverse primer 5′-GTAGAGGCAGG-
GATGATGTTC-3′; GAPDH was used as an internal stan-
dard for IRF8 detection.

Western blot

Proteins were extracted from spleen and thymus tis-
sues by using RIPA buffer (Beyotime, Shanghai, China).
The protein concentration was determined with the use of a
bicinchoninic acid kit (Pierce, Germany) according to the
protocol. An equal amount of protein was subjected to
sodium dodecyl sulphate–polyacrylamide gel electropho-
resis. When the indicator bromophenol blue reached the
end, the proteins were electro-transferred to a polyvinyli-
dene fluoride membrane (Millipore, Boston, MA, USA).
The membrane was blocked by using 5% nonfat milk in
Tris-buffered saline with 0.05% Tween 20 (TBST) for 1 h
at room temperature and then was incubated with rabbit
monoclonal anti-IRF8 antibody overnight at 4 °C. After
being washed thrice with TBST, the membrane was incu-
bated with the corresponding horseradish peroxidase-
conjugated secondary antibody (Bio-Rad, Hercules, CA,
USA) for 1 h at room temperature. The membrane was
developed with an electrochemiluminescence solution
(Pierce, Germany). The IRF8 protein bands were quantita-
tively analyzed by using the Quantity One software, nor-
malized to GAPDH.

Enzyme-linked immunosorbent assay (ELISA)

Before the experiments were carried out, the interest
antibody was diluted to 10 μg/mL with the use of carbon-
ate buffer. An equal volume (0.1 mL/well) of antibody
dilution was added into a polystyrene plate (Corning Co.,
USA), which was kept at 4 °C overnight. The next morn-
ing, the polystyrene plate was incubated at 37 °C for 1 h
after 0.1 mL/well diluted sample was added. The plate was
incubated with fresh enzyme-labeled antibody for 1 h at
37 °C. After being washed, the plate was incubated with
tetramethylbenzidine at 37 °C for 20 min to develop color
changes. The OD at 450 nm was measured with a Nano-
Drop ND-2000 spectrophotometer, with the blank control
having an OD of zero. If the ODtest > 2 × ODnegative test, the
OD was defined as a positive value.

Immunofluorescence assay

The kidney was fixed in 4% fresh ice-cold parafor-
maldehyde buffer for 15 min, embedded in paraffin wax,
and then cut into 6-μm-thick sections. For the morphology
study, hematoxylin and eosin staining was done, and the
signal was observed under a light microscope (Olympus,
Japan). For the immunohistochemistry, the sections were
cultured with 3% hydrogen peroxide in methanol for
15 min to block the activity of endoperoxidase. After being
permeabilized with 0.5% Triton X-100 for 15 min, the
slides were blocked with 5% bovine serum albumin
(Sigma, USA) for 30 min and then probed with rabbit
monoclonal primary antibody at 4 °C overnight. The next
morning, the slides were incubated with biotin-labeled
secondary antibody and stained with streptavidin-biotin
complex–fluorescein isothiocyanate (SABC-FITC; Boster
Co., Wuhan, China) and streptavidin-biotin complex–Cy3
(SABC-Cy3; Boster Co., Wuhan, China). For each sample,
five non-overlapped fields in the slides were randomly
captured by using a laser confocal microscope (Olympus,
Japan).

Statistical analysis

All experiments were done at least thrice by using
independent samples. The measurement data were
expressed as means ± standard deviation. Statistical analy-
sis was carried out by using the SPSS 20.0 software (SPSS,
Chicago, IL, USA). The homogeneity of variance was
subjected to least significant difference (LSD) multiple
comparisons among groups. Statistical significance was
set at P < 0.05.
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RESULTS

MiR-451a was highly expressed in the spleen and
thymus of the Faslpr/lpr mice

To explore the relationship between miR-451a and
SLE, the levels of miR-451a in the spleen and thymus
tissues were compared between the WT and Faslpr/lpr

mice through qRT-PCR analysis. As shown in Fig. 1a, b,
the miR-451a levels were significantly higher in the
spleen and thymus tissues from the Faslpr/lpr mice than
in those from the WT mice, suggesting that miR-451a
might be related to SLE. Thus, miR-451a knockout SLE

mice (miR-451a−/−Faslpr/lpr) were constructed to verify
this hypothesis. To examine the efficiency of gene
knockout, we analyzed the expressions of miR-451a
and miR-144, the coding sequences of which are very
close to that of miR-451a. As shown in Fig. 3c, the
expression of miR-451a was suppressed in the
miR-451a−/−Faslpr/lpr mice compared with the Faslpr/lpr

mice; however, the knockout of miR-451a had no
significant effect on the miR-144 expression. These
results indicated that miR-451a was successfully
knocked out without off-target effects.

The effect of miR-451a on the spleen weight, spleen
weight/body weight ratio, and 24-h proteinuria was then

Fig. 1. MiR-451a was highly expressed in the spleen and thymus in the Faslpr/lpr mice. The relative expression of miR-451a in spleen (a) and thymus (b) was
analyzed by qRT-PCR analysis. cmiR-451a was significantly suppressed in the miR-451a−/−Faslpr/lpr mice. Total RNA of spleen was isolated for qRT-PCR.
The expression of miR-144 was analyzed for off-target examination. U6 was used as the internal control. d The knockout of miR-451a suppressed the
enlargement of spleen. e The ratio of spleen weight/body weight in the miR-451a−/−Faslpr/lpr mice was lesser than that in the Faslpr/lpr mice. f CBB detection
was used to examine the content of proteinuria of 24 h at the age of 30 weeks and 40–50 weeks. **P < 0.01.
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analyzed. Compared with the WT mice, the Faslpr/lpr mice
showed a progressive enlargement of the spleen; however,
the spleen enlargement in the miR-451a−/−Faslpr/lpr mice
was effectively relieved compared with that in the Faslpr/lpr

mice (Fig. 1d). A similar change trend in the spleen weight/
body weight ratio was found in the WT, Faslpr/lpr, and
miR-451a−/−Faslpr/lpr mice (Fig. 1e). Further, the
proteinuria content over 24 h in Faslpr/lpr and miR-451a−/
−Faslpr/lpr mice was analyzed. As shown in Fig. 1f, there
was no significant difference between Faslpr/lpr and miR-
451a−/−Faslpr/lpr mice at the age of 30 weeks (P > 0.05),
whereas at the age of 40–50 weeks, the proteinuria content
in Faslpr/lpr mice was obviously higher than that in
miR-451a−/−Faslpr/lpr mice (P < 0.01). These results
indicated that miR-451a was highly expressed in SLE mice
and affected the spleen weight and 24-h proteinuria content.

miR-451a deficiency suppressed the levels of
autoantibodies

To examine the effect of the knockout of miR-451a on
the kidney, histopathology by HE staining was carried out
(Fig. 2a). The Faslpr/ lpr mice showed increased
mononuclear cell infiltration, enlarged glomeruli, and
tissue structure disorder. However, the deletion of
miR-451a significantly relieved the glomerular enlarge-
ment and decreased the infiltration of mononuclear cells.

SLE is a chronic systemic autoimmune disease char-
acterized by the generation of high-affinity pathogenic
autoantibodies. To investigate the immune complex depos-
it in the kidney, the fluorescence intensities were compared
between the Faslpr/lpr and miR-451a−/−Faslpr/lpr mice. As
shown in Fig. 2a, b, the signals of IgM, C1q, IgA, and IgG
in the miR-451a−/−Faslpr/lpr mice were significantly
suppressed compared with those in the Faslpr/lpr mice
(P < 0.01), suggesting that the knockout of miR-451a mit-
igated the immune complex deposit in the kidney in the
SLE mice. The levels of serum autoantibodies, as analyzed
by ELISA, showed similar levels of IgM, IgG, and anti-
double-stranded DNA (dsDNA) antibody, as shown in
Fig. 2c–e. These results indicated that miR-451a modulat-
ed the levels of autoantibodies in organs and serum
induced by SLE.

miR-451a knockout decreased T-follicular helper (Tfh)
cells and Tfh-related cytokines

T-follicular helper (Tfh) cells, a kind of specialized
CD4+ T cell subset, have emerged as central players in the
production of autoantibodies associated with SLE. This
study analyzed the number of Tfh cells and the level of

the Tfh-related cytokine IL-21. The number of Tfh cells in
the Faslpr/lpr mice lymph node was higher than that in the
WTmice (P < 0.01); however, the number of Tfh cells was
lower in the miR-451a−/−Faslpr/lpr mice than in the Faslpr/lpr

mice (P < 0.05; Fig. 3a). A similar trend was observed in
the serum IL-21 levels of theWT, Faslpr/lpr, andmiR-451a−/−

Faslpr/lpr groups, as shown in Fig. 3b. Meanwhile, the
mRNA levels of Bcl-6 and IL-21 in the spleen were further
analyzed by qRT-PCR (Fig. 3c, d). The levels of Bcl-6 and
IL-21 were higher in the Faslpr/lpr mice than in theWTmice;
however, compared with the Faslpr/lpr mice, the knockout of
the miR-451a mice decreased the levels of Bcl-6 and IL-21
(P < 0.05). The results of PNA staining in the spleen showed
that the number of germinal centers was large in the Faslpr/lpr

mice but was decreased in miR-451a−/−Faslpr/lpr mice
(Fig. 3e). These data indicated that the deficiency of
miR-451a suppressed the numbers of Tfh cells and germinal
centers.

miR-451a knockout decreased the ratio of CD4+CD69+
and CD4+/CD8+ in the spleen and lymph node

The subsets of cells in the spleen and lymph node
were studied by using flow cytometry. As shown in Fig. 4,
the ratio of CD4+CD69+ T cells in the spleen and lymph
node from the Faslpr/lpr group was higher compared with
the WT mice (P < 0.05). However, the silencing of
miR-451a suppressed an increase of the ratio in the Faslpr/lpr

mice (Fig. 4a, b). Similar results on the ratio of CD4+/CD8+
were found in the WT, Faslpr/lpr, and miR-451a−/−Faslpr/lpr

mice (Fig. 4c, d). These data indicated that miR-451a affected
the ratio of inflammatory T subsets in SLE.

The levels of serum inflammatory cytokines were also
further investigated. Compared with the WT mice, the
Faslpr/lpr group showed increased levels of IL-17a and
IL-4; however, the knockout of miR-451a suppressed the
increase (P < 0.05; Fig. 4e, f). The level of INF-γ was
lower in the Faslpr/lpr than in the WT mice, whereas no
obvious difference was found between the Faslpr/lpr and
miR-451a−/−Faslpr/lpr mice (Fig. 4g). These data indicated
that miR-451a modulated T subsets and the levels of
inflammatory cytokines in the SLE mice.

IRF8 was suppressed in the Faslpr/lpr mice

Some studies have reported that IRF8 was related to
SLE. To confirm the function of IRF8 in the SLE mice, the
mRNA levels of IRF8 were first detected in various tissues
of WTor SLE-like mice. In theWTmice, IRF8 was highly
expressed in the spleen, blood, and lymph node; in the
Faslpr/lpr mice, the expression of IRF8 in various tissues
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was suppressed (Fig. 5a). Compared with theWTmice, the
Faslpr/lpr group showed markedly inhibited mRNA and
protein levels of IRF8 (P < 0.01; Fig. 5b–d). However,
the deficiency of miR-451a relieved the decrease in IRF
expression. These results indicated that IRF8 was involved
in the progression of SLE and that some relationship
between miR-451a and IRF8 might exist.

miR-451a targeted IRF8 in vitro and in vivo

The miR-451a target gene predicted by miRecords
and the Venny 2.0 software indicated that IRF8 might be a

miR-451a target gene in humans and mice. To characterize
the interaction between miR-451a and IRF8, a dual-
luciferase reporter vector was constructed in HEK293
cells. As shown in Fig. 6a, compared with the negative
control miRNA (WT + Neg), the miR-451a mimic signif-
icantly suppressed the activity of the reporter luciferase
that was fused with the WT IRF8 3′-untranslated region
(UTR). Compared with the co-transfection of the WT
IRF8 3′-UTR and miR-451a mimic (WT + mimic), the
co-transfection of the mutated IRF8 3′-UTR and
miR-451a mimic (MT + mimic) increased the activity of
the reporter luciferase (P < 0.01). There was no difference

Fig. 2. Deficiency of miR-451a suppressed the immune complex deposit and serum autoantibodies levels. a The knockout of miR-451a inhibited the
immune complex deposit in the kidney. The kidney tissues from the Faslpr/lpr and miR-451a−/−Faslpr/lpr mice were extracted for HE staining and
immunofluorescence assay. Scale bar (yellow) = 200 μm; scale bar (red) = 100 μm. The signals of IgM, C1q, IgA, and IgG were stained in green and
quantitatively analyzed in (b). Serum IgM (c), IgG (d), and anti-dsDNA antibody (e) levels were suppressed in the miR-451a−/−Faslpr/lpr mice analyzed by
ELISA. **P < 0.01.
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between WT + Neg and MT + mimic (P > 0.05). In
addition, compared with WT + Neg, the co-transfection
of the WT IRF8 3′-UTR and miR-451a inhibitor (WT +
inhibitor) obviously increased the activity (P < 0.01).
These results indicated a direct interaction between
miR-451a and IRF8. The miR-451a mimic or inhibitor
was further used to identify the interaction. As shown in
Fig. 6b, the miR-451a inhibitor upregulated the protein
level of IRF8, whereas the miR-451a mimic suppressed
the expression of IRF8. These data indicated that miR-
451a negatively modulated the expression of IRF8 in vitro
and in vivo.

DISCUSSION

In the present study, the level of miR-451a was
found to be increased in SLE mice. The deficiency
of miR-451a in SLE mice relieved the enlargement
of the spleen, reduced the proteinuria content and
immune complex deposits, and decreased the ratios
of CD4+CD69+ and CD4+/CD8+ T cells and the
expression of inflammatory cytokines. The expression
of IRF8 was highly enhanced in immune organs of
WT mice but was suppressed in SLE mice. A
dual-luciferase reporter assay was done to verify

Fig. 3. Knockout of miR-451a reduced Tfh cells and Tfh-related cytokine. aDeficiency ofmiR-451a reduced the number of Tfh cells in lymph node detected
by flow cytometry. b Serum IL-21 cytokine level was decreased after the deletion of miR-451a in SLE mice analyzed by ELISA. The mRNA levels of Bcl-6
(c) and IL-21 (d) in miR-451a−/−Faslpr/lpr spleen were suppressed compared with Faslpr/lpr. GAPDH was used as the internal control. e The deficiency of
miR-451a inhibited the number of germinal center in spleen examined by PNA stain. Germinal center was stained in red. Scale bar (blue) = 100 μm.
*P < 0.05, **P < 0.01.
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whether IRF8 was a target of miR-451a. Taken to-
gether, the data indicated the function and a direct
target of miR-451a in SLE, providing a new target

for SLE therapy.

The deficiency of miR-451a mitigated immune complex
deposits in the kidney

SLE is a chronic autoimmune disease characterized
by immunologic abnormalities and multi-organ injury

Fig. 4. Deficiency of miR-451a reduced the ratio of CD4+CD69+ and CD4+/CD8+ Tcells in the spleen and lymph node. The ratio of CD4+CD69+ Tcells
in the spleen (a) and lymph node (b) from the miR-451a−/−Faslpr/lpr mice was inhibited compared to that in the Faslpr/lpr mice. The ratio of CD4+/CD8+ in the
spleen (c) and lymph node (d) from the miR-451a−/−Faslpr/lpr mice was lesser than that from the Faslpr/lpr mice. The levels of serum IL-17a (e), IL-4 (f), and
IFN-γ (g) were detected by ELISA. **P < 0.01.
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involving the kidneys and central nervous system [2]. In
our study, miR-451a was found to be highly expressed in
immune organs, including the spleen and thymus, suggest-
ing that miR-451a might be associated with immune dis-
eases. Proteinuria is not only one of the most common
clinical manifestations of renal injury but is also an impor-
tant factor related to the continuous progression of renal
diseases [23]. The 24-h proteinuria contents in Faslpr/lpr and
miR-451a−/−Faslpr/lpr mice were compared in the current
work. The knockout of miR-451a was found to decrease
the content of proteinuria, relieve the glomerular enlarge-
ment, and reduce the infiltration of mononuclear cells
compared with the SLE mice. These results suggested that
the knockout of miR-451a partly mitigated the kidney
damage in SLE. Abnormalities in B and T cells contribute
to loss of self-tolerance and the production of autoanti-
bodies, which are hallmarks of SLE [2]. In our study, the
signals of IgM, C1q, IgA, and IgG in the kidney and the
titers of serum IgM, IgG, and SLE-specific autoantibody
(anti-dsDNA antibody) were stronger in SLE than in WT
mice; this finding was in agreement with previous results.
When miR-451a was suppressed, the improvement of the
above-mentioned autoantibodies in SLE mice was

inhibited, suggesting that miR-451a enhanced the immune
complex deposit in SLE. In SLE, anti-dsDNA antibodies
bind to nucleosomes trapped in the glomerular basement
membrane, with subsequent renal inflammation [24].
Combined with the above results, we concluded that
miR-451a enhanced the immune complex deposit in the
kidney, causing kidney damage and proteinuria.

miR-451a knockout modulated inflammatory cell
subsets and related cytokines

Tfh cells are characterized by increasing expressions of
the important surface markers CXCR5, CD40 ligand
(CD40L), and ICOS [25]. In this work, the number of Tfh
cells in mice was determined by using the surface marker
CXCR5+CD40L+ICOS+. The number of Tfh cells was
found to be increased in SLE mice, which provided new
evidence in support of the previous result that Tfh cells were
associated with SLE. Tfh cells are the main source of IL-21
cytokine, and the emergence of IL-21 has been implicated in
SLE [26]. Bcl-6 is a transcriptional repressor expressed in
Tfh cells and is involved in the development and differen-
tiation of Tfh cells [27]. In SLE, pathologic germinal centers

Fig. 5. IRF8 was associated with the progression of SLE. a The mRNA level of IRF8 in various tissues from the WT and Faslpr/lpr mice was detected by
qRT-PCR. Total RNAwas extracted from various tissues from the WT and Faslpr/lpr mice. GAPDH was used as the internal control. The mRNA (b) and
protein (c) levels of IRF8 in the WT, Faslpr/lpr, and miR-451a−/−Faslpr/lpr spleen were analyzed by qRT-PCR and western blot. d IRF8 protein bands were
quantitatively analyzed by Quantity One software normalized to GAPDH. **P < 0.01.
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develop due to the increased numbers of Tfh cells [27]. In
the present study, the upregulation of Tfh cell surface
markers, Bcl-6, IL-21, and germinal centers in SLE mice
was suppressed after the silencing of miR-451, suggesting
that miR-451a was involved in SLE by regulating the
numbers of inflammatory cell subsets and related cytokines.

Many studies have indicated that defective regulation
of the Th1, Th2, and Th17 cell function is implicated in the
pathophysiology of SLE [28]. The balance of cytokines
plays an important role in the etiology and pathogenesis of

SLE [29]. Inflammatory cytokines, such as Th1-derived
IFN-γ, Th2-derived IL-4, cytokines IL-10 and IL-13, and
Th17-derived IL-17a [30], have been identified as impor-
tant players in SLE [31]. In SLE patients, the Th1 function
has been found to be suppressed by the downregulation of
IFN-γ, whereas the Th2 function was enhanced [31]. Sim-
ilarly to this previous study, the current work found that the
level of IFN-γ was decreased in Faslpr/lpr SLE mice. The
plasma levels of IL-17a [32] and IL-4 [33] have been found
to be increased in SLE patients compared with normal

Fig. 6. MiR-451a targeted IRF8 in vitro and in vivo. a miR-451a interacted with IRF8 3′-UTR in HEK293 cells. HEK293 cells were transfected with WT
IRF8 3′-UTR+miR-451a negative control (WT + Neg), WT IRF8 3′-UTR+miR-451a mimic (WT + mimic), mutated IRF8 3′-UTR+miR-451a mimic
(MT + mimic), andWT IRF8 3′-UTR+miR-451a inhibitor (WT + inhibitor), respectively. A dual-luciferase reporter assay was performed. bmiR-451 mimic
and inhibitor regulated the protein level of IRF8 in HEK293 cells. GAPDH was used as the internal control. **P < 0.01.
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controls. Our results are similar to these previous results;
the upregulation of IL-17a and IL-4 was suppressed in
miR-451a−/−Faslpr/lpr mice, suggesting that miR-451a af-
fected the abnormality of Th2 and Th17. Although IFN-γ
is strongly associated with Th1 response, no significant
difference in the level of IFN-γ between Faslpr/lpr and
miR-451a−/−Faslpr/lpr was observed in our study. Thus, further
evidence is needed to verify the effect of miR-451a on Th1.

IRF8 is a target of miR-451a in SLE

In the past decade, another important step toward
understanding the pathogenesis of SLE was achieved, that
is, the discovery of the role of the type I interferon (IFN)
pathway [34]. The transcription of IFN is monitored by
members of the IRF family, which in humans consists of
nine distinct proteins [35]. IRF genes, including IRF5,
IRF7, and IRF8, are important in the SLE pathogenesis
[36]. IRF8 contributes to innate and adaptive immune
responses, and common variants in the IRF8 gene are
associated with susceptibility to SLE [37]. The association
between IRF8 and SLE was corroborated in European
populations [38] and in the Han Chinese population [39].
In our experiments, IRF8 was highly expressed in immune
organs but was inhibited in SLE mice. IRF8 functions as a
strong repressor of BAFF expression in B cells [40], and
increased BAFF levels have been suggested to play a role
in SLE [41]. miR-451a is located on chromosome 17q11.2
and exerts a tumor suppressive role by targeting MIF,
c-MYC, and AKT1 [42]. However, the target of
miR-451a in SLE development is unclear. In our study,
miR-451a directly negatively regulated the expression of
IRF8 in SLE, thus providing a new miR-451a target for
SLE therapy. These data provide new evidence that IRF8 is
associated with SLE. However, more experiments are
needed to determine the molecular mechanism by which
such association occurs.

CONCLUSION

The knockout of miR-451a affected the enlargement
of the spleen, reduced the urine protein content and
immune complex deposits, and decreased the ratio of
CD4+CD69+ and CD4+/CD8+ T cells. IRF8 was highly
expressed in immune organs but was suppressed in SLE
mice. A dual-luciferase reporter assay showed that IRF8
was a target of miR-451a. The data indicated the function
of miR-451a in SLE and showed a new direct target of
miR-451a, thus providing a new target in SLE therapy.
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