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Microglia secrete miR-146a-5p-containing
exosomes to regulate neurogenesis in depression
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Enhancing neurogenesis within the hippocampal dentate gyrus
(DG) is critical for maintaining brain development and function
in many neurological diseases. However, the neural mechanisms
underlying neurogenesis in depression remain unclear. Here, we
show that microglia transfer a microglia-enriched microRNA,
miR-146a-5p, via secreting exosomes to inhibit neurogenesis in
depression. Overexpression of miR-146a-5p in hippocampal
DG suppresses neurogenesis and spontaneous discharge of excit-
atory neurons by directly targeting Kriippel-like factor 4 (KLF4).
Downregulation of miR-146a-5p expression ameliorates adult
neurogenesis deficits in DG regions and depression-like behav-
iors in rats. Intriguingly, circular RNA ANKS1B actsasa miRNA
sequester for miR-146a-5p to mediate post-transcriptional regu-
lation of KLF4 expression. Collectively, these results indicate that
miR-146a-5p can function as a critical factor regulating neuro-
genesis under conditions of pathological processes resulting
from depression and suggest that microglial exosomes generate
new crosstalk channels between glial cells and neurons.

INTRODUCTION

Depression, one of the most common psychiatric disorders, typically
consists of symptoms involving anhedonia, pessimism, loss of appe-
tite, and insomnia.' Understandably, these symptoms seriously affect
and reduce the quality of life in these individuals. Depression is a
recurrent lifelong condition with a complicated pathogenesis.” Cur-
rent clinical antidepressant treatments have a poor prognosis, and
newly developed drugs show a high failure rate in clinical trials.”
Therefore, the identification of new targets for the treatment of
depression represents an essential area of investigation.

Results from previous studies have indicated that the pathophysiolog-
ical processes of depression are closely related to neurotransmitter
changes, an abnormal hypothalamic-pituitary-adrenal (HPA) axis
and/or inflammation.” In patients with depression, the volume of
the hippocampus was found to be significantly decreased,” an effect
often positively correlated with the duration of depression.” ” In addi-
tion, the size and density of neurons and glial cells in the dorsolateral
prefrontal cortex were also decreased in depression.'” As most antide-
pressants work by increasing neurogenesis in the adult brain,'" the
identification of novel targets for the induction of neurogenesis sug-
gest a new direction for research into therapeutic strategies for use in
the treatment of depression.
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Exosomes, which are a type of vesicle with a double membrane struc-
ture, can carry a variety of molecules, such as specific microRNAs,
DNA, mRNA, and proteins, to recipient cells.'” The capacity for trans-
port of exosomes across the blood-brain barrier enables them to play a
key role in cellular communication, neurogenesis, and synaptic plas-
ticity in the central nervous system.'™'* A diverse array of cells,
including microglia, can secrete exosomes.'” A previous study has re-
ported that microglia participate in stem cell proliferation and survival
through their release of important trophic factors and anti-inflamma-
tory cytokines.'® In addition, it has been reported that microglia can
secrete exosomes carrying miRNA that are capable of exerting an acute
impact upon adult neuroplasticity.'”'® In this way, microglia are
considered as active regulators of adult neurogenesis,'” and these mi-
croglia appear to perform this function at least by secreting exosomes
to promote inter-neuronal communication.”’ However, to the best of
our knowledge there are no reports on the impact of exosomes and
their cargo as related to the development of depression.

MicroRNAs (miRNAs) are non-coding RNAs comprised of 18-24 nu-
cleotides that regulate gene expression by directly modifying messenger
RNA (mRNA) after transcription.21 miRNAs have been shown to be
abundantly expressed in the brain, and miRNA dysfunction contributes
to neurological diseases.”>** For example, levels of miR-133b are
decreased in the midbrain of Parkinson’s disease patients.”* Further-
more, of particular relevance to the present investigation, recent evi-
dence has emerged indicating that miRNAs are important participants
in the pathogenesis of depression.” Results from clinical studies have
revealed that various miRNA alterations are present in cerebrospinal
fluid, serum, and the ventral prefrontal cortex in patients with major
depression disorder (MDD).”® Thus, clarifying the mechanisms of
miRNA regulation in the neurogenesis of depression, may provide
new therapeutic strategies for patients with depression.

In this study, we investigated the capacity for microglial transfer of
miRNA to neurons through secretion of exosomes as a possible contrib-
uting factor impacting neurogenesis in the pathology of depression.
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Figure 1. Neurogenesis is reduced in DG regions of CUMS rats

(A) Schematic diagram of experimental design. (B and C) Rats were assessed for depression-like behaviors in the sucrose preference test (SPT) (B) and forced swim test (FST)
(C) after 5 weeks of CUMS exposure. n = 23 per group. **p < 0.01 CUMS versus control. (D) Representative confocal microscopic images of immunostainings for Sox2™,
DCX*, and Nestin* cells in DG regions of the hippocampus. Scale bars, 50 um. n = 6 per group. **p < 0.01 CUMS versus control. (E) Representative post-synaptic current

(legend continued on next page)
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With use of the chronic unpredictable mild stress (CUMS)-induced rat
model of depression, we found that levels of miR-146a-5p in microglia-
derived exosomes were markedly increased in these rats. miR-146a-5p-
enriched exosomes transferred their miR-146a-5p cargo to dentate gy-
rus (DG)”” neurons of the hippocampus, resulting in an upregulation of
miR-146a-5p in DG regions and subsequent downregulation of the
miR-146a-5p neurogenesis target, Kriippel-like factor 4 (KLF4). Such
effects can exert a substantial impact on neurogenesis. In addition, we
found that circular RNA ANKSIB could function as a sequester for
miR-146a-5p to affect neurogenesis in depression.

RESULTS

Neurogenesis is reduced in the hippocampal DG of CUMS rats
We first evaluated the behavior of rats subjected to CUMS as assessed
in the sucrose preference and forced swim tests (Figure 1A). After
5 weeks of CUMS exposure, the percent of sucrose consumption in
the sucrose preference test was significantly reduced, and immobility
times in the forced swim test were significantly increased, in these
CUMS-exposed rats compared with that of the control group (Figures
1B and 1C). These results verify that this CUMS protocol effectively
induced depression-like behavior in these rats. In these CUMS rats,
we found a significant reduction of newly developed cells in the DG
region (Figure 1D). Moreover, the amplitude and frequency of spon-
taneous excitatory post-synaptic current (sEPSC) were markedly
decreased in DG neurons of hippocampal slices in depressed versus
control rats (Figures 1E-1G). These findings suggest that neurogene-
sis contributes to the pathological processes of depression.

MiR-146a-5p is upregulated in serum-derived exosomes of
CUMS rats

Exosomes were isolated from rat serum by ultracentrifugation and
precipitation separation to determine whether they may be associated
with neurogenesis in this CUMS model of depression. These vesicles
possessed a double membrane structure (Figure 2A) and a median
diameter of 91.28 nm (Figure 2B), characteristics which were sugges-
tive of exosomes. In further support of this conclusion were the find-
ings that high expressions of the exosomal marker proteins, CD63,
CD81, and Alix, were present in these vesicles. Meanwhile, poor levels
of GM130 and albumin, markers of Golgi apparatus and lipoproteins,
respectively, were detected by western blots (Figures 2C, S1, and S2).

It had been reported that miRNAs were enriched in exosomes. As a
means to identify critical miRNAs in exosomes that may be involved
with the neurogenesis related to the pathology of depression, exo-
somes were isolated from the serum of CUMS rats and subjected to
miRNA high-throughput sequencing. A heatmap showed that
various miRNAs were significantly dysregulated in samples from
CUMS versus control rats (Figures 2D and S3; and Table S1). We
then selected miRNAs with significant changes, such as miR-146a-
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5p, miR-122-5p, miR-133a-3p, miR-206-3p, miR-187-3p, and miR-
1b for further analysis by quantitative polymerase chain reaction
(qPCR) analysis. Levels of these miRNAs matched well with that of
the high-throughput sequencing data (Figure 2E). Notably, miR-
146a-5p was identified as being most closely related to signaling path-
ways regulating pluripotency of stem cells (Figure 2F). Therefore,
miR-146a-5p was selected as the focus of our current research.

In addition to serum-derived exosomes, we verified the expression of
miRNA in DG regions of the hippocampus, a key brain region for
adult neurogenesis, with use of high-throughput sequencing and
qPCR (Figure S4A). Interestingly, levels of miR-146a-5p were consis-
tent with miRNA sequencing among upregulated miRNAs (Fig-
ure S4B). In addition, the presence of miR-146a-5p in CSF showed
increased levels of expression in CUMS rats as compared with that
in the control group (Figure S4C).

After establishing that CUMS exposure altered levels of miR-146a-5p
and that miR-146a-5p was closely related with nervous system devel-
opment, we next directed our efforts to the identification of potential
targets for miR-146a-5p. A total of 27 miR-146a-5p regulated genes
were found to be significantly correlated with nervous system devel-
opment (Figure S5). One eukaryotic transcription factor, which is
expressed in neuronal stem cells (NSCs) and regulates neuronal dif-
ferentiation and migration in the brain, is that of KLF4.%® Results
from the luciferase reporter assay demonstrated that miR-146a-5p
repressed reporter activity of the transcript containing the wild-type
3’ UTR of KLF4, providing further evidence that miR-146a-5p can
directly regulate the expression of KLF4 mRNA (Figures 2G and 2H).

Exosomes transfer microglia-derived miR-146a-5p to DG
neurons and inhibit the proliferation and differentiation of NSCs
A previous study reported that miR-146a-5p is a microglia-enriched
miRNA, not present in hippocampal neurons, and expressed at much
lower extent in astrocytes.”” Thus, miR-146a-5p appeared to be shut-
tling from glia-to-neuron through exosomes. PCR results confirmed
that miR-146a-5p is present in cultured microglia and exosomes
thereof, more abundantly under stimulation of LPS. Conversely,
miR-146a-5p was undetectable in cultured hippocampal neurons,
as well as expressed much lower in astrocytes than that in microglia
(Figure S6). More important, there was a dramatic increase of miR-
146a-5p in exosomes secreted by BV2 cells that were treated with
LPS (Figure 3A). Furthermore, we have sorted and collected micro-
glial, neuronal, and astroglial cells individually from dissociated brain
tissue by flow cytometry and verified that miR-146a-5p is highly en-
riched in the microglia (Figure S7).

Considering that CD13 expression is an important feature of micro-
glial exosomes, we wanted to determine whether CD13 levels are

(sEPSC) from whole-cell recordings of spontaneous excitatory activity of DG neurons in control and CUMS rats. (F-G) Cumulative fraction plots of sSEPSC amplitudes (F) and
frequencies (G) of DG neurons in control and CUMS rats. n = 18 neurons from 7 control rats and n = 16 neurons from 6 CUMS rats. ***p < 0.001 CUMS versus control. Data
represent means + SEM. Student’s t tests for comparisons between the two groups (B-D, F, and G).
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changed on the surface of these exosomes in response to depression.
We found that substantial increases in CD13 levels were present on
the surface of serum-derived exosomes in the CUMS versus control
groups of rats, In addition, increased expression levels of other micro-
glial-exosome markers, such as MCT-1, CD14, IL-18, TMEM119,
and CD11b, indicates that the exosomes we collected from serum
are mainly of microglial origin (Figure 3B). Next, we further used
CSFIR inhibitor (PLX3397) to eliminate microglial cells of rats. As
expected, treatment with PLX3397 caused a significant decrease in
expression of miR-146a-5p in serum-derived exosomes and DG tis-
sues, confirming that exosomes in serum of CUMS rats were mainly
derived from microglia, which may enrich miR-146a-5p (Figure S8).
As microglia can transfer functional molecules to neurons via
secreted exosomes,”’ we next labeled serum-derived exosomes with
KH67 (Figure S9A). The presence of green fluorescence-positive
labels observed in these DG neurons (Figures 3C and S9B) suggested
that the vesicles can be taken up by cells. These results suggested that
it is possible that miR-146a-5p may be delivered to neurons to affect
the proliferation and differentiation of NSCs.

To investigate whether exosomes transfer miR-146a-5p to neurons to
affect neurogenesis, the effect of microglia-derived exosomes contain-
ing miR-146a-on neuronal proliferation and migration were then
investigated in vitro in cultured NSCs (Figure S10A). As shown in Fig-
ures 3D-3F, the exosomes derived from BV-2 cells which were treated
with LPS significantly reduced neuronal proliferation and migration
of NSCs when co-culture with these NSCs. Conversely, when BV-2
cells were pretreated with GW4869, an inhibitor of vesicle formation,
the decreases in neuronal proliferation (Figure S10B) and migration
(Figures S10C and S10D) in NSCs were prevented, indicating an in-
hibition in the secretion of exosomes containing miR-146a-5p signif-
icantly increased neuronal proliferation and migration of NSCs.
Moreover, we performed the lentiviral transfection experiments to
knock out miR-146a-5p in BV2 cells before LPS treatment, and found
that the exosomes derived from these BV2 cells have no inhibitory ef-
fect on neurogenesis (Figure S11). Taken together, these data indicate
that exosomes derived from microglia can deliver miR-146a-5p to
neurons to regulate neurogenesis.

MIR-146a-5p suppresses neurogenesis via the KLF4/CDKL5
pathway

An AAV-miR-146a-5p virus was constructed to overexpress miR-
146a-5p within the DG of normal rats or block miR-146a-5p in
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CUMS rats (Figures 4A and 4B). Two weeks after virus injection, sig-
nificant amounts of green fluorescence were present in the DG region
(Figure 4C) and miR-146a-5p expression at this site was significantly
upregulated in normal rats or downregulated in CUMS rats (Figures
S12A and S12B). While CUMS treatment decreased sucrose prefer-
ences (Figure 4D) and increased the immobility times (Figure 4E),
these effects were essentially reversed following the downregulation
of miR-146a-5p in these CUMS rats. In contrast, the overexpression
of miR-146a-5p in normal rats resulted in the display of behavioral
responses indicative of a depression-like phenotype.

The effects of these AAV-miR-146a-5p virus treatments on neuro-
genesis in DG neurons were also assessed. In normal rats treated
with AAV-miR-146a-5p to overexpress miR-146a-5p, the number
of newly developed cells were all significantly reduced (Figures 4F
and S12C) as were sEPSC frequencies and amplitudes (Figures 4G-
4I). Conversely, the number of new neurons and sEPSC amplitudes
and frequencies were significantly increased in CUMS rats receiving
AAV- miR-146a-5p-shRNA to downregulate miR-146a-5p.

We next sought to investigate some of the downstream molecular
mechanisms through which miR-146a-5p may regulate DG neuro-
genesis. Given that miR-146a-5p directly regulates KLF4 expression,
we determined the protein levels of KLF4 in the DG region of these
AAV-miR-146a-5p virus-treated rats. The microinjection of miR-
146a-5p in normal rats significantly decreased KLF4 and Cdkl5 pro-
tein expression, while phosphorylation levels of STAT3 were notably
increased (Figure 4J). This KLF4 can directly target the phosphory-
lated form of STAT3 (p-STAT3) and inhibit its expression,30 while
Cdkl5 contributes to the formation of new granular neurons.’’
Within the CUMS group, expressions of Klf4 and Cdkl5 were all
significantly increased, but levels of phosphorylated Stat3 were signif-
icantly decreased within DG areas following AAV-miR-146a-5p-
shRNA (Figure 4K). These results demonstrate that miR-146a-5p
affected neurogenesis in DG neurons via the KLF4/CDKL5 pathway.

KLF4 is necessary for neurogenesis and alleviates depression-
like phenotypes in rats

To assess whether a downregulation of KLF4 contributes to the inhi-
bition of neurogenesis as associated with the development of depres-
sion, AAV-KLF4-shRNA was injected bilaterally into the DG of
normal rats (Figures 5A and 5B). A marked decrease in the protein
expression of KLF4 was observed at 2 weeks after AAV-KLF4-shRNA

Figure 2. miR-146a-5p is upregulated in serum-derived exosomes of CUMS rats

(A) Representative transmission electron microscopy images of rat serum-derived exosomes. Scale bar, 200 nm. n = 6 per group. (B) Representative nanoparticle tracking
analysis of exosomes derived from rat serum. n = 6 per group. (C) Representative western blot images of relative protein levels for CD63, CD81, Alix, GM130, and B-tubulinin
rat serum-derived exosomes. n = 5 per group. (D) Heatmap of miRNAs expressed in exosomes derived from control and CUMS rat serum. n = 3 per group. (E) Relative
expression levels of miR-146a-5p, miR-122-5p, miR-187-3p, miR-133a-3p, miR-206-3p, and miR-1b in exosomes obtained from control and CUMS rat serum. SnRNAU6
as the internal controls. Control, n = 20; CUMS, n = 18. **p < 0.01, ***p < 0.0001 CUMS-Exo versus Ctrl-Exo. (F) Bar graphs represent magnitudes of significant correlations
for miR-146a-5p-mediated signaling pathways as indicated by respective p values (—log2 scaled). (G and H) Predicted putative seed-matching sites between miR-146a-5p
and KLF4 (G) and Luciferase reporter assay results as performed on 293T cells to detect relative luciferase activities of WT and MUT KLF4 reporters (H). n = 6 per group.
#H##5 < 0.0001 WUT + rmo-miR-146a-5p versus WT + ro-miR-146a-5p, ****p < 0.0001 WT + rno-miR-146a-5p versus WT + NC. Data represent means + SEM. Student’s t
tests for comparisons between the two groups (E). One-way ANOVA with Tukey’s post hoc test for multiple comparisons involving >2 groups (F). WT, wild type; MUT,

mutation; NC, normal control; Ctrl, control.
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injection (Figure 5C). These AAV-KLF4-shRNA injected rats dis-
played behavioral responses characteristic of depression as indicated
by decreases in their sucrose preference and significant increases in
immobility times (Figures 5D and 5E). As shown in Figure 5F, knock-
down of KLF4 expression resulted in significant anti-neurogenesis ef-
fects as the number of newly developed cells within the hippocampal
DG region were reduced. In addition, protein levels of Cdkl5 were
significantly decreased, while phosphorylation levels of STAT3
greatly increased (Figure 5G).

CircANKS1B is decreased in the DG region of CUMS rats and
regulates neurogenesis via the miR-146a-5p/KLF4 pathway

As circRNAs mainly function as miRNA “sequesters” to inhibit
miRNA activity,” we were interested in determining the key circR-
NAs that might be involved with regulating miR-146a-5p expression.
Results obtained from the transcriptome sequencing of circRNA
expression within DG regions of CUMS rat revealed that statistically
significant differences in circRNA expression were present as
compared with that in control rats (Figures S13A-S13C). A substan-
tial downregulation in circANKSIB was observed in these rats
(Figures S13D and S13E) and, as expected, circANKS1B bound
miR-146a-5p through miRNA seed sequence matching (Figure S13F).

To follow up on these findings, we next used AAV2/5 viral vectors to
knock down or overexpress circANKS1B levels within the DG region
as a means to assess the role of circANKSI1B in the depression (Figures
S14A-S14C). The markedly increased levels of circANKS1B in rats
receiving AAV-circANKS1B and decreased levels in those receiving
AAV-circANKS1B-shRNA verified that a high transfection efficiency
was present in the DG (Figures S14D and S14E). Within normal rats,
AAV-circANKS1B-shRNA treatment increased the levels of miR-
146a-5p (Figure 6A). Following knockdown of circANKS1B in the
DG, protein levels of KLF4 and CDKL5 were significantly reduced,
phosphorylation levels of STAT3 were notably increased (Figures
6B and S15A), while AAV-circANKSIB treatment significantly
increased KLF4 and CDKL5 expression, and induced phosphoryla-
tion levels of STAT3 (Figures 6C and S15B). Accordingly, it appears
that circANKSIB regulates neurogenesis within the DG by affecting
the expression of miR-146a-5p. This conclusion follows from the
findings that neurogenesis in the circANKS1B-shRNA-infected DG
area was reduced, while the overexpression of circANKS1B in the
DG of CUMS rats increased the number of newly developed cells
(Figure 6D). Furthermore, as shown in Figures 6E and 6F, cir-
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cANKSIB can exert corresponding effects upon regulating depres-
sion-like behaviors in rats. These results suggest that circANKS1B
can function as a sequester for miR-146a-5p to regulate the transla-
tional expression of KLF4, thus participating in the neurogenesis
associated with depression.

DISCUSSION

In this study, we provide the first evidence indicating that microglia-
specific miR-146a-5p may be a key factor involved in depression and
unravel a previously unrecognized mechanism of neurogenesis
associated with depression. Our results suggest that: (1) chronic un-
predictable stress induces depression-like symptoms, which are
accompanied with an inhibition of hippocampal DG neurogenesis
in rats, (2) exosomes derived from microglia transport miR-146a-
5p to DG regions where they can then regulate neuronal function,
(3) miR-146a-5p regulates the neurogenesis linked with depression
through the KLF4/CDKL5 pathway, and (4) circANKS1B is involved
in the development of depression via the miR-146a-5p signaling
pathway. Collectively, these data offer the novel hypothesis that mi-
croglia, which secrete exosomes containing miR-146a-5p, play an
important role in the neurogenesis that is coupled with depression
via the miR-146a-5p/KLF4 pathway (Figure 7). miR-146a-5p may
thus represent a new potential therapeutic target for depression.

Emerging findings have indicated the importance of neurogenesis in
central nervous system disease and, specifically, depression is closely
associated with reduced neurogenesis.” Interestingly, microglial
degeneration is also observed in depressed patients.” In this study,
we established that chronic unpredictable stress effectively induces
symptoms of depression in rats and, more importantly, that these
behavioral responses were accompanied with alterations in neurogen-
esis and reductions in neuronal activity within the hippocampal DG
area. miRNAs play important roles in neurogenesis and participate in
the transition of NSCs from proliferation to differentiation stages.”*
Our current study was designed to focus upon key miRNAs that
can regulate neurogenesis and their role in the pathology of
depression.

The therapeutic potentials of miRNAs are gaining increasing attention
oflate. In fact, miRNAs have been successfully used in the treatment of
cancer,”” and miRNAs as therapeutic agents for depression, have
shown some promising results. However, there remains much to

work to be done before miRNAs can be utilized as safe and effective

Figure 3. Internalization of microglia-derived exosomes in DG neurons and effects on neuronal differentiation and migration

(A) Relative expression levels of miR-146a-5p in BV-2-derived exosomes. SnRNAU6 as the internal controls. n = 6 per group. *p < 0.01 BV-2-LPS-Exo versus BV-2-
untreated-Exo. (B) Representative western blot images of relative protein levels for CD13, MCT-1, CD14, IL-18, TMEM119, CD11b, and CD63 in rat serum-derived exo-
somes. n = 6 per group. *p < 0.05 CUMS-Exo versus Ctrl-Exo. (C) Confocal microscopy images showing internalization of exosomes in DG neurons of the hippocampus.
Scale bars, 10 pm (white), 10 um (red). n = 6 per group. (D-F) Exosomes derived from LPS-treated BV-2 cells (LPS/Exo) or GW4869-treated BV-2 cells (GW4869/Exo) were
added into the medium. Proliferation (D) and differentiation (E and F) of neuronal stem cells (NSCs) as determined in vitro using immunofluorescence. Scale bars, 30 um.n=5
per group. *p < 0.01, **p <0.001, ***p < 0.0001 LPS/Exo group (exosomes from LPS-treated BV-2 cells) versus naive group (exosomes from non-LPS- and non-GW4869-
treated BV-2 cells), ¥p < 0.05, %4p < 0.01 LPS/GW4869/Exo group (exosomes from LPS- and GW4869-treated BV-2 cells) versus LPS/Exo group (exosomes from LPS-
treated BV-2 cells). Data represent means + SEM. Student’s t tests for comparisons between the two groups (A and B). One-way ANOVA with Tukey’s post hoc test for

multiple comparisons involving >2 groups (D—-F). Ctrl, control.
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therapeutic targets for depression, especially with regard to their
methods of delivery and capacity for target specificity. Exosomes,
which are considered as delivery vectors, can carry specific miRNAs
to cell receptors, and play a key role in the pathogenesis of central ner-
vous system diseases.’® As exosomes can cross the blood-brain barrier,
they offer a means for achieving a precise delivery of miRNA to its in-
tended central nervous system target. Therefore, given the potential
significance of exosomes as related to miRNAs, in this study we as-
sessed the expression profile of miRNAs in exosomes from rat serum.
We not only found that a specific miRNA, miR-146a-4p, was closely
related to signaling pathways regulating pluripotency of stem cells,
but that it was also enriched and significantly increased in the exo-
somes of CUMS rats. Similar effects are observed in patients with
MDD. Accordingly, these data provide clear evidence for the possibil-
ity that exosomes containing miR-146a-5p might mediate the devel-
opment of neurogenesis in depression. As the DG of the adult brain
represents a key region for neurogenesis,” our studies were focused
on this site. Interestingly, miR-146a-5p was found to be markedly
increased in the DG area of CUMS rats. Based on these results, we hy-
pothesize that exosomes carrying miR-146a-5p are internalized within
DG neurons, resulting in their upregulation at this site and, in this way,
participate in the neurogenesis associated with depression.

miRNAs have been shown to play important roles in both brain
development and regulation of adult neuronal cell functions.”® Inter-
estingly, the brain has a particularly high proportion of tissue-specific
*9%2 Neuronal miRNA expression rep-
resents a highly specific cell-type process, such as neuronal-enriched
miR-376a and astrocyte-enriched miR-21.*> Of particular signifi-
cance to the present investigation, miR-146a-5p has been shown to
be a microglial-enriched miRNA that affects excitatory synapses.'”"®
Therefore, we postulated that the increased levels of miR-146a-5p
found in exosomes of CUMS rats were secreted by microglia. Amino-
peptidase CD13 is an important characteristic protein of exosomes
derived from microglia,** and high expression of CD13 was observed
in the serum-derived exosomes of depressed rats, providing support
for this hypothesis. Meanwhile, the increased expression of some
other specific markers of microglial exosomes, such as MCT-1,
CD14,1L-1B8, TMEM119, and CD11b, further confirmed that the exo-
somes in serum of CUMS rats are main of microglial origin.

and tissue-enriched miRNAs.

Molecular Therapy

It has been reported that glial-enriched miR-146a-5p can inhibit
neuronal differentiation.”’ Consistent with previous studies, we found
that exosomes containing 146a-5p as secreted by microglia inhibited
neuronal differentiation and migration of NSCs. Furthermore, miR-
146a-5p suppresses neurogenesis in the DG region of the hippocam-
pus, thereby enhancing depression-like behaviors. However, details
regarding molecular mechanisms through which miR-146a-5p regu-
lates neurogenesis in the DG region require further investigation.

A single miRNA can target hundreds of mRNAs to regulate a variety
of pathophysiological processes.***° As one example, miR-124 can
regulate neurogenesis by targeting DIx2*” and Sp1 to regulate the dif-
ferentiation of mesenchymal stem cells.*® It has been reported that the
expression of KLF4 in neural stem cells can regulate the differentia-
tion and migration of neurons in the developing cerebral cortex.”®
Here, we demonstrate that KLF4 does, in fact, interact with miR-
146a-5p, effects corroborated from results as obtained with in vivo ex-
periments. KLF4 can specifically bind to the phosphorylated forms of
STAT3 (p-STAT3) and inhibit its expression.”® In addition, cyclin-
dependent kinase-like 5 (CDKLS5) is highly expressed in the brain
and deficiencies in CDKLS5 inhibit the formation of new granular neu-
rons.” In this study, miR-146a-5p appears to bind with KLF4 to
inhibit the expression of CDKL5 and increase STAT3 phosphoryla-
tion levels, thereby reducing neurogenesis and inducing depression-
like behaviors. KLF4 silencing induces depression-like behaviors
and, consistent with previous studies, induces deficiencies in the
development of new neurons. Taken together, these data demonstrate
that miR-146a-5p derived from microglia-generated exosomes ap-
pears to provide a bridge between stress exposure and neurogenesis.
More specifically, linking of the KLF4/P-STAT3/CDKL5 pathway,
as regulated by miR-146a-5p, appears to be a key factor in the path-
ogenesis of depression. Whether or not miR-146a-5p regulates the
expression of other genes that participate in neurogenesis remains
to be determined.

circRNAs are a group of non-coding RNA molecules.”’ Recently,
circRNAs were observed to be highly expressed in neurons and
have been associated with neuronal development and synaptic plas-
ticity.”® Of particular relevance to our study is the report that
abnormal expressions of circRNAs are present in the blood of

Figure 4. MiR-146a-5p in DG regions is associated with depression-like phenotypes and suppression of neurogenesis via the KLF4/CDKL5 pathway

(A) Schematics of AAV vectors engineered to overexpress miR-146a-5p or knockdown miR-146a-5p and their corresponding controls. (B) Experimental paradigm for
determining behavioral responses of rats infected with the virus. (C) lllustration of viral infusion into the rat DG regions. Scale bars, 2 mm (red), 20 um (white). (D and E)
Behavioral effects of expressing various viral constructs in DG regions as shown for the sucrose preference test (SPT) (D) and forced swim test (FST) (E). n = 18 per group. *p <
0.05, **p < 0.01 WT/AAV-miR-146a-5p versus WT/AAV-Ctrl, &p < 0.05, &&p < 0.01 CUMS/AAV-miR-146a-5pi versus CUMS/AAV-Ctrl. (F) Representative confocal
microscopic images of immunostainings for DCX* and Nestin* cells in the DG regions. Scale bars, 50 um. n = 6 per group. *p < 0.05, **p < 0.01 WT/AAV-miR-146a-5p versus
WT/AAV-Ctrl, ¥p < 0.05 CUMS/AAV-miR-146a-5pi versus CUMS/AAV-Ctrl. (G) Representative traces of SEPSC in DG neurons of rats infected with the virus. (H and I)
Cumulative fraction plots of SEPSC amplitudes (H) and frequencies (I) in neurons of rat DG regions. n = 16 neurons from 6 WT/AAV-Ctrl rats, n = 16 neurons from 7 WT/AAV-
miR-146a-5p rats, n = 18 neurons from 6 CUMS/AAV-Ctrl rats, and n = 18 neurons from 6 CUMS/AAV-miR-146a-5pi rats. **p < 0.01 WT/AAV-miR-146a-5p versus WT/
AAV-Ctrl, ¥p < 0.05, ¥p < 0.01 CUMS/AAV-mIR-146a-5pi versus CUMS/AAV-Ctrl. (J) Representative western blot images showing relative protein levels of KLF4 and
CDKL5, and phosphorylation of STAT3 in AAV-miR-146a-5p-infected DGs of WT rats. n = 6 per group. *p < 0.05 WT/AAV-miR-146a-5p versus WT/AAV-Ctrl. (K)
Representative western blot images showing relative protein levels of KLF4 and CDKL5, and phosphorylation of STAT3 in AAV-miR-146a-5pi-infected DGs of CUMS rats. n =
6 per group. p < 0.05 CUMS/AAV-miR-146a-5pi versus CUMS/AAV-Ctrl rat. Data represent means + SEM. One-way ANOVA with Tukey'’s post hoc test for multiple
comparisons involving >2 groups (D-F, H-K). Ctrl, control.

1308 Molecular Therapy Vol. 30 No 3 March 2022



www.moleculartherapy.org

Uninjected

WT
AAV-Ctrl

AAV-KLF4-shRNA

AAV-Ctrl

[EmrR cwv [EcFP [ LiTR]

AAV-KLF4-shRNA

[EmR us [ KLF4-shRNA [cAG [EcFP LITR]

B3 WT/uninjected
B WT/AAV-Ctrl
_ B3 WT/AAV-KLF4-shRNA

7\5,/7
R,

Mg,

o
1

Relative protein level
g

°
°
I

BrdU/DAPI

|

171

DO D15 D21 D28
Viral injection in BrdU Behavior Sacrifice
WT rats injecton  test BrdU/DCX staning
DO D15 D36 D42
Viral injection in BrdU Behavior  Sacrifice
WT rats injection test  BrdU/NeuN staning
E =3 WT/uninjected
150~ P 200 =T WT/AAV-Cll
. =3 WT/AAV-KLF4-ShRNA
X —_ ** —
Q & 150 % £ 150
o o) [ °
S 100 S o ° ¥ £ &® 2o *
2 S ° = 88 =
2 2 100 3 2100 o2
L = X o [% £ o
3 a8 IS
D 50 ] 2 £ °
» 50 E (%) B [
g E 50 5 50 %
3
@D
o
BrdU/NeuN

Brdu"Neun" cells per DG

%0
a
2 300
o *
9]
+° 200 o
x
(@]
D 1004 °
3
m
2.54
©
5 2.0 =
e A
D 4.5+
Q. * o
=
= (o}
@®
-STAT3 — 0.5+
poTTs [ = | 3
o
CDKL5 p-STAT3

= WT/uninjected

E WT/AAV-Ctrl
3004

3 WT/AAV-KLF4-shRNA
[o]
o
200
*
o
(o]
100+ o

3 WT/uninjected
= WT/AAV-Ctrl
3 WT/AAV-KLF4-shRNA

Molecular Therapy Vol. 30 No 3 March 2022

(legend on next page)

1309


http://www.moleculartherapy.org

MDD patients.”’ Therefore, we used high-throughput sequencing to
establish that circRNAs are involved in MDD. We also observed that
circAnkalb, as an exonic circular RNA, was notably decreased in the
DG region of CUMS rats. It is well known that miRNAs play a key
role in post-transcriptional regulation and circRNAs function as
miRNA sequesters to modulate the pathogenesis and progression of
various diseases.”>”> For example, a circRNA derived from the Sry
transcript sequesters miR-138 in the testes,”” while circRNA
Cdrlbinds miR-7 and miR-671 to regulate synaptic transmission.*”
We speculated that circANKSIB might competitively bind with
miR-146a-5p to relieve its inhibitory effects on associated target
genes. Results as obtained in in vivo experiments have verified that
circANKS1B binds to miR-146a-5p to reverse reductions in KLF4
protein. Moreover, silencing circANKSI1B significantly attenuated
neurogenesis and induced depression-like symptoms in normal
rats, while an overexpression of circANKS1B enhanced DG neuro-
genesis and ameliorated depression-like behaviors in CUMS rats. In
this way, we present the first evidence identifying a function for cir-
cANKSIB in the regulation of neurogenesis and behavior in rats
with chronic stress, via the capacity for circANKSIB to function as
an absorbing agent. However, details regarding information on the
mechanisms and functional roles of circRNAs in neurological dis-
eases, which will be needed for the development of novel candidate
drugs for disease treatments, will require further investigation.

It should be pointed out that this study mainly investigated whether
microglia-derived miR-146a-5p-containing exosomes can function as
a critical factor to regulate neurogenesis in depression and suggests
that microglial exosomes act as a new crosstalk channel between glial
cells and neurons. However, there are still some limitations. Firstly,
the present study lacks definitive proof to confirm the glia-to-neuron
shuttling of bioactive miR-146a-5p via exosomes. Despite recent ad-
vances in exosome research, how to deliver the cargo of extracellular
*" to target cells remains largely unclear. Secondly, this study
demonstrated that miR-146a-5p was mainly derived from exosomes
released by microglia, and overexpressing miR-146a-5p could down-
regulate the expression level of KLF4. However, whether the
decreased KLF4 in the depression model is mediated by miR-146a-
5p from microglia-derived exosomes needs further confirmation. In
addition, chronic social stress has been shown to induce glucocorti-
coid-mediated pro-inflammatory response and pyramidal dendrite
retraction in the hippocampus.”® However, there are differences in
function and mechanisms between the LPS-induced inflammation

vesicles

in vitro and chronic stress-induced inflammation in vivo. So, further
study remains to clarify whether LPS stimulation could functionally

Molecular Therapy

regulate neurogenesis via the HPA axis. In addition, a miRNA usually
has hundreds of target genes, and previous studies have reported that
IRAK1 and TRAF6 are also the most highly conserved targets of miR-
146a-5p.”>>° Therefore, it is interesting to further investigate the
comprehensive mechanisms of miR-146a-5p in depression.

In conclusion, the findings presented in this report represent the first
evidence showing that miR-146a-5p is involved in the crosstalk be-
tween microglial exosomes and neurogenesis in depression. miR-
146a-5p, which is enriched in microglia-derived exosomes, is shuttled
to DG neurons, leading to an inhibition of neurogenesis by affecting
the target gene, KLF4. In addition, we demonstrate that circANKS1B
mediates miR-146a-5p regulation of KLF4 mRNA expression and its
functional involvement in the neurogenesis of depression. In this way,
our results reveal that microglia-derived miR-146a-5p can function as
a crucial signaling mediator during neurogenesis in depression and
indicate a novel role for miR-146a-5p as a therapeutic target in
depression. Taken together, these observations suggest that targeting
the neurogenesis involved with depression may provide a new avenue
for the development of novel therapeutic strategies in the treatment of
depression.

MATERIALS AND METHODS

Animals

Male Wistar rats (120-140 g) were purchased from the animal center
of Shandong University. All experimental procedures were reviewed
and approved by the Ethics Committee of Shandong College
(ECSBMSSDU2020-2-017), and strictly abide by the International
Guiding Principles of Animal Research formulated by the Council
of the International Medical Science Organization. Additional infor-
mation regarding the care and maintenance of these rats is contained
in the supplemental information.

CUMS model

Details regarding procedures for inducing the CUMS-induced rat
model of depression have been described previously with slight mod-
ifications.”” In brief, after 7 days of adaption to the laboratory condi-
tions, rats were exposed to a variable sequence of stressors in a
random sequence for 5 weeks. Descriptions of the types of stressors
applied in this study and behavioral tests used to assess depression
are contained in the supplemental information.

Stereotaxic injection of the adeno-associated virus
The adeno-associated virus (AAV) virus used for stereotaxic injec-
tions was obtained from GENEchem (Shanghai, China). For viral

Figure 5. Blocking KLF4 in DG regions induces depression-like behaviors in normal rats and inhibits neurogenesis through the P-STAT3/CDKL5 pathway
(A) Schematics of AAV vectors engineered to knock down KLF4 and their corresponding controls. (B) Experimental paradigm for determining behavioral responses of rats
infected with the virus and BrdU. (C) Representative western blot images showing the knockdown efficiency of KLF4. n = 6 per group. *p < 0.01 WT/AAV-KLF4-shRNA
versus WT/AAV-Ctrl rats. (D and E) Behavioral responses in the SPT (D) and FST (E) of rats with knockdown of viral AAV- KLF4-shRNA in the DG regions. n = 16 per group.
*p<0.05, *p < 0.01 WT/AAV-KLF4-shRNA versus WT/AAV-Ctrl rats. (F) Representative confocal microscopic images of immunostainings for cell numbers of BrdU*, BrdU*/
DCX*, and BrdU*/NeuN™" in the DG. Scale bars, 50 um. n = 6 per group. *p < 0.05 WT/AAV-KLF4-shRNA versus WT/AAV-Ctrl rats. (G) Representative western blot images
showing relative protein levels of CDKL5 and phosphorylation of STAT3 in virus-infected DGs. n = 6 per group. *p < 0.05, *p < 0.01 WT/AAV-KLF4-shRNA versus WT/AAV-
Ctrl rats. Data represent means + SEM. One-way ANOVA with Tukey’s post hoc test for multiple comparisons involving >2 groups (C-G). WT, wild type; Ctrl, control.
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ANKS1B
C

miR-146a-5p T

Stress

injection, rats were anesthetized with 2.5% isoflurane and then placed
in a stereotaxic frame. Purified and concentrated AAV virus (~10"?
infection units per mL) was injected bilaterally in a volume of 2.0-
2.5 pL into the hippocampal DG region using an electric microinjec-
tion pump (Stoelting, USA) at a rate of 150 nL/min. The site of viral
injections was verified according to the Rat Brain Atlas for Wistar rats
using the following coordinates: from the bregma, —3.24 mm; medial/
lateral, £1.7 mm; dorsal/ventral, —3.5 mm. Behavioral experiments or
biochemical assays were performed at a minimum of 14 days after
surgery. Injection sites were verified after behavioral tests and only
data from rats with correct injection site placements were used for
subsequent experiments.

Hippocampal slice preparations and electrophysiological
recordings

Hippocampal slices (400 pm thick) were prepared according to pro-
cedures described previously.”® In brief, coronal slices were
sectioned using a vibratome (VT-1000, Leica) in oxygenated ice-
cold cutting solution. Slices were then transferred as quickly as
possible to a recovery solution for 30 min at 30°C. The slices were
allowed a minimum recovery period of 1 h at room temperature

i b
Depression <:/

Neurogenesisl
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Figure 7. Stress-triggered microglia secrete
exosomes containing miR-146a-5p to regulate
neurogenesis via the miR-146a-5p/KLF4 signaling
pathway in depression

ANKS1B, circRNA-ANKS1B; NSC, neural stem cell.

KLF4 mRNA

before recording. Whole-cell patch-clamp recordings were per-
formed in DG granule cells. The glass micropipettes (4-6 MQ)
were filled with an internal solution. During recordings, slices
were continuously perfused with an artificial cerebral spinal fluid
at a temperature of 31°C-33°C and flow rate of ~2 mL/min. Cells
were visualized with infrared optics on an upright microscope
(BX51WI, Olympus). A MultiClamp 700B amplifier and
pCLAMPI10 software were used to record the electrophysiological
responses (Axon Instruments). SEPSCs were recorded at a holding
potential of —70 mV with 50 uM picrotoxin in the ASCF. Results
were analyzed using a Mini Analysis Program and all the chemicals
used in these electrophysiological recordings were purchased from
Sigma. Additional details regarding these solutions are contained
in the supplemental information.

Additional assays/procedures

Immunofluorescence, western blotting, cell cultures, dual luciferase
assay, lentivirus transfection, flow cytometry, exosome labeling, and
quantitative real-time PCR were performed as described detail in
the supplemental information. The accession number of the RNA-
seq data reported in this paper is GEO: GSE185777.

Figure 6. circANKS1B regulates neurogenesis in the DG region through the miR-146a-5p/KLF4 pathway

(A) Relative expression levels of miR-146a-5p in DG regions infected with the AAV- circANKS1B-shRNA or the AAV-circANKS1B virus. n = 6 per group. ****p < 0.0001 WT/
AAV-circANKS1Bi versus WT/AAV-Ctrl, %p < 0.01 CUMS/AAV-circANKS1B versus CUMS/AAV-Crl. (B and C) Representative western blot images showing relative protein
levels of KLF4 in DG regions infected with the AAV-circANKS1B-shRNA (B) or the AAV-circANKS1B (C) virus. n = 6 per group. *p < 0.05 WT/AAV-circANKS1Bi versus WT/
AAV-Ctrl, %p < 0.01 CUMS/AAV-circANKS1B versus CUMS/AAV-Ctrl. (D) Representative confocal microscopic images of immunostainings for DCX*, Sox2*, and Nestin*
cells in DG regions infected with the virus. Scale bars, 50 pm. n = 6 per group. **p < 0.01 WT/AAV-circANKS1Bi versus WT/AAV-Crl, ¥p < 0.05, 8p < 0.01 CUMS/AAV-
circANKS1B versus CUMS/AAV-Ctrl. (E and F) Behavioral responses in the SPT (E) and FST (F) of rats with expression of the AAV-circANKS 1B-shRNA construct in the DG of
WT rats and the AAV-circANKS1B construct in the DG of CUMS rats. n = 18 per group. *p < 0.05, **p < 0.01 WT/AAV-circANKS1Bi versus WT/AAV-Ctrl, p < 0.05, ¥p <
0.01 CUMS/AAV-circANKS1B versus CUMS/AAV-Ctrl. Data represent means + SEM. One-way ANOVA with Tukey’s post hoc test for multiple comparisons involving >2

groups (A-F). WT, wild type; Ctrl, control.
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Statistical analysis

All data are expressed as the means + SEM and analyses performed
with GraphPad Prism 8.0 (GraphPad Software, La Jolla, CA, USA)
for statistical analysis. Student’s t tests were employed for compari-
sons between two groups, while a one-way analysis of variance®
was used to establish differences among >2 groups with the Tukey’s
test for post hoc comparisons. Normality between group samples
were assessed using the D’Agostino and Pearson omnibus normality
test and Brown-Forsythe tests. When normality between sample
groups was achieved, one-way ANOVA (followed by Bonferroni’s
multiple comparisons test), or Student’s t test were used. Where
normality of samples failed, Kruskal-Wallis one-way ANOVA (fol-
lowed by Dunn’s correction), or Mann-Whitney test were performed.
All statistical tests were two-tailed and a p < 0.05 was required for re-
sults to be considered as statistically significant.
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