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Microglial lnc-U90926 facilitates
neutrophil infiltration in ischemic stroke
via MDH2/CXCL2 axis
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Dysregulated long non-coding RNAs (lncRNAs) have been
shown to contribute to the pathogenesis of ischemic stroke.
However, the potential role of lncRNAs in post-stroke micro-
glial activation remains largely unknown. Here, we uncovered
that lncRNA-U90926 was significantly increased in microglia
exposed to ischemia/reperfusion both in vivo and in vitro. In
addition, adenovirus-associated virus (AAV)-mediated micro-
glial U90926 silencing alleviated neurological deficits and
reduced infarct volume in experimental stroke mice. Microglial
U90926 knockdown could reduce the infiltration of neutro-
phils into ischemic lesion site, which might be attributed to
the downregulation of C-X-C motif ligand 2 (CXCL2). Mecha-
nistically, U90926 directly bound to malate dehydrogenase 2
(MDH2) and competitively inhibited the binding of MDH2
to the CXCL2 30 untranslated region (UTR), thus protecting
against MDH2-mediated decay of CXCL2 mRNA. Taken
together, our study demonstrated that microglial U90926
aggravated ischemic brain injury via facilitating neutrophil
infiltration, suggesting that U90926 might be a potential
biomarker and therapeutic target for ischemic stroke.

INTRODUCTION
Microglia are the dominant immune cells within the central nervous
system (CNS), acting as guardians of the brain, and are found to be
the sentinels thatfirst respond to various acute brain injuries, including
acute ischemic stroke (AIS).1,2 After ischemic stroke, microglia imme-
diately migrate toward the lesion site and exacerbate tissue injury via
releasing pro-inflammatory cytokines.1,3 In addition, following in-
flammatory cytokines and chemokines releasedby the post-stroke acti-
vated microglia, peripheral immune cells, such as neutrophils, T cells,
and natural killer (NK) cells, are recruited into the ischemic hemi-
sphere and exert elaborate functions.4–6Among the infiltrated immune
cells, neutrophil is widely reported to play an important role in deter-
mining the outcome of ischemic stroke as a double-edged sword. In the
acute phase of post-stroke inflammation, neutrophils are immediately
recruited into the ischemic lesion site and exacerbate ischemic injury
via damaging neural cells and the integrity of the blood-brain barrier
(BBB).7,8However, similar tomicroglia, in the late phase of post-stroke
inflammation, neutrophils can also contribute to tissue repair and re-
modeling via removing necrotic tissue and cellular debris, producing
growth factors andproangiogenic factors.8,9 Because of the detrimental
role of microglia and neutrophils in the acute stage of ischemic stroke,
manipulating microglial activation and neutrophil infiltration might
provide new therapeutic interventions for acute ischemic stroke.10–12

Infiltration of neutrophils into the ischemic area initiates only 30 min
post-stroke, peaks at 24–48 h, and thereafter declines.13,14 The migra-
tion of neutrophils is a complicated process dependent on abundant
molecules and chemokines, during which microglia are widely re-
ported to play an important role because of the chemokines recruiting
neutrophils released by microglia, such as CXCL1 and CXCL2,15,16

although these chemokines could also be released by other cell types,
including endothelial cells, fibroblasts, monocytes, and macro-
phages.17,18 Thus, microglia hold potential to be a prime therapeutic
target for modulating post-stroke neuroinflammation.

Long non-coding RNAs (lncRNAs) are a set of transcripts that are
longer than 200 bp and rarely encode functional short peptides.19,20

lncRNA expression profiles are found to be significantly altered in
the serum and brain of stroke patients and mice.21 Moreover,
lncRNAs have been proven tomodulate post-stroke microglial activa-
tion.21 lncRNA H19 promotes post-stroke neuroinflammation via
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Figure 1. Upregulation of U90926 in microglia after ischemic stroke

(A) U90926 expression level in the ischemic penumbra of tMCAO mice was detected via quantitative real-time PCR. n = 5 mice per group. ***p < 0.001 versus the sham

group, one-way ANOVA with Bonferroni post hoc test. (B) U90926 expression level in the serum of tMCAOmice was detected via quantitative real-time PCR. n = 6 mice per

group. ***p < 0.001 versus the sham group, one-way ANOVAwith Bonferroni post hoc test. (C) U90926 expression levels in different organs (brain, heart, liver, kidney, lung) of

tMCAO mice were detected via quantitative real-time PCR. n = 6 mice per group. ***p < 0.001 versus the brain group, one-way ANOVA with Bonferroni post hoc test. (D)

Microglia were isolated from the ischemic hemispheres via FACS, and the U90926 level wasmeasured via quantitative real-time PCR. One dot represents 2mice, n = 12mice

per group. ***p < 0.001 versus the sham group, one-way ANOVA with Bonferroni post hoc test. (E) The localization of U90926 in primary microglia was examined by FISH

assay. Scale bar: 20 mm. Data are presented as mean ± SEM; p values are reported in Table S1.
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driving histone deacetylase 1-dependent M1 microglial polariza-
tion.22 Our previous study also uncovered that lncRNA
1810034E14Rik reduces post-strokemicroglial activation.23 However,
bulk tissue, rather than isolated microglia, was used in most studies;
thus, the specific role of lncRNAs in post-stroke microglial activation
needs further investigation. Our previous microarray analysis re-
vealed that lncRNA U90926 was significantly induced in microglia
in inflammatory status,23 while the role of U90926 in post-stroke mi-
croglial activation has not been investigated. In this study, we aimed
to investigate the role of U90926 in post-stroke microglial activation
and in the pathogenesis of ischemic stroke, thus to reveal whether
U90926 could be envisioned as a potential biomarker and therapeutic
target for ischemic stroke.

RESULTS
U90926 is induced in microglia after experimental stroke

Since U90926 was significantly upregulated in LPS-activated micro-
glia,23 we first examined the level of U90926 in ischemic brain tissue
and found that U90926 was significantly elevated in the penumbra of
ischemic brain after 24 h of reperfusion and returned to its baseline
2874 Molecular Therapy Vol. 29 No 9 September 2021
after the third day (Figure 1A). Interestingly, the level of U90926 in
the serum of transient middle cerebral artery occlusion (tMCAO)
mice showed a similar expression pattern (Figure 1B). In addition
to the brain, the expression levels of U90926 in other organs were
also detected. U90926 was most highly expressed in the brain
compared with other tissues, such as the heart, liver, kidney, and
lung (Figure 1C). To further explore the expression of U90926 in
post-stroke microglia in vivo specifically, we isolated microglia
(CD45intCD11b+) from the infarct hemisphere and found that
U90926 was markedly increased in post-stroke microglia, especially
at the first day, which was consistent with the expression pattern of
U90926 in the ischemic brain and serum of tMCAOmice (Figure 1D).
Furthermore, the U90926 level in neural cells (neuron, microglia, and
astrocyte) exposed to oxygen and glucose deprivation-reperfusion
(OGD-R) treatment was detected via quantitative real-time PCR,
and our results demonstrated that U90926 was most significantly up-
regulated in microglia (Figure S1). Consistently, fluorescence in situ
hybridization (FISH) assay showed that U90926 was significantly
induced in microglia and was mainly distributed in the cytoplasm af-
ter OGD-R treatment (Figure 1E). Collectively, our results revealed



Figure 2. Microglial U90926 silencing alleviates ischemic brain injury

(A) Flowchart illustrated AAV microinjection and experimental design. (B) Distribution of U90926 shRNA-GFP AAV in the cortex 3 weeks after microinjection. Green: U90926

shRNA AAV-infected GFP-positive cells. Red: the microglia marker Iba-1. Blue: nuclei stained with DAPI. Scale bar: 25 mm. (C) The knockdown efficiency of the U90926

shRNA-GFP AAV was determined through detecting the U90926 level in microglia isolated from the ischemic hemisphere via quantitative real-time PCR. n = 9 mice per

group. ***p < 0.001, unpaired Student’s t test. (D and E) Regional cerebral blood flow (CBF) of the control and U90926 silencing group of mice was detected. n = 6 mice per

group. n.s., no significance (p > 0.05), unpaired Student’s t test. (F–H). Three weeks after AAV microinjection, tMCAO was induced. mNSS (F), grip strength (G), and the

rotarod test (H) were applied to evaluate the functional outcomes of both groups of tMCAOmice. n = 12mice per group. *p < 0.05, **p < 0.01, unpaired Student’s t test. (I and

J) TTC staining (I) was applied to determine the infarct volume and quantified (J). n = 6 mice in the sh-Con group and n = 5 mice in the sh-U90926 group. *p < 0.05, unpaired

Student’s t test. Data are presented as mean ± SEM; p values are reported in Table S1.
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that U90926 was significantly induced in microglia after experimental
stroke.

Microglial U90926 knockdown alleviates ischemic brain injury in

tMCAO mice

To further investigate the role of microglial U90926 in the pathogen-
esis of ischemic stroke, mice were microinjected with the microglia-
specific U90926 short hairpin RNA (shRNA)-GFP adenovirus-asso-
ciated virus (AAV) (AAV-F4/80-shRNA-U90926) or control
shRNA-GFP AAV (AAV-F4/80-shRNA-Con) into the right cortex
(Figure 2A). The transfection efficiency of the GFP-tagged AAV
was determined, and GFP was mainly detected in microglia in the
cortex of mice (Figure 2B). In addition, the mRNA level of U90926
was significantly reduced in microglia isolated from the infarct hemi-
sphere of the AAV-F4/80-shRNA-U90926-injected mice (Figure 2C).
The regional cerebral blood flow (CBF) was not altered during the
stroke course after microglial U90926 knockdown (Figures 2D and
2E). To explore the effect of microglial U90926 on ischemic brain
injury, the neurological function was assessed. Compared with the
control group, microglial U90926 silencing was found to improve
Molecular Therapy Vol. 29 No 9 September 2021 2875
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the behavioral performance of tMCAO mice, as indicated by a rela-
tively lower modified neurological severity score (mNSS) (Figure 2F),
an enhanced grip strength (Figure 2G), and an increased latency to
drop from the rod in the rotarod test (Figure 2H). In addition, mice
in the microglial U90926 silencing group showed reduced lesion
size compared with the control group via 2,3,5-triphe-nyltetrazolium
chloride (TTC) staining (Figures 2I and 2J). To summarize, these re-
sults revealed that microglia-selective U90926 knockdown mitigated
ischemic brain injury in tMCAO mice.

Microglial U90926 facilitates neutrophil infiltration in

experimental stroke

Next, we explored the impact of U90926 on microglial biological
functions, including inflammatory phenotype, migration, phagocy-
tosis, and chemotaxis.1,23 To explore the effects of U90926 on micro-
glial functions in vitro, the shRNA-U90926 lentivirus was used to
knock downU90926 (Figure S2A). The cell viability of microglia chal-
lenged with OGD-R was found to remain unchanged after U90926
knockdown via CCK-8 assay (Figure S2B). In addition, flow cytome-
try analysis illustrated that U90926 inhibition did not change the pro-
(CD86) or anti- (CD206) inflammatory phenotype of microglia
exposed to hypoxia (Figures S2C and S2D). Consistently, the produc-
tion of inflammatory cytokines was also found to remain unchanged
after U90926 silencing via quantitative real-time PCR (Figure S2E).
Then, the migration ability of microglia was detected via scratch tests,
and we found that U90926 did not affect the migration ability of mi-
croglia exposed to hypoxia (Figures S2F and S2G). To examine the
effects of U90926 on phagocytic ability of microglia, 5 mm red fluores-
cence microspheres (107/mL) were added to the medium of microglia
after OGD-R treatment and detected 1 h later via flow cytometry, and
our results demonstrated that the microglial phagocytosis was not
significantly altered after U90926 knockdown (Figures S2H and
S2I). These data suggested that U90926 did not affect the cell viability,
inflammatory phenotype, migration, and phagocytosis of microglia
exposed to hypoxia.

To further explore the effects of U90926 on microglial chemotaxis,
the accumulation of immune cells, including microglia, B cells,
CD4+/CD8+ T cells, and neutrophils, in ischemic brain were assessed
via flow cytometry. The numbers of microglia, B cells, and CD4+/
CD8+ T cells in the ischemic hemisphere of tMCAO mice were com-
parable between the control group and the microglial U90926
silencing group, while mice with microglial U90926 silencing
showed a significant reduction of neutrophil infiltration (Figures
3A and 3B). Immunofluorescence staining further validated that mi-
croglial U90926 silencing induced a significant decrease of Ly6G+

cells in the peri-infarct area (Figures 3C and 3D). Furthermore,
quantitative real-time PCR was performed to assess the neutro-
phil-related inflammatory cytokines in the ischemic hemisphere,
and mice with microglial U90926 knockdown showed significantly
reduced neutrophil-related inflammatory cytokines, including
MPO and MMP3 (Figure 3E). To assess the effects of microglial
U90926 on neutrophil recruitment in experimental stroke in vitro,
we constructed an in vitro model of trans-endothelial neutrophil
2876 Molecular Therapy Vol. 29 No 9 September 2021
migration (Figure 3F). More than 90% of the cells obtained using
our neutrophil isolation protocol were proven to be neutrophils,
which were identified by Ly6G labeling using flow cytometry (Fig-
ure S3). Fluorescein isothiocyanate (FITC)-labeled dextran leakage
and trans-endothelial electrical resistance (TEER) in the Transwell
system remained unchanged upon microglial U90926 silencing,
indicating that microglial U90926 did not affect the BBB integrity
(Figures 3G and 3H). However, it was demonstrated that fewer
neutrophils transmigrated into the lower chamber after U90926
knockdown, which was consistent with the in vivo results (Figure 3I).
Altogether, our results showed that U90926 silencing blocked micro-
glia-induced neutrophil recruitment in experimental stroke, which
might partly account for the microglial U90926-silencing-induced
protective effects.

Microglial U90926 silencing fails to exert extra protective effects

in neutrophil-depleted tMCAO mice

To further address our hypothesis that microglial U90926 aggravated
ischemic brain injury via promoting neutrophil infiltration, the mice
were intraperitoneally injected with anti-Ly6G antibodies (125 mg per
mouse) 24 h before tMCAO to deplete neutrophils (Figure 4A). The
depletion efficiency was validated via flow cytometry, and neutrophil
proportion in the blood of mice was significantly reduced after
administration of anti-Ly6G antibody (Figure 4B). Compared with
the control group, the ischemic brain injury was significantly allevi-
ated in the neutrophil-depleted mice, with reduced infarct size (Fig-
ures 4C and 4D), lower mNSS (Figure 4E), and enhanced grip
strength (Figure 4F). However, microglial U90926 knockdown failed
to exert extra protective effects in neutrophil-depleted tMCAO mice
(Figures 4C–4F). Overall, these results demonstrated that neutrophil
was a key factor that mediated the detrimental effects of microglial
U90926 in ischemic stroke.

U90926 silencing decreases neutrophil chemoattractant C-X-C

motif ligands

To identify the potential chemokines involved in microglial U90926-
induced infiltration of neutrophils, we performed a mRNA microar-
ray to identify the differentially expressed mRNAs in LPS-stimulated
microglia with or without U90926 knockdown. As shown in the vol-
cano and scatterplots, CXCLs, including CXCL1, CXCL2, and
CXCL10, were found to be downregulated in the activated microglia
with U90926 silencing (Figures 5A and 5B). We also detected the
mRNA levels of the three CXCLs in the ischemic hemisphere after
microglial U90926 silencing via quantitative real-time PCR and
found that CXCL1 and CXCL2 were reduced after U90926 silencing
and that CXCL2 was the most significantly downregulated (Fig-
ure 5C). The in vitro results also showed that U90926 silencing
reduced the CXCL2 mRNA level in microglia exposed to hypoxia
(Figure 5D). In addition, CXCL2 mRNA level in the penumbra of
ischemic brain was significantly upregulated at 24 h after ischemia
and displayed a similar expression pattern as U90926 (Figure 5E).
Overall, our finding demonstrated that CXCL2 might contribute
to microglial U90926-induced neutrophil infiltration in experi-
mental stroke.



Figure 3. Microglial U90926 silencing reduces neutrophil infiltration

(A) Gating strategy for resident microglia and infiltrating immune cells isolated from the brain after tMCAO. (B) Counts of microglia, B cells, CD4+ T cells, CD8+ T cells, and

neutrophils in brains of the control and U90926 silencing group of tMCAO mice. n = 6 mice per group, **p < 0.01, unpaired Student’s t test. (C and D) Immunofluorescence

staining of neutrophils in the peri-infarct areas of the control and U90926 silencing group of tMCAO mice (C) and quantified (D). Scale bar: 50 mm. n = 5 mice per group, *p <

0.05, unpaired Student’s t test. (E) The level of neutrophil-related inflammatory cytokines, including MPO and MMP3, was detected via quantitative real-time PCR. n = 5mice

per group. **p < 0.01, ***p < 0.001, unpaired Student’s t test. (F) An in vitro constructed model of trans-endothelial neutrophil migration. (G) Dextran leakage was detected by

a microplate reader, with the dextran leakage in the sh-Con group without OGD-R treatment normalized to 1. n = 3 per group. n.s., no significance (p > 0.05), unpaired

Student’s t test. (H) Mean TEER values were measured using a voltohmmeter. n = 4 per group. n.s., no significance (p > 0.05), unpaired Student’s t test. (I) Neutrophil

migration was measured by FCM. n = 5 per group. *p < 0.05, unpaired Student’s t test. Data are presented as mean ± SEM; p values are reported in Table S1.
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U90926 protects CXCL2 mRNA from MDH2-mediated

degradation

Since U90926 wasmainly distributed in cytoplasm, we speculated that
U90926 might induce CXCL2 expression by increasing the CXCL2
mRNA stability. The decay rate of CXCL2 mRNA was considerably
increased in LPS-activated BV2 cells treated with actinomycin D
(ActD) after U90926 silencing, indicating that U90926 promoted
the stabilization of CXCL2 mRNA (Figure 6A). To identify the pro-
tein-binding partners of U90926, RNA pull-down followed by liquid
chromatography-tandem mass spectrometry (LC-MS/MS) was per-
formed. As shown in Figures 6B and 6C, MDH2, an identified RNA
binding protein promoting the degradation of sodium channel protein
Molecular Therapy Vol. 29 No 9 September 2021 2877
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Figure 4. U90926 silencing exerts no extra

protection effects on the neutrophil-depleted

tMCAO mice

(A) Flowchart illustrated neutrophil depletion and experi-

mental design. (B) Percentage of neutrophils in total white

blood cells (WBCs) in the control and anti-Ly6G-antibody-

administered tMCAO mice was determined by flow cy-

tometry. (C and D) TTC staining (C) was applied to

determine the infarct volume and quantified (D). n = 6mice

per group. *p < 0.05. n.s., no significance (p > 0.05), one-

way ANOVA with Bonferroni post hoc test. (E and F)

mNSS (E) and grip strength (F) were applied to evaluate

the functional outcomes of the three groups of tMCAO

mice. n = 6mice per group. *p < 0.05. n.s., no significance

(p > 0.05), one-way ANOVAwith Bonferroni post hoc test.

Data are presented asmean ± SEM; p values are reported

in Table S1.
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type 1 subunit alpha (SCN1A) mRNA in seizures,24 was pulled down
in the LPS-treated BV2 cells. RNA-binding protein immunoprecipita-
tion (RIP) assay validated the direct binding of U90926 to MDH2 in
LPS-activated BV2 cells (Figure 6D). In addition, RNA pull-down
assay revealed that LPS stimulation significantly enhanced the binding
of U90926 to MDH2 in primary microglia (Figure 6E), which was
confirmed by FISH and immunofluorescence staining (Figure 6F).

Given the interaction between U90926 and MDH2, we hypothesized
that U90926might enhance the stability of CXCL2mRNA via seques-
tering MDH2, thereby inhibiting its binding to and degrading of
CXCL2 transcripts. First, we examined the effect of MDH2 on
CXCL2 expression. MDH2 overexpression induced a significant
reduction of CXCL2 mRNA levels in LPS-treated BV2 cells (Fig-
ure 6G), and the decay rate of CXCL2 mRNA was markedly acceler-
ated in MDH2-overexpressing BV2 cells (Figure 6H), indicating that
MDH2 could destabilize CXCL2 mRNA. We further tested whether
U90926 interfered with the binding of MDH2 to CXCL2 mRNA.
Interestingly, U90926 was found to reduce the direct binding between
MDH2 and CXCL2 mRNA, as the enrichment of CXCL2 mRNA in
the MDH2-bound RNA was significantly increased after U90926
silencing (Figure 6I). RNA binding proteins were reported to directly
bind to the 30 UTR of their downstream transcripts.25 Here, we tested
whether MDH2 might bind to the CXCL2 30 UTR and promote its
degradation. Luciferase reporter assay demonstrated that U90926
overexpression could rescue the reduction of relative luciferase activ-
ity of CXCL2 30 UTR induced by MDH2 overexpression (Figure 6J).
To further determine whether the effect of U90926 on CXCL2 was
MDH2 dependent, BV2 cells with MDH2 knockdown were gener-
ated, and our results demonstrated that MDH2 knockdown induced
a significant increase of CXCL2 in LPS-activated BV2 cells. In addi-
tion, U90926 silencing reversed the upregulation of CXCL2 induced
by LPS stimulation, while U90926 silencing exerted no extra effects
on the CXCL2 level in MDH2 knockdown BV2 cells, indicating
that the modulation of CXCL2 by U90926 was MDH2 dependent
2878 Molecular Therapy Vol. 29 No 9 September 2021
(Figure 6K). Overall, our results indicated that U90926 disrupted
the binding between MDH2 and CXCL2 mRNA via interacting
with MDH2, thus protecting CXCL2 mRNA from MDH2-mediated
degradation.

DISCUSSION
In the present study, we showed that U90926 was induced in post-
stroke microglia, and microglial U90926 aggravated ischemic brain
injury via facilitating neutrophil infiltration. Mechanistically, we
found that U90926 directly bound to MDH2 and interfered with
the binding between MDH2 and CXCL2 mRNA, thus protecting
CXCL2 mRNA from MDH2-mediated degradation (Figure 7).
Thus, our work indicated that U90926 might serve as a potential
biomarker and therapeutic target for ischemic stroke.

Stroke triggers a robust inflammatory response, which is integral to
the whole process of stroke pathogenesis and serves as a prime target
for the development of new stroke therapies.26,27 Microglia, the most
important CNS resident immune cell type, are immediately activated
to release inflammatory cytokines and chemokines, which aggravates
the outcome of stroke.28 Therefore, exploring the mechanisms under-
lying post-stroke microglial activation might provide an avenue for
finding attractive therapeutic targets for stroke. Increasing evidence
has demonstrated that lncRNAs participate in the modulation of mi-
croglial activation in ischemic stroke.22,29 Our previous study demon-
strated that lncRNA-1810034E14Rik reduces post-stroke microglial
activation.23 However, when conducting in vivo studies, bulk tissue
was used in most previous studies, which might not precisely repre-
sent the characteristics of microglia. In this study, we found that
lncRNA-U90926 was most significantly increased in microglia
compared with other neural cells (neurons and astrocytes) when
exposed to hypoxia in vitro. In addition, microglia were isolated
from tMCAO mice using fluorescence-activated cell sorting (FACS)
to specifically investigate the expression pattern of U90926 in post-
stroke microglia in vivo. Our data demonstrated that U90926 was



Figure 5. U90926 silencing decreases neutrophil

chemoattractant C-X-C motif ligands

(A) Volcano plots displaying variations in mRNA expres-

sion in LPS-stimulated primary microglia between the

control and U90926 silencing group. n = 3 per group. (B)

A scatterplot assessing the significance of the differen-

tially expressedmRNAs. n = 3 per group. (C) CXCLmRNA

levels in the cortex of tMCAOmice both in the control and

U90926 silencing group were detected via quantitative

real-time PCR. n = 5 mice per group. **p < 0.01, unpaired

Student’s t test. (D) CXCL2 expression level in primary

microglia exposed to OGD-R treatment was detected via

quantitative real-time PCR both in the control and

U90926 silencing group and quantified normalized to

b-actin. n = 4 per group. **p < 0.01, unpaired Student’s t

test. (E) CXCL2 expression level in the tMCAO mice at

various time points was detected via quantitative real-

time PCR. n = 5 mice per group. ***p < 0.001 versus the

sham group, one-way ANOVA with Bonferroni post hoc

test. Data are presented as mean ± SEM; p values are

reported in Table S1.
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significantly increased in microglia in the ischemic hemispheres of
tMCAO mice. Furthermore, the effect of microglial U90926 on the
outcome of ischemic stroke was explored using the microglia-specific
U90926 shRNA-GFP AAV (AAV-F4/80-shRNA-U90926). Our re-
sults demonstrated that microglial U90926 silencing could alleviate
neurobehavioral deficits and reduce infarct size in tMCAOmice, indi-
cating that U90926 might be a potential target for modulation of mi-
croglial activation and ischemic stroke treatment.

In addition to the microglia-associated neuroinflammation, leuko-
cytes infiltrating into the ischemic brain following microglial activa-
tion initiate a robust inflammation response,30,31 which further aggra-
vates the acute ischemic injury. Among the recruited leukocytes,
neutrophil infiltration is proven to aggravate ischemic brain injury
in bothmice andpatients, as infiltrating neutrophils induced increased
infarction size and BBB disruption and increased neurological scores
in the acute phase of ischemic stroke.32,33 Interestingly, the infiltration
and accumulation of neutrophils in the ischemic lesion is credibly
affected by microglial activities, which might further facilitate micro-
glia to be a prime therapeutic target for stroke.32 Otxoa-de-Amezaga
et al.34 reported that reactive microglia engulfed neutrophils at the pe-
riphery of the ischemic lesion, whereas local microglial cell loss and
dystrophy occurring in the ischemic core were associated with the
accumulation of neutrophils. Similarly, Neumann et al.35 reported
that brain-resident microglia formed cytoplasmic processes to trap
infiltrating neutrophils. However, in addition to trapping and engulf-
ing neutrophils, microglia directly participated in the recruitment of
neutrophils. Li et al.2 reported that upregulation of ZEB1 in microglia
inhibited the production of astrocytic CXCL1 and thus led to a decline
Molecula
of neutrophil infiltration into the brain in exper-
imental stroke.However, the specific interaction
between microglia and neutrophils and the un-
derlying mechanisms in ischemic stroke remain poorly understood.
In our study, using flow cytometry and immunofluorescence staining
assays, we found that microglial U90926 silencing significantly in-
hibited the recruitment of neutrophils into the ischemic brain of
tMCAO mice, which was further validated using an in vitro model
of trans-endothelial neutrophil migration. Moreover, we found that
microglial U90926 silencing failed to exert extra protective effects in
neutrophil-depleted tMCAO mice, which further validated our
finding that U90926 aggravated ischemic brain injury via promoting
neutrophil infiltration in experimental stroke. Overall, we illustrated
that microglia could directly affect the recruitment of neutrophils.
In detail, we revealed that microglial U90926 facilitated microglia-
induced neutrophil infiltration, indicating that U90926might be a po-
tential target for modulating post-stroke neuroinflammation.

U90926was first reported by a genome exploration research group as a
lncRNA.36 Chen et al.37 reported that U90926 was predominantly ex-
pressed in adipose in normal mice and attenuated 3T3-L1 adipocyte
differentiation via inhibiting peroxisome proliferator-activated recep-
tor g2 (PPARg2) or PPARg. Interestingly, our study demonstrated
thatU90926wasmainly clustered inmicroglia in strokemice and facil-
itated neutrophil infiltration. Recent studies revealed that lncRNA
could bind to RNA-binding protein (RBP) and protect RBP-mediated
degradation of their target genes.25,38 Here, we found that U90926
directly bound toMDH2, ametabolic enzyme, to participate in the cit-
ric acid cycle via catalyzing the conversion of malate to oxaloacetate.39

Mutations in MDH2 cause early-onset encephalopathy,39 and MDH2
was also reported to act as an identified RNA-binding protein facili-
tating the degradation of SCN1A mRNA via binding to the conserved
r Therapy Vol. 29 No 9 September 2021 2879
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Figure 6. U90926 protects CXCL2 mRNA from MDH2-mediated degradation

(A) The mRNA level of CXCL2 in LPS-stimulated BV2 cells was detected by quantitative real-time PCR after 30 min and 60 min treatment with ActD both in the control group

and U90926 silencing group. The relative CXCL2mRNA level (CXCL2/b-actin) in the BV2 cells before treatment was normalized as 100%. n = 3 per group. *p < 0.05, unpaired

Student’s t test. (B and C) BV2 cell were treated with LPS (100 ng/mL) for 3 h, the whole lysates were mixed with U90926 probe (containing biotin) binding protein beads, and

the eluted protein was subjected to SDS/PAGE. (B) The gel of the complex was stained by Coomassie brilliant blue (CBB) after SDS/PAGE, and the different expressed

compartment was analyzed by LC-MS/MS. MDH2 was identified in the RBPs pulled down using U90926-specific probe in the LPS-stimulated BV2 cells (C). (D) MDH2

protein in BV2 cells treated with LPS for 3 h was immunoprecipitated with anti-MDH2-coated protein A/Gmagnetic beads, and the MDH2-bound U90926 level was analyzed

via quantitative real-time PCR. n = 4 per group. **p < 0.01, unpaired Student’s t test. (E) Biotin-labeled U90926 probe was incubated with lysates of LPS-stimulated BV2 cells,

and the MDH2 protein was detected by immunoblot analysis. (F) Co-localization of U90926 and MDH2 detected by FISH and immunofluorescence staining, respectively.

Scale bar: 10 mm. (G) CXCL2 mRNA level in the LPS-stimulated BV2 cells was detected via quantitative real-time PCR both in the control and MDH2-overexpression groups

and quantified normalized to b-actin. n = 4 per group. **p < 0.01, unpaired Student’s t test. (H) The CXCL2 mRNA stability in BV2 cells both in the control and MDH2-

overexpression group was detected as (A) demonstrated. n = 3 per group. *p < 0.05, **p < 0.01, unpaired Student’s t test. (I). MDH2 protein-bound CXCL2mRNA level both

in the control and U90926 silencing group was detected via quantitative real-time PCR. n = 3 per group. *p < 0.05, **p < 0.01, ***p < 0.001, unpaired Student’s t test. (J)

HEK293T cells were transfected with U90926/MDH2 plasmid, and 24 h later the cells were transfected with the pGL3-luciferase vector encoding the full length of CXCL2 30

UTR. The relative luciferase activity was determined at 48 h post transfection. n = 3 per group. *p < 0.05, **p < 0.01, one-way ANOVAwith Bonferroni post hoc test. (K) CXCL2

mRNA in BV2 cells with various kinds of treatments was detected with quantitative real-time PCR and quantified normalized to b-actin. n = 3 per group. *p < 0.05, **p < 0.01,

***p < 0.001, one-way ANOVA with Bonferroni post hoc test. Data are presented as mean ± SEM; p values are reported in Table S1.
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regions of 30 UTRunder seizure conditions.24 Interestingly, our results
demonstrated that MDH2 bound to CXCL2 mRNA and promoted its
degradation, while the binding between U90926 and MDH2 blocked
2880 Molecular Therapy Vol. 29 No 9 September 2021
the binding of MDH2 to CXCL2 mRNA, thus inducing an upregula-
tion of CXCL2 following ischemic stroke. CXCL2 was a kind of widely
studied chemokinewith strong neutrophil chemoattractant activity via



Figure 7. Schematic diagram of the proposed

mechanisms underlying the role of microglial lnc-

U90926 in ischemic stroke
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CXCR2,40 which we found in this study might be a key mediator un-
derlying the action ofmicroglial U90926 in facilitating neutrophil infil-
tration in ischemic stroke. However, CXCL2 is also produced by
several kinds of other immune cells;41 whether U90926 modulates
the production of CXLC2 of those cells needs our further exploration.
In addition, the binding domain or surface structure of U90926 and
MDH2 also merits our further investigation.

In summary, we showed that lnc-U90926 was significantly induced in
microglia in ischemic stroke, and microglial U90926 silencing could
alleviate ischemic brain injury. Furthermore, microglial U90926
directly bound toMDH2and competitively reduced theMDH2-medi-
ated degradation of CXCL2mRNA, thus promoting the infiltration of
neutrophils. Collectively, our study demonstrated that U90926 might
be a potential biomarker and therapeutic target for ischemic stroke.

MATERIALS AND METHODS
Animals

Male C57BL/6J (B6) mice were purchased from the Model Animal
Research Center of Nanjing University. All animal experiments
were performed under the guidelines of the Animal Use and Care
Committees at Nanjing University. All efforts were spared to alleviate
the suffering of mice.

tMCAO

Unilateral focal cerebral ischemia was induced in 8-week-old mice by
tMCAO using the intraluminal filament technique as previously
described.42 Briefly, after being anesthetized, a midline neck incision
was made under a dissecting microscope. Then, the right common
Molecula
carotid artery (CCA) and external carotid artery
(ECA) were isolated. A 12-mm-long 6-0 silicon-
coated monofilament suture was introduced
into a wedge-shaped incision on the ECA and
further inserted to the circle of Willis to achieve
the middle cerebral artery occlusion. After
50min of occlusion, the filament was withdrawn
to achieve reperfusion. Mice were included if the
Doppler laser reading was reduced more than
20% of baseline. Animals that died or failed to
display a CBF reduction of 20% of the baseline
were excluded from further study. Sham-treated
mice were subjected to the same procedure
without tMCAO. Mice both in the sham and
tMCAO groups were kept in an air-conditioned
room at 21�C ± 1�C with a 12 h light/dark cycle.
A final tally of 175 mice (18 sham-operated and
157 ischemic mice) were used in this study,
including 21 mice that were excluded from
further assessments either because of death (15) after ischemia or fail-
ure of ischemia induction (6). No animals died from the sham
procedure.

Primary microglial culture

Primary microglial cells were isolated and purified from 1-day-old
C57BL/6J mice as described previously.5 In brief, the cerebral cortex
of the mice was digested, followed by centrifuging and filtering to get
the glial cells. Then the cells obtained were seeded into 75 cm2

flasks
and cultured for 14 days. Microglial cells were acquired by gently
shaking the flasks and were re-plated onto indicated plates.

OGD-R

OGD-R was performed as described previously.42 In brief, the cells
were cultured in deoxygenated DMEM (Invitrogen, Carlsbad, CA,
USA) without glucose and fetal bovine serum (FBS, Invitrogen, Carls-
bad, CA, USA). Then, the plates were transferred into an incubator
with premixed gas (5% CO2 and 95% N2 without oxygen) for 4 h at
37�C, and the cells were subjected to normal medium in normal incu-
bator for 12–24 h to achieve reperfusion. Non-OGD samples were
cultured in sister plates exposed to the same treatment with the excep-
tion of the oxygen and glucose deprivation.

RNA isolation and quantitative real-time PCR

Total RNA of the cells and tissues was extracted using a TRIzol com-
mercial kit (Invitrogen, Carlsbad, CA, USA) according to the stan-
dard protocol, and RNA in the serum of mice was extracted with a
miRNeasy Serum/Plasma Kit (QIAGEN, Hilden, Germany). Then,
RNA was reverse-transcribed into cDNA with a PrimeScript RT
r Therapy Vol. 29 No 9 September 2021 2881
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Table 1. Primers sequence

U90926
forward 50-TTCTCTGACTGGGGGTCCTC-30

reverse 50-AGCTGGAAGCATGATCCGAC-30

CXCL1
forward 50-TGCACCCAAACCGAAGTCAT-30

reverse 50-CTCCGTTACTTGGGGACACC-30

CXCL2
forward 50-CCAACCACCAGGCTACAGG-30

reverse 50-GCGTCACACTCAAGCTCTG-30

CXCL10
forward 50-CCAAGTGCTGCCGTCATTTTC-30

reverse 50-GGCTCGCAGGGATGATTTCAA-30

GAPDH
forward 50-GCCAAGGCTGTGGGCAAGGT-30

reverse 50-TCTCCAGGCGGCACGTCAGA-30

b-actin
forward 50-TGAGCTGCGTTTTACACCCT-30

reverse 50-TTTGGGGGATGTTTGCTCCA-30
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reagent Kit (Vazyme Biotech, Nanjing, China). Quantitative real-time
PCR was implemented on an ABI 7500 PCR instrument (Applied
Biosystems, Carlsbad, CA, USA) with a SYBR green kit (Takara,
Carlsbad, CA, USA). Relative mRNA expression level was quantified
normalized to GAPDH or b-actin, and those quantified normalized to
b-actin were mentioned in the corresponding figure legends. The se-
quences of primers used are listed in Table 1.

Microarray processing

TheAgilent SurePrintG3MouseGEV2.0microarraywasperformedby
oebiotech of Shanghai, China. Briefly, total RNA from primary micro-
glia was transcribed to double-strand cDNA after being purified using
RNeasy Mini Kit (QIAGEN, Hilden, German). Then, the cDNA was
synthesized into cRNA to be hybridized onto themicroarray. The array
images were scanned with Agilent Scanner G2505C (Agilent Technol-
ogies, Shanghai, China). Differentially expressed genes were picked out
with the fold changeR 2.0 and adjusted p value <0.05.

FISH

FISH assay was performed according to the previous study.43 Briefly,
cells were fixed in 4% formaldehyde and then permeabilized in PBS
containing 0.5% Triton X-100. Hybridization was carried out using
a FISH kit (RiboBio, Gaungzhou, China) according to the manufac-
turer’s instructions. Hybridization buffer containing 50 nM of a
commercially available U90926-specific probe was added to the cells
and incubated at 37�C overnight. The next day, cells were rinsed
thrice with 4� SSC solution (20� SSC solution: 175.3 g NaCl and
88.2 g sodium citrate diluted in ultra-pure water, with the volume
adjusted to 1 L and pH adjusted to 7.0) with 0.1% Tween-20 for
5 min at 42�C, followed by washing once with 2� SSC solution and
once with 1� SSC solution for 5 min each at 42�C. After being stained
with 40,6-diamidino-2-phenylindole (DAPI), images were obtained
using a confocal microscope (Olympus X73, Fukasawa, Japan).

Microinjection of AAV

Mice were fixed in a stereotactic frame after being anesthetized. Then,
mice were microinjected with either the microglia-specific control
2882 Molecular Therapy Vol. 29 No 9 September 2021
shRNA-GFP AAV (AAV-F4/80-shRNA-Con) or U90926 shRNA-
GFP AAV (AAV-F4/80-shRNA-U90926) (1 mL of 1 � 1012 viral ge-
nomes/mL, Genechem Techniques, Shanghai, China) into the right
cortex at the following three microinjection coordinates: anteroposte-
rior, �0.3/0.8/1.9 mm; lateral, 3.0 mm; and ventral, �1.8 mm. The
sequence for shU90926 was: shU90926: 50-CCACTGAGCAGAA-
GAACTA-30, the control sequence was: 50-TTCTCCGAACGTGT-
CACGT-30.

Cortical CBF measurements

CBF wasmeasured in the tMCAOmice using a two-dimensional laser
speckle imaging system (Moor Instruments, UK) or laser doppler
flowmetry as previously described.44 Mice were subjected to repeated
CBF measurements at three time points: 15 min before MCAO, dur-
ing MCAO, and 15 min after the initiation of reperfusion. CBF
changes were displayed as a percentage of pre-tMCAO baseline.

Neurobehavioral examination

Neurological performance of the tMCAO mice was evaluated using
the mNSS, rotarod test, and grip strength assays as described previ-
ously.5 The mNSS was determined using a scale graded between
0 and 18, with 0 corresponding to a normal score and 18 correspond-
ing to a maximal deficit score to assess the motor, sensory, reflex, and
balance deficits of mice. Mice were placed on a rotarod rod (Nature
Gene Corporation, Beijing, China) rotating at different speeds. The
time duration for each mouse holding on the rotating stick was re-
corded (maximum time: 300 s). Grip strength was evaluated using
a Panlab machine (LE902, Bioseb, Pinellas Park, FL, USA). Neurobe-
havioral tests were evaluated by 2 experimenters blinded to our study.

Infarct volume measurement

Infarct volume was measured at 24 h after tMCAO using 0.2% (w/v)
TTC (Sigma-Aldrich, St. Louis, MO, USA). Briefly, mice were eutha-
nized and decapitated, and the brains were collected and immediately
frozen at�20�C for 5 min. Then the brains were cut into 6 1-mm sli-
ces and incubated with TTC solution for 10–30 min and then fixed in
4% paraformaldehyde (PFA) to determine the infarct volume (mainly
including infarct cortex and striatum). The infarct area mainly
included the pale gray color area representing infarct tissues and
the dark red color representing normal brain tissues. Images were ac-
quired using a digital camera and analyzed using ImageJ software.
Infarct volume was calculated by integration of the infarct areas for
the 6 slices of each brain and calculated as described previously.45

Infarct size = (contralateral area � ipsilateral non-infarct area)/
contralateral area � 100%.

Cell viability assessment

After being treated with lentivirus carrying sh-U90926 (MOI = 50,
Genechem Techniques, Shanghai, China) for 48 h, cell counting
kit-8 (CCK-8) analysis was used to measure the cell viability of pri-
mary microglia cultured in 96-well plates. In brief, 10 mL of CCK-8
solution (5 mg/mL; Sigma, St. Louis, MO, USA) was added to each
well. After being incubated at 37�C for 2 h, the absorbance at
450 nmwasmeasured using amicroplate reader (Tecan, Switzerland).
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Flow cytometry, microglia, and neutrophil isolation

Mice were transcardially perfused with 50 mL cold PBS containing 5
IU/mL heparin, and brains were isolated in 1� Hank’s balanced salt
solution (HBSS) with 25% glucose and HEPES. Single-cell suspen-
sions were obtained from the infarcted brain of tMCAO mice using
the Neural Tissue Dissociation Kit (Miltenyi Biotec, Auburn, CA,
USA) according to the manufacturer’s instructions. The total mixture
obtained was passed through a 70 mmpore filter and then stratified on
a 30%–70% Percoll gradient (GE Healthcare BioSciences, Piscataway,
NJ, USA). After centrifuging at 2,500 rpm for 20 min, cells at the
interface were collected and stained with fluorophore-labeled anti-
mouse CD45 (Invitrogen, 25-0451-82, 1:200), CD11b (Invitrogen,
53-0112-82, 1:200), Ly6G (Invitrogen, 12-9668-82, 1:200), CD19 (In-
vitrogen, 17-0193-82, 1:200), CD4 (Invitrogen, 12-0041-82, 1:200),
and CD8 (Invitrogen, 17-0081-82, 1:200). FACS (BD Biosciences,
Carlsbad, CA, USA) was used for flow cytometry analysis and to
isolate microglia (CD45intCD11b+) from the ischemic brain tissue.
Neutrophils were collected from the bone marrow of mice as
described previously.46 Bone marrow cells were flushed from the
femora and tibia of mice and treated with ACK lysis buffer to clear
red cells after centrifuging at 1,500 rpm for 5 min. After washing
with PBS, cells were stained with PE-conjugated Ly6G antibody (In-
vitrogen, 12-9668-82, 1:200), and then the cells were labeled with
magnetic anti-PE microbeads (BD Biosciences, Carlsbad, CA,
USA). Finally, the cells were separated using a MACS column and
MACS separator according to the manufacturer’s instructions.

Immunofluorescence staining

Experimental mice were anesthetized and then perfused with PBS fol-
lowed by 4% PFA to fix. The brains were quickly removed and placed
in 4% PFA. After dehydrating, brains were sectioned at the thickness
of 20 mm. Microglia were fixed in 4% PFA for 15 min at room tem-
perature. Brain tissues and cells were permeabilized with 0.25%
Triton X-100 for 20 min followed by blocking in blocking buffer
(1� PBS containing 5% bovine serum albumin and 0.1% Triton X-
100) for 90min and then incubated with indicated primary antibodies
(MDH2, Santa Cruz, sc-293474, 1:200; Iba-1, Abcam, ab48004, 1:500;
Ly6G, Abcam, ab25377, 1:200) overnight at 4�C. On the second day,
the brain tissues or the cells were incubated with secondary antibodies
(1:500, Invitrogen, Carlsbad, CA, USA) for 2 h at room temperature
in the dark. The nuclei were counterstained with DAPI (Beyotime
Biotechnology, Nanjing, China) for 15 min in the dark. Images
were obtained using a fluorescence microscope (Olympus X73, Fuka-
sawa, Japan).

Neutrophil migration model

The in vitro neutrophil migration model was constructed as described
previously with some improvements.47 Endothelial cells (Bend3) were
seed onto the underside of a Transwell. Four hours later, the Trans-
well was inverted and the endothelial cells were allowed to develop
a confluent endothelial monolayer (BBB model) for 96 h in media.
Then, the Transwell was transferred into another 12-well plate, in
which primary microglia having been transfected with sh-U90926
or sh-Con lentivirus for 48 h were cultured. Twelve hours later,
both the endothelial cells and microglia were exposed to OGD treat-
ment for 4 h. Following 24 h of reperfusion, ultrapure neutrophils
were added to the basolateral side of the Transwell and allowed
migration for 3 h.

Measurement of TEER

To evaluate the permeability of our in vitro BBB model, the TEER of
the Bend3 monolayer was measured after 12 h re-oxygenation
following OGD, with a portable endothelial voltohmmeter (EVOM,
World Precision Instruments, Sarasota, FL, USA) according to the
manufacturer’s instruction. All independent experiments were
measured in triplicate, with a blank Transwell set as a control.

FITC-dextran transendothelial permeability assay

The FITC-dextran transendothelial permeability assay was applied to
assess the integrity of the Bend3 monolayer. Briefly, after 12 h reox-
ygenation following OGD-R, 0.1 mg/mL of FITC-labeled dextran
(MW, 70,000, Sigma-Aldrich) was added to the upper compartment.
After incubation for another 20 min, 100 mL of supernatant from the
lower chamber was analyzed via a microplate reader (excitation
490 nm, emission 520 nm). All independent experiments were
measured in triplicate.

Neutrophil depletion

To construct neutrophil-depletedmice, in vivo anti-mouse Ly6G anti-
body (GeneTex, GTX00669, Irvine, CA, USA) was intraperitoneally
injected 1 day before surgery (150 mg/mouse). The neutrophil popu-
lation in the blood of mice was then monitored using FACS.

RNA stability assay

Primary microglia were stimulated with LPS (100 ng/mL) for 3 h and
then treated with ActD (1 mg/mL) to inhibit the activity of RNA po-
lymerase II. Total RNA was then obtained at indicated time points
and quantified via quantitative real-time PCR.

RNA pull-down

Biotin-labeled RNA oligonucleotides (U90926: biotin-ACAGUA-
GUUCUUCUGCUCAGUGGCG) were synthesized by GenePharma
Technologies (Shanghai, China) and mixed with streptavidin-coated
magnetic beads (MCE, HY-K0208) in 100 mL binding buffer (10 mM
HEPES [pH 7.6], 50 mM KCl, 1 mM EDTA, 0.05% Triton X-100, 5%
glycerol, 1 mM dithiothreitol, and 40 U/mL RNasin) at 37�C for 2–3
h. Then, U90926 probe-conjugated magnetic beads were added to
300 mg cell lysates of LPS (100 ng/mL)-stimulated BV2 cells in bind-
ing buffer for 2 h at 4�C. After washing 4 times, the beads were resus-
pended using 1� western blot loading buffer and prepared for the
following LS-MS/MS (mass spectrometry, oebiotech, Shanghai,
China) and western blot analysis.

RIP

RIP was conducted according to the instructions of the Magna RIP
Kit (Millipore, Boston, MA, USA). Briefly, RIP lysis buffer supplied
was used to obtain RIP lysates from BV2 cells at first. Then, 5 mg of
MDH2 (Santa Cruz, sc-293474) antibody or control rabbit IgG
Molecular Therapy Vol. 29 No 9 September 2021 2883
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(Cell Signaling Technology, #2729) was incubated with protein A/G
magnetic beads in RIP Wash Buffer for 1 h at room temperature. Af-
ter washing with RIP Wash Buffer three times, beads were added to
the acquired RIP lysates in RIP Immunoprecipitation Buffer and
incubated at 4�C overnight. On the second day, after washing 6 times,
beads were resuspended in Proteinase K Buffer and incubated at 55�C
for 30 min for protein digestion. RNA was acquired using RNA
extraction buffer (phenol:chloroform:isoamyl alcohol [125:24:1])
and analyzed by quantitative real-time PCR.

RNA interference

Lentivirus carrying U90926/MDH2 shRNA was used to knockdown
U90926 or MDH2, while gene-overexpression (U90926, MDH2)
plasmid (GenePharma Techniques, Shanghai, China) was used to
overexpress the target gene.

Dual-luciferase reporter assay

The HEK293T cells were plated at a density of 1� 105 cells per well in
a 12-well plate and transfected with empty vector or gene-overexpres-
sion (U90926, MDH2) plasmid. Twenty-four hours later, transfected
HEK293T cells were further transfected with pGL3-luciferase plasmid
encoding the CXCL2 30 UTR. The firefly and Renilla luciferase activ-
ity in the lysates were determined using the Dual Luciferase Reporter
Assay System (Promega, Madison, WI, USA) at 24 h, as described
previously.48 The Renilla luciferase gene was set as an internal control.
All experiments were conducted with three replicates.

Statistics analysis

The data were displayed as the mean ± standard error of the mean
(SEM). Statistical analysis was performed using SPSS 17.0 (SPSS, Chi-
cago, IL, USA). The difference between two groups was analyzed us-
ing unpaired Student’s t test, and the difference among multiple
groups was analyzed by one-way analysis of variance (ANOVA)
with repeated measures followed by Bonferroni post hoc test. A sta-
tistically significant difference was set at p < 0.05.

Data accessibility

The microarray data are deposited in the Gene Expression Omnibus
(GEO) database with the accession number GEO: GSE159903. All
other data are available from the corresponding author upon reason-
able request.
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