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White matter injury (WMI) is the most frequent impairment of neurodevelopment in preterm infants. Here, we report that the
caspase-1 inflammasome is abundantly activated in the microglia of WMI mice and results in increased pyroptosis of
microglia. Pharmacology inhibition of caspase-1 cleavage alleviated the pathogenesis of WMI mice. The expression of
microRNA miR-214-3p was largely reduced in the microglia of WMI mice compared to controls. Compromised expression of
miR-214-3p on microglia gives rise to the inflammasome activation and microglial pyroptosis. Treatment with miR-214-3p
agomir is sufficient to relieve the white matter lesion and demyelination in WMI mice. miR-214-3p is able to bind to the 3′
region of the NLRP-3 inflammasome compartment NEK7, preventing the transcription of NEK7 mRNA. As a result, in WMI
mice, the lack of miR-214-3p leads to the accumulation of NEK7 which supports NLRP 3 inflammasome activation, microglial
pyroptosis, and white matter pathogenesis.

1. Introduction

White matter injury (WMI) is one of the major pathological
features in preterm born infants [1]. WMI mainly manifests
as oligodendrocyte lineage disorder and dysmyelination,
which may cause further neurodevelopmental deficiency
and neurodysfunction [2]. During brain development,
microglia are frequently found surrounding the white matter
tracts. As the immune cells reside in the central nerve sys-
tem, by producing proinflammatory cytokines, microglia
are closely related to the progress of WMI [3]. The activation
of microglia was proven to be involved in the pathogenesis
of neuroinflammation and cognitive function impairment
[4, 5]. Through the activation and proliferation of microglia
were discovered in the patients and the experimental animal
models of WMI [6, 7], the detailed regulation methods and
mechanisms remain undisclosed.

Besides cytokine secretion, microglia express a wide
range of pattern recognition receptors (PRRs) which allow
them to respond to the pathogen-associated molecular pat-
terns (PAMPs) and damage-associated molecular patterns
(DAMPs) [8]. Upon sensing PAMPs or DAMPs, the
NOD-like receptors containing pyrin domains (NLRPs)
composed of inflammasomes are rapidly activated [9].
Canonical inflammasome activation was initialized by the
priming of NLRP3; the adaptor protein ASC (apoptosis-
associated speck-like protein containing a CARD) was then
recruited to the complex. The assembly of the NLRP3 com-
plex triggers the cleavage of procaspase-1 to form the hetero-
dimer p20 and p10. In consequence, matured IL-1β and IL-
18 are generated and secreted as a result of pro-IL-1β and
pro-IL-18 cleavage [10]. In recent years, a serine-threonine
kinase NIMA-related kinase 7 (NEK7) was reported to be
another essential compartment of the NLRP3 complex,
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which was also required in the process of caspase-1 inflam-
masome activation [11]. The activation of the inflamma-
some induces the cell to undergo a special programmed
cell death called pyroptosis. NLRP3 activation in the M1
microglia was reported to be related to the injury in the
ischemia cerebral stroke [12]. Recently, study suggested that
the pyroptosis of microglia appears to be involved in the ini-
tiation and pathogenesis of WMI [13].

MicroRNAs (miRNAs) are a group of endogenous small
noncoding RNAs. By binding to the 3′-untranslated region
(3′-UTR) of targeted messenger RNA (mRNA), the major
function of miRNAs is inducing mRNA degradation and
preventing protein translation [14]. In the past few decades,
a wide range of cellular functional signals and disease pro-
gression are reported to be regulated by the miRNAs; recent
studies indicate that miRNAs may also be involved in the
regulation of inflammasome activation in several diseases
[15]. A few miRNAs were reported to participate in the
development of WMI [16] as well, but the detailed role of
how miRNAs regulate WMI has not been studied yet.

Here, we reported that the expression of miR-214-3p
dramatically dropped in the microglia of WMI mice. The
reduction of miR-214-3p results in the elevation of
caspase-1-dependent pyroptosis of microglia. Mechanisti-
cally, miR-214-3p specifically binds to the 3′ end of NEK7
mRNA which leads to the degradation of NEK7 mRNA
and ultimately the activation of caspase-1 inflammasome
in WMI microglia. Both miR-214-3p recovery and caspase-
1 inhibition successfully rescued microglia from pyroptotic
cell death and WMI pathogenesis.

2. Results

2.1. Caspase-1-Dependent Pyroptosis Boosted in Microglia of
White Matter Injury Mice. Microglia are the major immune
cells in the central nervous system (CNS), which patrol in
the CNS microenvironment and execute the host defense
of the neural parenchyma. To investigate the microglial
behavior in white matter injury (WMI), we first established
a lipopolysaccharide- (LPS-) induced WMI mouse model
as previously described [17]. Compared with the PBS-
injected control group, LPS injection leads to an enlarged
lesion area in the white matter (Figure 1(a)). Dysmyelination
of the white matter tracts is the most featured outcome in
WMI; myelin basic protein (MBP) staining was carried out
to evaluate the myelin defect after LPS administration. In
the LPS-injected group, we found a substantial reduction
in the myelin density and auxiliary fiber process in the peri-
ventricular white matter compared to the PBS group
(Figure 1(b)). LPS is the major type of PAMPs, which stim-
ulates the microglia through Toll-like receptor 4 (TLR-4).
Given that microglia contribute to the production and main-
tenance of the myelin sheath, we wonder whether LPS
administration causes damage to the microglial population
and destroys their protection of the myelin sheath. To
explore the microglial survivability, we isolated those cells
from the brain with CD11b+ magnetic beads and deter-
mined their death rate by quantifying the release of a cell

death indicator lactate dehydrogenase (LDH). After cultur-
ing ex vivo for 24 hours, LDH release was captured in 40%
of microglia from the WMI mice, while in the control mice,
only about 10% of microglia released LDH (Figure 1(c)). A
bunch of inflammasome activation gives rise to different
types of programmed cell death; we then screened the activa-
tion of several caspase inflammasomes in the microglia by
Fluorochrome Inhibitor of Caspases (FLICA) probe staining.
We found that the number of caspase-1-activated microglia
doubled in response to LPS-induced WMI, while the activa-
tion of other inflammasomes including caspase-3, caspase-6,
and caspase-8 stays at the same level in the microglia from
the control mice and WMI mice (Figure 1(d)). Caspase-1
activation involves the cleavage of procaspase-1 to an active
heterodimer p20 and p10; immunoblot points out an
enhanced accumulation of caspase-1 p20 in the microglia
from WMI mice compared with controls (Figures 1(e) and
1(f)). Caspase-1 mediated pyroptosis is also identified by
the production and secretion of cytokines IL-1β and IL-18.
We then measured the release of those cytokines by microg-
lia from control and WMI mice with the enzyme-linked
immunoassay (ELISA). After 24-hour culture, microglia
from control mice released around 200pg/mL of IL-1β and
100 pg/mL of IL-18 into the culture medium (Figures 1(g)
and 1(h)). Strikingly, microglia from the WMI mice dis-
played a robust ability for cytokine production; they pro-
duced an average of 380 pg/mL IL-1β and 180 pg/mL of
IL-18 (Figures 1(g) and 1(h)). Further, dual-color immuno-
fluorescent staining indicates that in the tissue level, there
are more Iba1+ caspase-1+ microglia in the white matter
after LPS-induced injury compared with controls
(Figure 1(i)). Taken together, these data showed strong acti-
vation of inflammasome caspase-1 which induced the
pyroptosis of microglia in the WMI mice.

2.2. Inactivation of Caspase-1 Attenuates the Pathogenesis of
WMI. To investigate whether the caspase-1-dependent
pyroptosis of microglia is responsible for white matter
injury, we injected caspase-1 inhibitor Vx-765 together with
LPS in the WMI induction model. To confirm the inactiva-
tion of the caspase-1 inflammasome in microglia, we isolated
the microglia from the periventricular white matter after
LPS induction. FLICA probe staining shows that Vx-765
successfully reduced the activation of caspase-1 in microglia
(Figures 2(a) and 2(b)). Immunoblot further proved the
reduction of caspase-1 p20 cleavage after Vx-765 treatment
(Figures 2(c) and 2(d)). Further, Vx-765 treatment reduced
the production of IL-1β and IL-18 by microglia after WMI
(Figures 2(e) and 2(f)). Dual-color immunofluorescent
staining confirmed the inactivation of caspase-1 in Iba-1+

microglia in the white matter after Vx-765 treatment
(Figure 2(g)). We then analyze whether blunted caspase-1
activation results in the reverse of WMI. Reduction in
LDH production indicates that Vx-765 treatment improves
the life span of microglia after WMI (Figure 2(h)). At the tis-
sue level, H&E analysis of brain sections supports that treat-
ment with Vx-765 significantly reduced the lesion area in the
white matter after LPS injection (Figure 2(i)). Immunohisto-
chemistry for MBP reveals increased fiber density and
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Figure 1: Continued.
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myelination in the periventricular white matter area post-Vx-
765 injection (Figure 2(j)). Together, these data suggest that
pyroptosis of microglia is highly involved in the pathogenic
process ofWMI. Suppression of caspase-1 activation alleviated
the injury of white matter after LPS administration.

2.3. Loss of miR-214-3p in Microglia Drives the Pathogenesis
of WMI. MicroRNAs were reported to be highly involved in
regulating microglial function from many aspects [18]. To
investigate whether there is a functional miRNA that medi-
ates the microglial function in WMI, we pulled out the
sequencing data from the GEO database to search for clues.
Given that our WMI mouse model was built in a LPS-based
manner, we found GSE49330 which identified that the
miRNA expression profile on microglia under LPS treat-
ment [19] may be helpful to us. After reanalysis of this data-
base, we found 78 different expressed miRNAs between LPS
and PBS treatment. This dataset also allows us to compare
the microglial miRNA profile between LPS and IL-4 stimu-
lation; we found 85 different expressed miRNAs when com-
paring the LPS and IL-4 treatment (Figure 3(a)). The two
groups of differently expressed miRNAs have an overlap of
31 miRNAs, of which only one miRNA miR-214-3p exhibits
more than 2-fold changes in both groups (Figure 3(a)). In
this dataset, LPS treatment dramatically reduced the expres-
sion of miR-214-3p on microglia compared with PBS or IL-4
treatment (Figure 3(b)). We then confirmed the expression
of miRNA in the microglia of our WMI mice. Strikingly,
we found the relative expression of miR-214-3p reduced by
more than 3 times in the microglia of WMI mice compared
with the control group (Figure 3(c)). To test the function of
miR-214 in the progress of WMI, we delivered miR-214 ago-
mir to the WMI mouse model. H&E staining showed that

miR-214-3p reduced the white matter lesion area in the
LPS-induced mouse model (Figure 3(d)). miR-214-3p ago-
mir also recovered the length and density of myelin in the
periventricular white matter (Figure 3(e)). Taken together,
the data indicates that the reduction of miR-214-3p expres-
sion on microglia leads to the severer pathogenesis of WMI.

2.4. miR-214-3p Mediates Caspase-1 Inflammasome
Activation in Microglia. Next, we tested the role of miR-
214-3p in regulating microglial function and inflammasome
activation. The microglial cell line BV-2 was transfected with
either the agomir or the antagomir of miR-214-3p; caspase-1
activity was first measured by FLICA probe staining. We
found that antagomiR-214-3p extensively increased the activ-
ity of caspase-1 while the agomiR-214-3p declines the cleavage
and activation of the caspase-1 inflammasome (Figures 4(a)
and 4(b)). Immunoblot further proved the accumulation of
caspase-1 p20 in microglia when miR-214-3p was blocked
and the reduction of p20 fragment under agomiR-214-3p
transfection (Figures 4(c) and 4(d)). The LDH assay indicates
that agomiR214 protects the microglia from cell death while
inhibiting miR-214-3p results in a dramatic increase in
microglia death (Figure 4(e)).We also determined the produc-
tion of IL-1β and IL-18 after miR-214-3p manipulation. Sim-
ilarly, agomiR-214-3p prevents BV-22 from producing IL-1β
and IL-18 while antagomiR-214 promotes the secretion of
IL-1β and IL-18 by microglia (Figures 4(f)–4(g)). Taken
together, these data connect the expression of miR-214-3p to
the pyroptosis of microglia.

2.5. miR-214-3p Regulates Microglial Pyroptosis in WMI
Mice. In order to investigate whether miR-214-3p is associ-
ated with the caspase-1 activation and microglial pyroptosis
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Figure 1: Caspase-1-dependent pyroptosis boosted in microglia of white matter injury mice. 300μg/kg LPS was injected into mice
intraperitoneally on postnatal day 8. 14 hours later, mice were anesthetized, and the brain was harvested. (a) H&E staining for brain
sections; white matter was imaged. (b) MBP staining for brain sections. Microglia were isolated with a CD11b cell separation kit. (c)
LDH is released by microglia after ex vivo culture for 24 hours. (d) FLICA assay staining in microglia for activated caspase-1, caspase-3,
caspase-6, and caspase-8. (e) Immunoblot for microglia from control (Ctrl) and WMI mice. (f) Protein level quantification by
normalizing with β-actin. (g) IL-1β release by microglia. (h) IL-18 release by microglia. (i) Dual-color staining for lba1 and caspase-1 in
the white matter. Data are mean ± SEM. Individual data points are displayed: ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001.

4 Journal of Immunology Research



Vx-765WMI

CD11b 

FL
IC

A
-C

as
pa

se
 1

 

10.1 4.84 

(a)

15

20

10

5

0
WMI Vx-765

FL
IC

A
+  ce

lls
 (%

)

⁎⁎

(b)

43

50

20

Vx-765

𝛽-actin

Pro-Casp1

WMI

Casp1-p20

Kd

(c)

Pro-CASP1 CASP1-P20

1.0

1.5

0.5

0.0

Pr
ot

ei
n 

ex
pr

es
sio

n 
to

 𝛽
-a

ct
in

⁎

WMI
Vx-765

(d)

WMI

250 IL-1𝛽

200

150

100

50

0

pg
/m

l

Vx-765

⁎⁎⁎

(e)

WMI Vx-765

IL-18
250

200

150

100

50

0

pg
/m

l

⁎⁎

(f)

Vx-765WMI

Iba1/Caspase1/DAPI

20 𝜇m 20 𝜇m

(g)

60

40

20

0

LD
H

 re
le

as
ed

 ce
lls

 (%
)

WMI Vx-765

⁎⁎

(h)

Vx-765WMI

50 𝜇m 50 𝜇m

(i)

Vx-765WMI

50 𝜇m 50 𝜇m

(j)

Figure 2: Inactivation of caspase-1 attenuated the pathogenesis of WMI. 25mg/kg caspase-1 inhibitor Vx-765 injected to the WMI mouse
model i.p. Microglia were isolated with a CD11b cell separation kit. (a) FLICA assay staining for caspase 1 (representative dot plot). (b)
FLICA assay staining for caspase-1 (statistical data). (c) Immunoblot for procaspase-1 and caspase-1 P20. (d) Relative protein level
quantification by normalizing with β-actin. (e) IL-1β release. (f) IL-18 release. (g) Dual-color staining for lba1 and caspase-1 in the
white matter. (h) LDH is released by microglia after ex vivo culture for 24 hours. (i) H&E staining for brain sections. (j) MBP staining
for brain sections. Data are mean ± SEM. Individual data points are displayed: ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001.
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in vivo, we injected the agomir of miR-214 while generating
the WMI mouse model. Dual-color immunofluorescent stain-
ing shows that miR-214-3p suppresses the number of caspase-
1+Iba+ pyroptotic microglia in the white matter after LPS
administration (Figure 5(a)). miR-214-3p agomir treatment
also reduced the accumulation of caspase-1 p20 protein in
the microglia of WMI mice (Figures 5(b) and 5(c)). FLICA
probe staining further confirmed that the activation of
caspase-1 was blocked by miR-214-3p agomir (Figures 5(d)
and 5(e)). The production of IL-1β and IL-18 by microglia
was suppressed by miR-214 agomir injection (Figures 5(f)
and 5(g)). Together, these data indicate that miR-214-3p plays
a significant role in regulating the caspase-1-dependent pyrop-
tosis of microglia both in vitro and in vivo.

2.6. miR-214-3p Binds to NEK7 to Mediate Caspase-1
Inflammasome Activation in Microglia. To explore how
miR-214-3p regulates the activation of the inflammasome
in microglia, we checked the expression of critical compo-
nents in the NLRP3 complex. Caspase-1 was activated upon
the assembly of the inflammasome NLRP3 complex [10].
The NLRP3 complex involves the expression and binding
of NEK7, NLRP3, and ASC proteins; each protein is closely
associated with the activation of NLRP3 (Figure 6(a)). We
first measured the mRNA and protein levels of NLRP3
inflammasome components in microglia from control and
WMI mice. An increase in NEK7 mRNA was observed in
WMI microglia compared with control cells, while the

expression of NLRP3 and ASC transcripts was unchanged
before and after WMI induction (Figure 6(b)). At the pro-
tein level, the immunoblot shows a clear enhancement of
NEK7 expression in microglia from WMI mice compared
to controls (Figures 6(c) and 6(d)). No visible difference
was found in the NLRP3 and ASC protein levels in the
microglia from control and WMI mice (Figures 6(c) and
6(d)). To clarify the role of miR-214-3p in the process of
NLRP3 assembly, we treated the BV-2 microglia with either
the agomir or the antagomir of miR-214-3p, and the tran-
scription of NEK7, NLRP3, and ASC was measured by RT-
PCR. We found that an elevation of miR-214-3p leads to a
drop in NEK7 transcripts, while the blockade of miR-214-
3p results in the increase in NEK7 transcripts (Figure 6(e)).
In the meantime, the transcription of NLRP3 and ASC was
not influenced by the variation of miR-214-3p (Figure S1).
miRNA regulates gene expression by binding to the 5′ end
of mRNA; the starBase database (http://starbase.sysu.edu
.cn/) predicts that miR-214-3p is very likely to bind to the
mRNA of NEK7 (Figure 6(f)). We then mutated 3′-UTR
of NEK7 and performed a luciferase reporter assay to
confirm this binding. The relative activity of luciferase
proved the binding of miR-214 to the 3′-UTR of NEK7
mRNA (Figure 6(g)). To further confirm this regulation,
we treated BV-2 with miR-214-3p agomir and antagomir;
the expression of NEK 7 protein was determined by
immunoblot. Again, miR-214 antagomir increased the
protein level of NEK7 which was reduced by the treatment
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mean ± SEM. Individual data points are displayed: ∗P < 0:01.
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of miR-214-3p agomir (Figures 6(h) and 6(i)). These data
support that miR-214-3p negatively regulates NEK7
expression by binding to the 3′-UTR of its mRNA.

Together, this study reported that via suppressing the
transcription of NEK7, miR-214-3p reduced the caspase-1-
dependent pyroptosis in microglia which attenuates WMI.
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Figure 4: miR-214-3p mediates caspase-1 inflammasome activation in microglia. BV-2 microglia cell lines were cultured and transfected
with agomir or antagomir of miR-214-3p. (a) FLICA assay staining for caspase-1 (representative dot plot). (b) FLICA assay staining for
caspase-1 (statistical data). (c) Immunoblot for procaspase-1 and caspase-1 P20. (d) Relative protein level quantification by normalizing
with β-actin. (e) LDH is released by microglia after ex vivo culture for 24 hours. (f) IL-1β release in culture medium. (g) IL-18 release in
culture medium. Data are mean ± SEM. Individual data points are displayed: ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001.
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3. Materials and Methods

3.1. Animals. Adult (8-10-week-old) C57BL/6 wide-type
mice were purchased from Guangdong Medical Laboratory
Animal Center (Fushan, Guangdong, China). The mice were

maintained and breed at 12 h light-dark cycle in the specific
pathogen-free animal facility. Mice at postnatal day 8 were
used for WMI model. Animal experimentation was
approved by the Animal Ethics Committee of Guangzhou
University of Chinese Medicine (20220114004).
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Figure 5: miR-214-3p regulates microglial pyroptosis in WMI mice. 40mg/kg agomiR-214-3p was injected into the WMI mouse model i.p.
Microglia were isolated with a CD11b cell separation kit. (a) Dual-color staining for lba1 and caspase-1 in the white matter. (b) Immunoblot
for procaspase-1 P20. (c) Relative protein level quantification by normalizing with β-actin. (d) FLICA assay staining for caspase-1
(representative dot plot). (e) FLICA assay staining for caspase-1 (statistical data). (f) IL-1β release after 24 hours of culture ex vivo. (g)
IL-18 released after 24 hours of culture ex vivo. Data are mean ± SEM. Individual data points are displayed: ∗P < 0:05, ∗∗P < 0:01, and
∗∗∗P < 0:001.
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3.2. WMI Mouse Model. A postnatal WMI mouse model was
created as previously described [20]. In brief, 300μg/kg lipo-
polysaccharide (LPS, Sigma-Aldrich) was injected into mice
intraperitoneally on postnatal day (PND) 8. After 14 hours,
mice were anesthetized with CO2; the brain was harvested
for further analysis. In some groups, 25mg/kg caspase-1 inhib-
itor Vx-765 (Sigma-Aldrich) or 40mg/kg miR-214 agomir
(RiboBio, Guangzhou, China) was injected at the same time.

3.3. Microglial Isolation. Mouse brain tissue was disassociated
with a tissue homogenizer at low speed for 30 seconds on ice.
The homogenized tissue was dissolved with 1.5mg/mL collage-
nase IV (Worthington) in a serum-free medium for 45min at
37°C. Pass the solution through a 40μm strainer to observe
single-cell suspension. Microglia were isolated from the single-
cell suspensionwith a CD11bmagnetic positive selection kit fol-
lowing the manufacturer’s instruction (Miltenyi Biotec).

3.4. Cell Culture. The BV-2 microglia cell line was purchased
from AcceGen Biotechnology. BV-2 cells were cultured in
DMEM-high glucose media supplemented with 10% fetal bovine
serum, 100 IU/mL penicillin, and 100mg/mL streptomycin.

3.5. Cell Transfection. 50 nM of agomiR-214-3p or
antagomiR-214-3p (RiboBio, Guangzhou, China) was trans-
fected to microglia with the Lipofectamine™ 3000 Transfec-
tion Reagent for 24 hours (Thermo Fisher).

3.6. Tissue Section and Staining. Mouse brains were har-
vested and embedded with optimal cutting temperature
(OCT) compound and frozen with dry ice. Tissue sections
were cut at the thickness of 10μm. H&E staining was per-

formed with a staining kit following the manufacturer’s
instruction (Beyotime).

3.7. LDH Detection Assay.Microglia from mice were isolated
and cultured for 24 hours. The LDH in the supernatant was
measured with the LDH Cytotoxicity Assay Kit following the
manufacturer’s instructions (Thermo Fisher). The percent-
age of LDH release cells was calculated by dividing total
LDH activity by spontaneous LDH release.

3.8. FLICA Probe Staining. The FAM-FLICA® Assay Kit for
caspase-1, caspase-3, caspase-6, and caspase-8 was purchased
from Immunochemistry Technologies. 1 : 30 of FLICA in
PBS was incubated with cells for 1 hour at 4°C. Microglia were
also labeled with an anti-mouse CD11b antibody. After triple
wash, cells were analyzed with a flow cytometer.

3.9. Protein Extraction and Western Blot. Cells pellets were
lysed with RIPA buffer for 30min on ice. The proteins were
resolved in 4-15% SDS-PAGE (Bio-Rad). Proteins were then
transferred to PVDF membranes (Bio-Rad) followed by
blockade with 1% BSA in TBST. A caspase-1 antibody (Santa
Cruz Biotechnology, 14F468: sc-56036) was diluted to
1 : 1000 with TBST and incubated with the membrane over-
night at 4 degrees. The membrane was washed three times
with TBST and then incubated with goat anti-mouse IgG-
HRP (Santa Cruz Biotechnology, sc-2005, 1 : 5000) for 1 hour
at room temperature (https://www.scbt.com/p/goat-anti-
mouse-igg-hrp?requestFrom=search). Pierce™ ECL Western
Blotting Substrate (Thermo Fisher, 32209) was used to detect
protein following the manufacturer’s instruction.
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Figure 6: miR-214-3p binds to NEK7 to mediate caspase-1 inflammasome activation in microglia. (a) Scheme graph for the NLRP3 complex.
(b) Transcripts of NEK7, NLRP3, and ASC in microglia from Ctrl andWMI mice. (c) Immunoblot for NEK7, NLRP3, and ASC proteins in Ctrl
and WMI microglia. (d) Quantification of immunoblot by normalizing with β-actin. (e) BV-2 cells were transfected with miR-214-3p agomir
and antagomir. NEK7 transcripts were measured by RT-PCR. (f) Assay design for luciferase reporter assay of miR-214 and NEK7 mRNA.
(g) Dual-luciferase reporter assay for the binding of miR-214 and NEK7 mRNA. (h) BV-2 cells were transfected with miR-214-3p agomir.
NEK proteins were determined by immunoblot. (i) Quantification of NEK7 protein expression after miR-214-39 agomir and antagomir
transfection by normalizing with β-actin. Data are mean ± SEM. Individual data points are displayed. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001.
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3.10. ELISA. Microglia were isolated and cultured for 24
hours; the culture supernatant was collected after centrifuga-
tion at 350 g for 5min. IL-1β and IL-18 produced by microg-
lia were quantified with the ELISA kit following the
manufacturer’s instruction (BioLegend).

3.11. Immunofluorescence Staining and Imaging. Microglia
were labeled with anti-mouse Iba-1 (1 : 100) plus Alexa Fluor®
488 anti-rabbit IgG (1 : 200, Thermo Fisher Scientific).
Caspase-1 P20 was detected with anti-mouse caspase-1
(1 : 100) plus Alexa Fluor® 594 anti-mouse IgG (1 : 200, Thermo
Fisher Scientific). The image was obtained with a Zeiss Axio
Scope A1 microscope (Carl Zeiss, Oberkochen, Germany).

3.12. RNA Extraction and Quantitative RT-PCR. Total RNA
was extracted using a Trizol RNA isolation kit (Beyotime).
Reverse transcription was performed with cDNA Synthesis
Kits following the manufacturer’s instruction (Thermo
Fisher). Quantitative RT-PCR was performed on the Eppen-
dorf Thermal Cycler using the SYBR Green qPCR Master
Mix (Bimake). Expression levels were normalized to beta-
actin expression and displayed as 2 − ΔCt ∗ 10−3.

3.13. Dual-Luciferase Reporter Assay. The 3-UTRs of NEK7
andmutant NEK7were cloned downstream of the firefly lucif-
erase gene in the pGL3 vector (Promega). The reporter assay
was performed with the Dual-Luciferase® reporter assay sys-
tem following the manufacturer’s instructions (Promega).

3.14. GEO Database Analysis. The significant differentially
expressed mRNAs were analyzed with GEO2R140 tools from
the R package “limma” in GSE49330 (fold change ðFCÞ > 1:5,
P < 0:05, and a false discovery rate ðFDRÞ < 0:2).

3.15. Statistical Analysis. Data are presented as mean ±
standard error of themean (SEM). P < 0:05 was considered
statistically significant. Two-tailed unpaired Student’s t-test
and one-way ANOVA were used to compare groups. All sta-
tistical analyses were performed by using GraphPad Prism
8.0 (GraphPad Software Inc.).

4. Discussion

White matter injury (WMI) is one of the most severe path-
ological processes in premature infants and newborns that
affect the development of their central nervous system [21].
In the past few years, studies have suggested that the
immune cell microglia appear to play an essential role dur-
ing the pathogenesis of WMI [6, 22, 23]. However, how
microglia regulate WMI development and the mechanism
underlying it was not well understood. In this study, we
found an increase in caspase-1 inflammasome-dependent
pyroptosis in the microglia of WMI mice compared with
normal controls. Blockade of caspase-1 activity is able to
reduce the white matter lesion area and reverse the dysmye-
lination after WMI. The activation of caspase-1 inflamma-
some is regulated by the level of microRNA miR-214 in
the microglia. The expression of miR-214-3p dramatically
dropped in the microglia of WMI mice. Induction of miR-
214-3p prevents the pyroptosis of BV-2 microglia while

inhibition of this miRNA results in an increase in caspase-
1 activation and pyroptosis of BV-2 microglia. Administra-
tion of miR-214-3p agomir to the WMI model successfully
alleviates the degree of white matter damage and loss of
myelination; this suggests the involvement of miR-214-3p
in the pathogenesis of WMI. Mechanistically, miR-214-3p
binds to the 3′ region on NEK7 mRNA, which is a signifi-
cant component of the NLRP3 complex supporting the acti-
vation of the NLRP3 inflammasome. Our data delineate a
possible therapeutic target for WMI patients to relieve their
pathologic lesions and increase their life quality.

During myelin development, microglia in the white matter
are much more active than those cells in the grey matter [24].
This implies that the activation and heterogeneity of microglia
are highly involved in the axon demyelination and lesion forma-
tion of premature newbornWMI [21, 25]. Under normal condi-
tions,microglia express certainmarkers including CD11c,Mac2,
Clec7a, and Spp1 [26]. By expressing growth factors like IGF-1,
the role of microglia is to protect and support myelin build-up
[27]. During damage, microglia first turned to a proinflamma-
tory phenotype that expresses CD68, MHCI/II, CR3, and iNOS;
these microglia will induce the axon demyelination and lesion
formation [6]. The inflammatory status was also closely related
to diseases in the central nerve system [27]. Comprehensive
analysis of cerebrospinal fluid demonstrates a highly distinctive
inflammation environment in preterm infants; hallmarks of pro-
inflammatory units including IL-1β, IL-9, TNF-α, and comple-
ment component 5a (C5a) are highly expressed [28, 29].

Several different animal models of WMI were estab-
lished, of which administration of LPS or induction of
hypoxia-ischemia gives rise to the most notable outcome
[30, 31]. Besides enhanced proinflammatory action, hypo-
myelination, and oligodendrocyte immigration, overall acti-
vation of the NLRP3 inflammasome was also noticed in
these animal models [32, 33]. Increased formation of IL-1β
and IL-18 was reported in the neonatal hypoxic-ischemic
injury [34]. In this current study, we reported that after
LPS injection, the activation of caspase-1 inflammasome
increased in the microglia which is responsible for the
expansion of white matter lesion and myelin reduction.
Thus, treating WMI by manipulating the cleavage and acti-
vation of caspase-1 deserves to be considered.

In recent decades, various miRNAs were reported to par-
ticipate in different stages of brain development as well as
injury pathogenesis. As a major part of the white matter,
the development and damage of oligodendrocytes appear
to be regulated by miR-219 [35]. miR-338 and miR-138 are
the other key regulators of oligodendrocytes especially under
hypoxia-ischemia condition [16]. An important miRNA for
microglia polarization and activation is miR-124-3p; overex-
pression of miR-214-3p induces a quiescent state of microglia
by targeting the CEBPα/PU.1 signal [36]. miR-155 and miR-
27a were reported to regulate the inflammation states and
nitric oxide production of microglia [37, 38]. Here, our data
demonstrated that through binding to NEK7, miR-214-3p
regulates caspase-1 inflammasome activation and microglial
pyroptosis induction. Further studies will be necessary to eval-
uate the potential of miR-214-3p as a therapeutic target for
WMI patients.
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