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NACC2, a molecular effector
of miR-132 regulation

at the interface between adult
neurogenesis and Alzheimer’s
disease
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The generation of new neurons at the hippocampal neurogenic niche, known as adult hippocampal
neurogenesis (AHN), and its impairment, have been implicated in Alzheimer’s disease (AD).
MicroRNA-132 (miR-132), the most consistently downregulated microRNA (miRNA) in AD, was
recently identified as a potent regulator of AHN, exerting multilayered proneurogenic effects in adult
neural stem cells (NSCs) and their progeny. Supplementing miR-132 in AD mouse brain restores AHN
and relevant memory deficits, yet the exact mechanisms involved are still unknown. Here, we identify
NACC2 as a novel miR-132 target implicated in both AHN and AD. miR-132 deficiency in mouse
hippocampus induces Nacc2 expression and inflammatory signaling in adult NSCs. We show that
miR-132-dependent regulation of NACC2 is involved in the initial stages of human NSC differentiation
towards astrocytes and neurons. Later, NACC2 function in astrocytic maturation becomes uncoupled
from miR-132. We demonstrate that NACC2 is present in reactive astrocytes surrounding amyloid
plaques in mouse and human AD hippocampus, and that there is an anticorrelation between miR-132
and NACC2 levels in AD and upon induction of inflammation. Unraveling the molecular mechanisms
by which miR-132 regulates neurogenesis and cellular reactivity in AD, will provide valuable insights
towards its possible application as a therapeutic target.

Abbreviations
AD Alzheimer’s disease
AP Beta amyloid

AHN Adult hippocampal neurogenesis
miRNA  MicroRNA

mRNA Messenger RNA

miR-132  MicroRNA-132

RGLs Radial glia-like cells

NSCs Neural stem cells

OPCs Oligodendrocyte precursor cells
MFOL Myelin forming oligodendrocytes

Alzheimer’s disease (AD) is the most common form of dementia, causing progressive decline in cognitive
abilities'. Novel genetic and molecular insights have challenged the unidirectional linearity of the pathogenic
cascade in AD, which was long thought to primarily consist of the accumulation of extracellular beta amyloid
(AB) plaques and intracellular hyperphosphorylated TAU tangles®. The critical contribution of complex, inter-
twined cellular pathways going beyond amyloid and TAU pathologies to also involve -among others- astrogliosis,
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synaptic damage, neuronal loss and neuroinflammation, and differentially impacting distinct AD endopheno-
types, is increasingly appreciated®”’. Currently, an effective disease-modifying treatment is still lacking®, partially
attributable to the multifactorial nature of the disease. One of the cellular processes that has more recently been
associated with AD is the generation of new neurons at the adult hippocampal neurogenic niche, also referred to
as adult hippocampal neurogenesis (AHN). Even though the existence of AHN in humans is still under debate,
there is evidence suggesting that AHN may be altered in the AD brain, in both rodents and humans®-'2. Addition-
ally, boosting AHN in mouse models of AD was shown to beneficially impact both pathology and cognition'*".

MicroRNAs (miRNAs) are pleiotropic cellular regulators of gene expression, which can typically target mul-
tiple sensitive nodes of various molecular cascades deregulated in disease conditions in the AD brain*. Under
physiological conditions, miRNAs in the central nervous system (CNS) control gene expression in various cell
types and in a highly regulated time-, space-, and neuronal activity- dependent manner, via mRNA degradation
and/or translational inhibition'*-°.

This functional pleiotropy makes them attractive candidates to treat multifactorial diseases, such as AD, as
they can simultaneously regulate numerous targets in diverse cell types***%. microRNA-132 (miR-132), one
of the most consistently downregulated microRNAs in AD?*-**, was recently identified as a potent regulator of
AHN, exerting multilayered proneurogenic effects in adult neural stem cells and their progeny'?. Supplementing
miR-132 in the brain of an AD mouse model could rescue AHN and relevant memory deficits'2. Additionally,
miR-132 has been linked to the amelioration of multiple other aspects of AD pathology, including amyloidosis,
TAU pathology and cognitive deficits, highlighting its potential as a putative therapeutic target for AD'**26-32,
Understanding the interplay between AD, AHN and miR-132 has implications for understanding disease pro-
gression and identifying potential therapeutic targets.

The goal of this study was to identify the molecular effectors of miR-132 regulation at the interface of AHN
and AD. Employing a systematic meta-analysis of previously published datasets, we identify NACC2 as a putative
miR-132 target implicated in both adult neurogenesis and AD. We show that NACC2 becomes upregulated in
response to miR-132 knockdown, as expected for a miRNA target, both in radial glia-like cells (RGLs) isolated
from the adult mouse dentate gyrus and in human neural stem cells (NSCs) in vitro. We report that NACC2
regulates cell cycle exit and neural stem cell differentiation under physiological conditions and is expressed in
reactive astrocytes in the AD brain.

Results

In silico identification of putative miR-132 targets at the interface between adult neurogenesis
and Alzheimer’s disease

To screen for putative downstream molecular targets of miR-132 involved in both AHN and AD, we employed
a systematic meta-analysis of previously published transcriptomic and proteomic datasets (Fig. 1A,B). We con-
sidered datasets containing information on differentially expressed genes or proteins in both human and mouse
AD brain, a study involving experimental manipulation of miR-132 levels in mice?, as well as one single-cell
RNA sequencing dataset with annotated marker genes of neurogenic populations in the adult mouse brain®
(Supplementary Table 1). We first constructed a list of genes showing anticorrelated expression levels to miR-
132, i.e. upregulated in AD brain or upregulated in a miR-132 knockout mouse model. These were compared to
genes previously identified at the adult hippocampal neurogenic niche in astrocytes, RGLs, neuronal intermediate
progenitor cells and neuroblasts®. Lastly, this list was compared to genes predicted to be putative miR-132 targets
by three miRNA prediction algorithms (Targetscan, DIANA MicroT-CDS and miRDB). This approach yielded
three genes which were upregulated in AD, anticorrelated to experimental miR-132 manipulation, expressed in
resident neurogenic cells in the adult hippocampus and predicted to be targeted by miR-132 (Supplementary
Table 2). Consequently, we focused on these 3 predicted targets that were identified in more than one dataset
and linked to miR-132, AD and AHN, namely SALL1, NACC2 and SOX5 (Fig. 1C).

To better profile the expression of these predicted miR-132 targets in neurogenesis-relevant cellular popula-
tions in the adult brain, we visualized their levels in the single-cell RNA sequencing dataset from mouse dentate
gyrus previously employed in our meta-analysis®. All three miR-132 predicted targets were highly expressed in
astrocytes, adult neural stem cells (NSCs), also known as RGLs, and oligodendrocyte precursor cells (OPCs),
confirming their expression in the neurogenic niche (Fig. 1D,E), whereas lower levels were overall observed in
mature neuronal populations. Taken together, these data suggest that SALL1, NACC2 and SOX5 may be among
the miR-132 targets mediating AD-relevant effects in neurogenic populations of the adult brain.

NACC2 is a putative target of miR-132 in adult neural stem cells in vivo

In order to validate SALL1, NACC2 and SOX5 as miR-132 targets in the adult neurogenic niche, we employed a
nestin promoter-based green fluorescent protein (nestin-GFP) reporter mouse line** (MGI:5523870, source indi-
cated in Supplementary Table 3), in which GFP labels -among others- all the neurogenic cell types in the dentate
gyrus, but not the mature neurons, thereby allowing for the enrichment of putatively rare populations, like the
RGLs, upon Fluorescence-Activated Cell (FAC) sorting of GFP* cells'?. Mice were injected intracerebroventricu-
larly with either a control or an antisense oligonucleotide against miR-132 (Ant-132) to mimic the deficiency
of miR-132 that we and others previously observed in AD?*"*. Nestin-GFP* niche cells were isolated from the
dentate gyri and single-cell cDNA libraries were prepared as discussed in Materials and Methods (Fig. 2A). A
total of 723 nestin-GFP* single niche cells were sequenced using the Smart-seq2 protocol. Unsupervised cluster-
ing of the dataset using the Seurat algorithm yielded 7 populations, which were projected on a Uniform Manifold
Approximation and Projection (UMAP) map for visualization (Fig. 2B). Considering well-characterized marker
genes®*, we defined cluster identity (Fig. 2B), annotating the subpopulations as RGLs, neuronal precursor cells
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Fig. 1. Meta-analysis identifying putative miR-132 targets involved in both AD and AHN. (A) Meta-analysis
strategy to identify targets of miR-132 involved in both AHN and AD. (B) Eight independent PubMed searches
yielded a total of 1877 manuscripts, which were screened on whether papers fulfilled all the inclusion and
exclusion criteria based on the abstract and title, and the manuscript details, followed by filtering based on
dataset availability. A final selection of 27 articles with one or more proteomic or transcriptomic datasets

each were included for further analysis. One extra article from bioRxiv.org was included meeting all criteria.
Further information on the datasets and the corresponding articles can be found in Supplementary Table 1.

(C) Alluvial diagram depicting three predicted miR-132 targets selected for further experimental validation
and their links to AHN and AD as identified in the analyzed datasets. The weight of association reflects the
number of datasets a gene was identified in. (D) UMAP visualization of 24.185 isolated mouse dentate gyrus
single-cell transcriptomes®. Cells are colored by identified cell type. Immature pyramidal neurons, ImmPyr;
CA3-pyramidal neurons, CA3-Pyr; Granule cells, GC; Immature granule cells, InmGC; Neuroblasts, NB;
Cajal-Retzius cells, CR; Myelinating oligodendrocytes, MOL; GABAergic neurons, GABA; Neural intermediate
progenitor cells, nIPC; Radial glia-like cells, RGL; Oligodendrocyte precursor cells, OPC; Immature astrocytes,
ImmAstro; Astrocytes, Astro. (E) UMAP visualizations indicating the expression of the three predicted miR-132
targets selected for further experimental validation on the dataset depicted in (D).

(NPCs), astrocytes, OPCs, myelin-forming oligodendrocytes (MFOLs), endothelial cells, and pericytes. The
extent of miR-132 knockdown was assessed in nestin-GFP* and nestin-GFP~ sorted cells (Fig. 2C).

Focusing on the neurogenesis-relevant populations, we noticed that within the astrocytic and NPC clusters,
none of the top 3 predicted miR-132 targets exhibited a significant response upon miR-132 knockdown (Fig. 2D).
However, in RGLs, Nacc2 was the only miR-132 predicted target significantly upregulated, as expected for a
miRNA target, suggesting that under physiological conditions, miR-132 regulation over Nacc2 might be critical
during earlier stages of stem cell activation, but less so upon further commitment of the RGL progeny towards
neurons or astrocytes. Pathway enrichment analysis among the significantly downregulated genes upon miR-132
knockdown in the RGL cluster suggested that signaling related to cell proliferation and differentiation might be
impeded by decreased levels of miR-132 in this cellular population, confirming earlier findings'?. Surprisingly,
miR-132 deficiency in RGLs induced molecular pathways related to the immune response, possibly indicating
that miR-132 regulation is required for keeping the inflammatory signaling in check at the adult neurogenic
niche, a regulatory layer that has been previously shown to be required for the neurogenic process® (Fig. 2E,F).
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Fig. 2. Single-cell transcriptomic profiling of the adult neurogenic niche to validate miR-132 predicted targets
in vivo. (A) Schematic representation of the experimental procedure employed for the isolation and analysis
of adult nestin-GFP* niche cells derived from the mouse dentate gyrus upon miR-132 knockdown. n=6 mice
per group. (B) Unsupervised clustering of the dataset, defined cluster identity and normalized expression of
cell type-specific markers. (C) Semi-quantitative real-time PCR of miR-132 levels in GFP* and GFP" sorted
cells from the dentate gyrus of nestin-GFP mice. n =6 mice per group; Student’s t-test was used for statistical
analysis. (D) Differential expression analysis between miR-132 knockdown and control group in astrocytes,
NPCs and RGLs. Results for Nacc2, Salll and Sox5 are depicted. For p-value adjustments the Bonferroni

correction was employed. The full list of differentially expressed genes can be found in Supplementary Table 4.
(E and F) GOrilla biological pathways enriched among the downregulated (E) or upregulated (F) differentially
expressed genes between miR-132 knockdown and control group within the RGL cluster, with color indicating

significance.

Scientific Reports |

(2024) 14:21163 |

https://doi.org/10.1038/s41598-024-72096-6 nature portfolio



www.nature.com/scientificreports/

Physiological expression of NACC2 along neuronal differentiation and in the neurogenic niche
To gain insight into the physiological context of the interaction between miR-132 and NACC2 during neurogen-
esis, we assessed the endogenous expression profiles of miR-132 and NACC2 upon human stem cell differentiation
into neurons in vitro. We employed an immortalized human NSC and progenitor line (ReNcell VM), which gives
rise to both astrocytes and neurons, and a human induced pluripotent stem cell (iPSC) line, that can be repro-
grammed primarily towards neurons® (Fig. 3A,B). In both cell lines, an upregulation of miR-132 levels upon
induction of neuronal differentiation was observed (Fig. 3A,B). Differentiation efficiency of iPSCs to neurons was
confirmed by downregulation of a pluripotency marker (OCT4) and upregulation of a mature neuronal marker
(MAP?2) (Supplementary Fig. 1). The differentiation efficiency of ReNcells was assessed by monitoring prolifera-
tion (MKI67), neuronal differentiation (MAP2) and astrocytic differentiation (AQP4). MAP2 expression already
increased four days (D4) after induction of differentiation, whereas AQP4 significantly increased only from two
weeks on (D14), suggesting that astrocytic differentiation is delayed compared to neuronal differentiation in
ReNcells (Fig. 3C). Interestingly, NACC2 expression initially decreased upon induction of neuronal differentiation
at D7, after which it became upregulated at D30 (Fig. 3D). This reverse association with miR-132 selectively dur-
ing the early differentiation stages suggests that miR-132 may target NACC2 upon initial neuronal commitment
of the NSCs, and that there may be decoupling of miR-132 regulation over NACC2 at later stages of neuronal
differentiation and once astrogliogenesis commences. NACC2 expression was detected with immunostaining
in non-differentiated NSCs, and in both neurons and astrocytes in more differentiated cultures (Fig. 3F). Upon
neuronal differentiation of human iPSCs, NACC2 levels exhibited a consistent decrease all along the neurogenic
trajectory, in consensus with previously published data’®*” and remained anticorrelated with miR-132 (Fig. 3E).
Together, these results underscore a possible requirement for NACC2 expression to be -at least initially- kept
under the control of miR-132 for neurogenesis -but not astrogliogenesis- to proceed.

To profile NACC2 expression in the microenvironment of the adult neurogenic niche in vivo, we performed
NACC2 immunolabeling in the dentate gyrus of young (3-month-old) nestin-GFP mice. NACC2 was expressed
in nestin-GFP* RGLs (adult NSCs) in the subgranular layer of the dentate gyrus, and in astrocytes throughout the
dentate gyrus (Fig. 3G). A similar overall expression pattern was observed in old (9-month-old) mice (Fig. 3G).
NACC2 immunopositivity was also detected in neurons in the dentate gyrus of 9-month-old mice, albeit to a
much lesser extent (Supplementary Fig. 2). Interestingly, fewer NACC2*/GFP* cells were found in the subgranular
layer of old animals, possibly due to a general trend for fewer GFP* RGLs (Supplementary Fig. 3). In addition,
a significant increase in NACC2*/GFAP* cells was observed with age, after normalizing for the total number of
GFAP* astrocytes (Supplementary Fig. 3), suggesting increased astrocytic expression of NACC2 in old dentate
gyrus. Considering its spatial and temporal physiological expression profile in vitro and in vivo, NACC2 may
be part of different miR-132-dependent and -independent, cell-autonomous and non-cell-autonomous, cellular
programs regulating the neurogenic process.

NACC2 is a functional miR-132 target regulating cell cycle exit and neural stem cell differentia-
tion in human NSCs

To directly probe the regulatory relationship between miR-132 and NACC2 and its temporal determinants, we
knocked down miR-132 in non-differentiated human NSCs (ReNcells) and in differentiated human iPSC-derived
neurons using cholesterol-conjugated miR-132 antisense oligonucleotides (Fig. 4A,B). In ReNcells, expression
levels of NACC?2 significantly increased upon miR-132 knockdown, confirming NACC2 as a target of miR-132
in human NSCs (Fig. 4C). However, no change in NACC2 was detected upon miR-132 knockdown in differenti-
ated iPSC-derived neurons and differentiated ReNcells (Fig. 4D, Supplementary Fig. 4), suggesting that NACC2
repression by miR-132 is essential for the neurogenic process before lineage commitment, in agreement with
our miR-132 knockdown data in vivo (Fig. 2D).

To test the functional significance of NACC2 suppression by miR-132 during the initial stages of neurogen-
esis, a NACC2 gene silencing approach by means of siRNA transfection was used in ReNcells (Fig. 4E). NACC2
knockdown led to a significant decrease of NSC proliferation as measured by MKI67 (Fig. 4F). In addition, the
astrocytic marker AQP4 and the early neuronal marker DCX were significantly upregulated (Fig. 4G,H), sug-
gesting that NACC2 suppression may direct proliferating progenitors to exit the cycle and start differentiating.

Previous work has shown that NACC2 can affect apoptotic signaling by repressing the MDM2 pathway*S.
Given the involvement of apoptosis in the neurogenic process*, we next determined MDM? levels and also meas-
ured caspase-3 (CASP3), since CASP3 is a key effector in the execution phase of apoptosis®. While MDM2 levels
did not change in response to NACC2 knockdown (Fig. 4I), CASP3 was significantly downregulated (Fig. 4]),
suggesting that the effects of NACC2 on cell proliferation and differentiation may be—at least partially- mediated
by its impact on apoptosis in an MDM2-independent manner.

NACC2 may be involved in the response of astrocytes and NSCs to AD pathology

To assess whether our findings on the regulatory relationship between miR-132 and NACC2 could have any
implications for AD pathology, we subsequently profiled NACC2 expression in the dentate gyrus of a knock-in
amyloidosis mouse model (App™-6F) (MGI:5637817, source indicated in Supplementary Table 3) crossed in-
house to the nestin-GFP reporter line®’. NACC2 immunostaining in young (3-month-old) and old (9-month-old)
AppNFOF x nestin-GFP mice showed a similar expression profile to what we previously observed in wild-type
nestin-GFP animals (Fig. 3G), with NACC2 immunoreactivity detected mainly in nestin-GFP* RGLs and astro-
cytes, and to a lesser extent in neurons (Fig. 5A, Supplementary Fig. 2). Old App™-"%F x nestin-GFP mice harbored
fewer GFP* RGLs, as we previously reported'?. Interestingly, while no change in total dentate gyrus Nacc2 levels
between wild-type (MGI:2670020, source indicated in Supplementary Table 3) and App™--F mice was present
(Supplementary Fig. 5), we observed NACC2 expression in reactive astrocytes surrounding amyloid beta (AP)
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Fig. 3. In vitro and in vivo assessment of physiological NACC2 expression. (A, B) Semi-quantitative real-time PCR of miR-132 levels
during neuronal differentiation of ReNcells (A) and human iPSCs (B). (A) n=12 technical replicates; (B) n=3 technical replicates.
One-way ANOVA with Bonferroni correction was used for statistical analysis. (C, D) Semi-quantitative real-time PCR of MKI67,
MAP2, AQP4 (C) and NACC2 (D) upon induction of differentiation of ReNcells. n=4 technical replicates. One-way ANOVA with
Bonferroni correction was used. (E) Semi-quantitative real-time PCR of NACC2 levels during neuronal differentiation of human
iPSCs. n=3 technical replicates. One-way ANOVA with Bonferroni correction was used for statistical analysis. (F) Immunolabeling of
NACC2*, MAP2* and GFAP" cells in ReNcells at D0, D7 and D30 of neuronal differentiation. Scale bar, 50 um. The green arrowhead
indicates a NACC2* neuron and the red arrow indicates a NACC2" astrocyte. (G) Immunolabeling of NACC2*, GFP* and GFAP" cells
in the dentate gyrus of nestin-GFP mice at 3 months and 9 months of age. Scale bar, 200 um. Green arrowheads indicate NACC2- and
nestin-GFP-positive cells, red arrowheads indicate NACC2- and GFAP-positive cells. Lower panels in 3- and 9-months groups are
magnified inlets of the areas indicated in dashed-line boxes in the upper panels. Dashed line color corresponds to arrowhead color.

MCL, molecular cell layer; GCL, granular cell layer; SGZ, subgranular zone.
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Fig. 4. Functional significance of NACC2 suppression by miR-132 during neurogenesis. (A, B) Schematic
representation of neuronal differentiation and timing of miR-132 knock down in ReNcells (A) and human iPSCs
(B). (C, D) Semi-quantitative real-time PCR of miR-132 levels and NACC2 levels upon miR-132 knockdown

in ReNcells at DO (C) and human iPSC-derived neurons at D47 (D). n=4 independent experiments (C); n=10
technical replicates from 2 independent experiments (D). Student’s t-test was used for statistical analysis. (E-])
Semi-quantitative real-time PCR of NACC2 (E), MKI67 (F), DCX (G), AQP4 (H), MDM2 (I) and CASP3 (J)
levels upon NACC2 knockdown in ReNcells at DO. n=5 independent experiments. Student’s t-test was used for
statistical analysis.

plaques in old mice (Fig. 5B) and a (small) trend for increased numbers of NACC2*/GFP* and NACC2*/GFAP*
cells after normalizing for total numbers of GFP* RGLs and GFAP* astrocytes (Supplementary Fig. 3). Next,
we confirmed NACC2 expression in areas of astrogliosis around AP plaques also in human AD hippocampus
(Fig. 5C). Correlation analysis using a previously published transcriptomic dataset revealed a significant anti-
correlation between miR-132 and NACC2 levels in the brains of individuals participating in the ROSMAP
longitudinal cohort study of aging, further suggesting a relationship between miR-132 and NACC2 in human
brain® (Fig. 5D).

Interestingly, a recently published single-nucleus RNA sequencing dataset in human AD brain also yielded
a significant NACC2 upregulation™, specifically in astrocytes (Fig. 5E), suggesting that NACC2 may contribute
to the neuroinflammatory response to Ap accumulation in AD. Even though miR-132 is consistently down-
regulated in AD brain?*-> there are currently no data supporting a link between reduced miR-132 levels and
increased NACC2 expression in APB-responsive astrocytes (with or without an association to the neurogenic
niche). Yet, previously published data show an initial upregulation of NACC2 upon induction of inflammation
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Fig. 5. NACC2 is expressed in the mouse and human AD brain and is linked to reactive astrogliosis and inflammation. (A)
Immunolabeling of NACC2*, GFP* and GFAP* cells, and amyloid plaques (X34) in the dentate gyrus of App™¢ x nestin-GFP mice at
3 months and 9 months of age. Scale bar, 200 um. Green arrowheads indicate NACC2* and GFP" labeled cells, red arrowheads indicate
NACC2 and GFAP-positive cells. Lower panels in 3- and 9-months groups are magnified inlets of the areas indicated in dashed-line
boxes in the upper panels. Dashed line color corresponds to arrowhead color. (B) Immunolabeling of NACC2* and GFAP* cells
around amyloid plaques (X34) in the dentate gyrus of 9-month-old App™-¢¥ x nestin-GFP. Scale bar, 60 pm. (C) Immunolabeling

of NACC2* and GFAP" cells, and amyloid plaques (X34) in human healthy control and AD hippocampus. Scale bar, 500 um. White
arrows indicate NACC2*/GFAP* labeled cells in control brain (upper panel) and around an amyloid plaque in AD brain (lower

panel). (D) Re-plotting of data from Patrick et al.>? depicting an anti-correlation between miR-132 and NACC2 levels in the aging
human brain. Simple linear regression analysis was used. (E) Re-plotting of data from Smith et al.>* showing significantly increased
NACC?2 expression in astrocytes in human AD brain. (F) Re-plotting of data from Barbar et al.>* depicting significantly decreased
NACC2 expression in primary human astrocytes upon cytokine incubation. (G) Re-plotting of data from Diaz-Castro et al.>® showing
significantly reduced Nacc2 expression in mouse brain astrocytes upon induction of inflammation with LPS.
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in both human®* and mouse astrocytes® (Fig. 5EG), a reverse pattern than that observed for miR-132 under
similar conditions®*—®,

Discussion

Whether neurogenesis persists in the adult human brain has been a longstanding debate*-¢!, from the initial
evidence identifying dividing cells in the dentate gyrus of cancer patients®, all the way to the recent -seemingly-
conflicting results of single-nucleus RNA sequencing studies in adult human hippocampus®®-%. In animal
models, boosting AHN can modify AD pathology and ameliorate cognitive performance'!®. In humans, evi-
dence is more scarce, with some studies suggesting reduced cell numbers and altered transcriptional programs
in immature-like neuronal populations®~!''. Even though evidence this far primarily stems from rodent studies,
the mere addition of new neurons to the hippocampal network, and the contribution of the immature cells to
intercellular signaling homeostasis at the adult neurogenic niche, or the combination thereof, could potentially
be beneficial in the degenerating human brain®.

While miRNA alterations in the human brain are often difficult to replicate due to a series of technical and
biological limitations®” -, miR-132 has been one of the few miRNAs that is consistently reported by several inde-
pendent studies to be downregulated in AD?*%*. miR-132 has emerged as a master regulator of neuronal function
and a putative therapeutic target in AD, where its supplementation can ameliorate several aspects of pathology,
including amyloidosis, TAU hyperphosphorylation and memory deficits'>**-*2. We recently demonstrated that
miR-132 can restore AHN in AD mouse models'2, while it is also involved in the transition of microglia from a
more activated to a more homeostatic cell state, repressing disease-associated microglial signatures, which have
been functionally linked to AD pathology?"7°-7%. Understanding the miR-132-regulated molecular targets that
mediate its effects on AHN in the AD brain can help profile the mechanisms and outcome of a putative miR-
132-based therapeutic strategy in AD.

Our meta-analysis identified NACC2, SALL1 and SOX5 as putative miR-132 targets involved in both AHN
and AD. However, only Nacc2 became upregulated upon miR-132 knockdown in an RGL-specific manner, sug-
gesting a putative role of the miR-132-NACC?2 interaction at initial stages of NSC activation and differentiation.
In adult mouse hippocampal NSCs, Nacc2 has been previously shown to be bound by Ascl1, a transcription fac-
tor required for the exit of NSCs from quiescence in response to activating signals in the adult hippocampus™.
Indeed, NACC2 expression did no longer anticorrelate to that of miR-132 once cells enter terminal differentia-
tion stages in a human NSC line, while it exhibited a gradual downregulation profile along the differentiation
trajectory from human iPSCs to early neurons, as opposed to miR-132 levels that kept increasing. The rather
unexpected inverse expression pattern of NACC2 at the terminal differentiation state of NSCs may be attribut-
able to a burst in astrogliogenesis, reflected by profoundly increased AQP4 levels (Fig. 3C), as NACC2 levels
are highest expressed in astrocytes in both mouse and human brain’>”°. The functional significance of the tight
regulation of NACC2 by miR-132 during early neurogenesis was confirmed in cultured human NSCs, where
NACC2 deficiency reduced cell proliferation and apoptosis, while it induced differentiation of these cells towards
neurons and astrocytes. The ability of miR-132 to regulate glial progenitor fate choice had previously already
been shown during embryogenesis’”. Of note, we previously identified a set of putative miR-132 targets in adult
RGLs after increasing the levels of miR-132 in mouse brain'?. Yet, in the present work, among these previously
identified transcripts, only Hdac3 was upregulated following miR-132 knockdown (Supplementary Table 4).
The differential, context-dependent sensitivity of miRNA targets towards miRNA suppression has been well
documented”®*. In particular, only a small fraction of target genes are actually repressed by a given miRNA
under physiological conditions, often resulting in largely distinct sets of altered transcripts upon overexpression
or knockdown of the same miRNA.

Interestingly, miR-132 knockdown triggered pathways related to inflammatory signaling in RGLs isolated
from the adult mouse hippocampus, similarly to what we previously observed upon miR-132 overexpression'2.
Although still a relatively unexplored field of research, recent studies show that under homeostatic condi-
tions, murine adult NSCs harbor intrinsic inflammatory properties and also receive inflammatory signals from
the niche, which need to be proactively suppressed in order to enable their proliferative and differentiation
capacity®®’®. miR-132 has been shown to act as anti-inflammatory regulator in a variety of cellular populations,
including astrocytes, peripheral macrophages and microglia, wherein inflammatory cues initially trigger miR-
132 upregulation®®->%, Interestingly, NACC2 expression shows a reverse profile, becoming repressed upon treat-
ment of mouse and human astrocytes with inflammatory cytokines and lipopolysaccharide®***, indicating that
in these conditions miR-132 may be keeping NACC2 levels below a critical threshold to control inflammation.

Our earlier work showed that in human AD brain, miR-132 levels initially increase, similarly to other homeo-
static, compensatory programs, like those including signatures of synaptic plasticity*’. However, as disease pro-
gresses, miR-132 becomes significantly downregulated®?. Of note, as opposed to miR-132, NACC2 is upregulated
in late-stage AD brain®>**#!. A re-analysis of previously published data®* confirmed a linear relationship between
miR-132 levels and NACC2 levels in individuals participating in two longitudinal cohort studies of aging. Here,
we demonstrate that NACC?2 is expressed in reactive astrocytes surrounding amyloid plaques in AD mouse and
human brain. Our work did not address whether there is a direct link between NACC2 astrocytic expression
and miR-132 in AD brain. Yet, aberrant inflammatory signalling due to NACC2 de-repression upon miR-132
deficiency in an AHN-independent manner, for instance in pathology-responsive astrocytes, could potentially
be of functional relevance in AD.

Whether miR-132 acts as a compensatory regulator at initial stages of AD pathology also at the adult neu-
rogenic niche, and if this involves NACC2 regulation, are still open questions. Our work provides a first proof-
of-concept that NACC?2 is a novel target of miR-132 with possible implications in both AHN and AD (Fig. 6).
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Fig. 6. Schematic representation of the crosstalk between miR-132 and NACC2 along the neurogenic trajectory
and in AD. Under physiological conditions, increasing miR-132 levels regulate early neurogenic decisions in
NSCs involving effects on cell proliferation, apoptosis, neuronal differentiation and inflammatory signaling, by
keeping NACC2 levels under control. In AD, miR-132 deficiency may lead to the de-repression of NACC2 and
thereby contribute to cellular phenotypes in NSCs and astrocytes related to a response to amyloidosis.

Further work is necessary to dissect the functional impact of this interaction in specific cellular populations,
related to AHN or not, along the AD trajectory.

Methods

Meta-analysis

A systematic search was performed in the PubMed database to collect all articles encompassing RNA sequencing
(RNAseq) and proteomics studies related to AD, AHN or miR-132. Eight independent searches were conducted
between 2021/01/25 to 2021/02/26 (Fig. 1B). All 1877 hits were collected and saved in Zotero (v5.0.95.1) and
Microsoft Excel for further selection. The collected publications were elaborately screened based on inclusion
and exclusion criteria defined prior to the search (Fig. 1B). This approach yielded a final list of 32 datasets from
28 different articles (Supplementary Table 1).

Genes were considered to be up- or downregulated when the fold-change (FC) was >1.20 or <0.80 (<—1.20
for the dataset in Hansen et al. 2016) or the logFC was >0.25 or <—0.25. Only those genes with appropriate (log)
FC values and an adjusted p-value (or false discovery rate (FDR)/q-value) below 0.05 were overlaid with the in
silico predicted miR-132 targets. Overlapping genes were considered putative miR-132 targets relevant to AD
pathology or miR-132 levels. The following exceptions were made: For the Mostafavi et al.3? dataset, genes were
considered if they were positively correlated to neurofibrillary tangles and A (>1.00) and negatively to cognition
score (<—1.00). For the Bossers et al. (2010) dataset, genes were considered as miR-132 targets if they showed
an anti-correlated expression pattern to miR-132 at all Braak stages as indicated by Lau et al.***>. To determine if
identified genes were relevant to AHN, targets were compared to genes enriched in early neurogenesis-associated
cell types, as identified by Hochgerner et al.*>. Overlapping genes were considered potential miR-132 targets
relevant to AHN as well as AD and/or miR-132 levels (Supplementary Table 2).

Target prediction

In silico miR-132 target prediction was performed using three different miRNA target prediction tools: Targets-
can (v7.2)%, DIANA MicroT-CDS (v5.0; Threshold at 0.7)%>% and miRDB (v6.0)*”®, Targetscan predictions were
set to include poorly conserved binding partners. Targets that were predicted by all three prediction tools were
incorporated into the final selection. This approach aimed to ensure the inclusion of the most robust targets,
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while minimizing the risk of false positives. All predictions were done separately for mouse and human miR-132
(mmu-mir-132 and hsa-mir-132, respectively) targets.

Animals

Mice were bred according to standard laboratory approaches and housed under standard 12 h light-dark condi-
tions. Food and water were provided ad libitum. Wild-type mice were, depending on the experiment, C57BL/6]Rj
(MGI:2670020, source indicated in Supplementary Table 3) and nestin-GFP (MGI:5523870, source indicated in
Supplementary Table 3), while the AD mouse models used in the study included App™--¢F animals and a cross-
bred line between nestin-GFP mice and App™-¢F (MGI:5637817, source indicated in Supplementary Table 3).
To visualize neural stem cells and neuronal progenitor cells in vivo and to isolate cells from the adult dentate
gyrus for single-cell sequencing, we utilized nestin-GFP mice.

All animal experiments conducted in this study received approval from the ethical committees of KU Leuven
(LA1210596), and the Royal Dutch Academy of Arts and Sciences (AVD80100202010904) and adhered to the
European guidelines for the care and use of laboratory animals (Council Directive 86/6009/EEC). Additionally,
the study is reported in accordance with the ARRIVE guidelines.

Human hippocampus

Postmortem hippocampal tissue from AD and healthy control donors was obtained from the Netherlands Brain
Bank. The medical ethics committee of the VU Medical Center in Amsterdam, The Netherlands, has approved
the procedure for brain donation to the Netherlands Brain Bank (NBB) and the use of clinical and pathological
information for research, under approval number 2009/148. In accordance with national ethics guidelines, all
donors had previously provided informed consent for brain autopsy and the utilization of their material and
clinical data for research purposes. The certification of AD pathology was conducted by a qualified neuropatholo-
gist (Supplementary Table 5).

Intracerebroventricular (i.c.v.) injections

I.c.v. injections were performed as previously described® using the following stereotactic coordinates:
AP-0.1 mm, ML-1.0 mm, and DV-3.0 mm (from the skull). For miR-132 knockdown, 2-month-old nestin-GFP
mice were infused with 2 ul of miR-132 antagomir [locked nucleic acid (LNA)-, cholesterol-modified oligonucleo-
tide] (Exiqon, QIAGEN, Denmark) at 0.33 nmol/ml in artificial cerebrospinal fluid (aCSF) (Harvard Apparatus,
USA). Control mice received a scrambled LNA oligonucleotide in aCSE Analysis of antagomiR-132-injected
animals was performed at 3 months of age. Randomization of injectates was employed for all injection sessions,
and animals were randomly allocated to each treatment.

Adult dentate gyrus dissociation for fluorescence activated cell sorting (FACS) of nestin-GFP*
cells

Dentate gyri (each sample consisted of 1 full dentate gyrus; right and left hemisphere) were first dissected and
minced in Hibernate A Low Fluorescence (BrainBits, IL, USA) on ice. Tissue dissection was carried out in
20U/ml papain and 50U/ml DNasel (Worthington, NJ, USA) for 20 min at 37 °C. The enzymatic digestion was
stopped by incubation in 10 mg/ml ovomucoid solution (Worthington, NJ, USA), cells were dissociated by tritu-
ration, filtered through a 70 mm nylon mesh, span down and eventually resuspended in ice-cold Hibernate A.
Debris and myelin removal was performed using the adult brain dissociation kit (Miltenyi Biotec, Netherlands)
according to the manufacturer’s instructions. Finally, cells were resuspended in ice-cold Hibernate A and dead
cells were stained with propidium iodide (ThermoFisher Scientific, Belgium). GFP* and GFP" cells were sorted
in a FACS Aria III (BD Biosciences, CA, USA) in RNase-free tubes (in bulk) or in 96-well plates (in single) for
downstream analysis.

Smart-seq?2 processing and single-cell library preparation

For FACS isolation of single cells, four miR-132 antagomir-injected and four control-injected nestin-GFP male
mice were used, and 96 cells were initially plated-sorted per mouse. FACS-sorted cells were processed using the
Smart-seq2 protocol®. Briefly, RNA was reverse-transcribed using biotinylated oligo-dT primers (IDT DNA,
Belgium) and biotinylated template-switching (TSO) oligonucleotides (Exiqon, QIAGEN, Denmark) and sub-
sequently cDNA was pre-amplified using the KAPA HiFi Hot Start DNA Polymerase (KAPA Biosystems, Roche
Diagnostics, Belgium) and biotinylated ISPCR primers (IDT DNA, Belgium). cDNA was purified using AMPURE
XP Agencourt beads (Beckman Coulter, France), concentration was calculated with the Quantifluor dsDNA
kit (Promega, Netherlands) and adjusted on an Echo 525 Liquid Handler (Labcyte, CA, USA). 100 pg cDNA
per cell were used for library preparation with Nextera XT DNA Library Preparation Kit (Illumina, CA, USA).
Finally, following purification on magnetic beads the libraries were multiplexed and sequenced using the Illumina
NextSeq500 platform (Illumina, CA, USA).

Single-cell data processing
To confirm quality of the raw reads, a FastQC analysis (Version 0.11.5, https://www.bioinformatics.babraham.
ac.uk/projects/fastqc/) was performed. Reads were aligned to the mouse mm10 genome (Ensembl Version 88)
using STAR (Version 2.5.2)°! with default options. A count table was generated from the alignments using Sub-
read/FeatureCounts 1.5.1%2,

The count matrix was analyzed with Seurat 2.3.1%, using the following workflow: Cells with less than 200
genes or more than 6000 genes (likely doublets) were removed, as well as cells whose mitochondrial gene
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expression accounted for more than 20% of the total gene expression of that cell. Genes found in less than
0.5% of cells were also excluded. Following this filtering, 723 of the original 768 cells remained. Data were log-
normalized and scaled by a factor of 10,000. The normalized count data subsequently regressed on the number
of reads. Principal component analysis (PCA) was performed using the top 2000 highly variable genes. The first
15 PCAs were used to identify clusters (using default parameters). Data was visualized using Uniform Manifold
Approximation and Projection (UMAP). Cluster markers were determined by a differential expression analysis
of each cluster versus all other clusters combined (Supplementary Table 6). Literature markers (Table S5 from
Walgrave et al.!?) were used for cell type annotation. Gene differential expression between experimental (miR-
132 knockdown) and control conditions (within each cell population) was performed (Supplementary Table 4).
Differential expression (for analysis of cluster markers and for analysis between controls and experimental
conditions) was performed as follows: p-values were calculated using a Wilcoxon rank-sum test (using Seurat’s
“FindMarkers” function) and corrected for multiple testing using a Bonferroni correction. Log fold changes were
calculated using the natural logarithm. Genes with adjusted p-values of < 0.05 were considered significantly dif-
ferentially expressed. Sequencing data reported in this study have been deposited and are publicly available at
NCBI Gene Expression Omnibus (GEO Accession Number: GSE268144).

Human cell lines

ReNcell” VM Human Neural Progenitor Cells (Millipore; RRID: CVCL_E921), an immortalized human neural
stem cell and progenitor cell line, were cultured according to the manufacturer’s instructions in laminin-coated
flasks (1-2 mg/ml; Sigma-Aldrich; Greiner Bio-one) at 37 °C under 95% O, and 5% CO,. 20 ng/mL epidermal
growth factor (EGF) and fibroblast growth factor 2 (FGF-2; both PeproTech) were supplemented to prevent
differentiation. Undifferentiated ReNcells were passaged using 1 x Accutase (Sigma-Aldrich) every 2-3 days at
>70% confluency. To induce differentiation, growth factors were removed from the culture medium. ReNcells
were collected in 1 m] TRIzol reagent (Invitrogen) and stored at —80 °C or fixed with 4% PFA in PBS on coverslips
for immunohistochemistry, depending on the purpose of the experiment.

Human induced pluripotent stem cells (iPSCs; iPSC EPITHELIAL-1, Sigma-Aldrich) were cultured in
mTeSR™1 (Stemcell Technologies) in (hESC-qualified) Matrigel-coated plates (Corning). iPSCs were differ-
entiated into neurons according to a previously established protocol®. Briefly, cells were cultured in Neural
Maintenance Medium (Fisher Scientific), supplemented with 10 uM SB431542 (Sigma-Aldrich) and 1 uM LDN-
193189 (Miltenyi Biotech) at 37 °C under 95% O2 and 5% CO, for ten days in order to induce differentiation
into NPCs. Cells were passaged using 0.5 uM EDTA (Sigma-Aldrich) at >70% confluency. Further maturation
of NPCs into neurons was induced by culturing the cells in Neural Maintenance Medium supplemented with
20 ng/mL brain-derived neurotrophic factor (BDNF; Stemcell Technologies), 20 ng/mL glial cell line-derived
neurotrophic factor (GDNF; Stemcell Technologies), 200 uM cAMP (Stemcell Technologies) and 200 uM ascorbic
acid (Sigma-Aldrich) on 0.01% poly-L-ornithine (PLO; Sigma-Aldrich) and laminin coated coverslips at 37 °C
under 95% O, and 5% CO,,.

Immunofluorescence in mouse brain sections and cultured cells

For brain immunofluorescence, 50 um-thick vibratome-prepared coronal tissue sections were initially permeabi-
lized in 1% (v/v) Triton X-100, followed by 2 h blocking in 1% (v/v) Triton X-100, 10% (v/v) normal goat serum
in PBS at room temperature (RT). Primary antibody incubation was performed in 0.3% (v/v) Triton X-100, 3%
(v/v) normal goat serum overnight at 4 °C in a humidified chamber, and incubation in secondary antibody for
2 h at room temperature. To label AP plaques, sections were incubated for 20 min at RT in 20 uM X-34 (Sigma-
Aldrich) dissolved in 60% PBS/40% ethanol (pH 10). Finally, sections were mounted in Mowiol. All the antibod-
ies used for immunolabeling of brain tissue are listed in Supplementary Table 7.

For immunofluorescent labeling of cells cultured on coverslips, samples were initially permeabilized and
blocked as described before. Primary and secondary antibody incubation was carried out in modified block-
ing solution for 4 °C overnight and 2 h at RT, respectively. Finally, sections were incubated in DAPI (1:5000,
Sigma-Aldrich) and mounted in Mowiol. All the antibodies used for immunolabeling of cultured cells are listed
in Supplementary Table 7.

miR-132 antisense oligonucleotide treatment of human iPSC-derived neurons and ReNcells
iPSC-derived neurons (D47) were treated with a synthetic miR-132 antisense oligonucleotide (hsa-miR-132-3p
Inhibitor, Qiagen) or corresponding scramble control oligonucleotide at 1500 nM and collected in Qiazol after
48 h of treatment for RNA extraction. Undifferentiated ReNcells (D0) were treated with the same oligonucleotides
at 250 nM at DO and cultured in medium without EGF and FGF until collection. For differentiated ReNcells, cells
were cultured in medium without EGF and FGF for a week and then treated with the same oligonucleotides at
1000 nM at D7. For both ReNcell experiments, half of the medium was replaced 24 h after the treatment. The
medium was completely renewed after 48 h. After 1 week of treatment, the cells were collected in Qiazol for
RNA extraction.

ReNcell transfections for NACC2 knockdown

ReNcells were cultured according to standard protocols in Neural Maintenance Medium, with growth factors
(EGF and FGF-2) and without penicillin-streptomycin, following the manufacturer’s guidelines. Transfection
was performed when cell confluency reached approximately 50-60%. Cells were transfected with either ON-
TARGET plus NACC2 siRNA SMART pool or ON-TARGET plus Non-targeting pool (Horizon). Transfections
were carried out using DharmaFECT 1 Transfection Reagent (1:100 dilution, Horizon) and Opti-MEM™ Reduced
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Serum Medium (Gibco). Transfections were performed with a final siRNA concentration of 25 nM. The culture
medium was replaced after 24 h, and transfected ReNcells were collected in Trizol two days post-transfection.

RNA extraction, reverse transcription and semi-quantitative real-time PCR

RNA extraction from mouse dentate gyrus and ReNcells was performed using the miRVana Paris Kit (Life Tech-
nologies) following the manufacturer’s guidelines. Tissue samples were snap-frozen and stored at -80 °C, while
cells were harvested in 1 ml TRIzol (Invitrogen) and stored at -80 °C prior to isolation. Briefly, the tissue samples
were homogenized in disruption buffer including phosphatase inhibitors and the cells were homogenized in TRI-
zol, followed by a 5-min incubation in chloroform at RT. After centrifugation for 1 min at 12,000 g, the aqueous
phase was collected, and 1.25 volumes of 100% ethanol were added. Subsequently, the samples were loaded onto
miRVana spin columns and processed according to the manufacturer’s protocol. The RNA was ultimately eluted
in 30 pl of Elution Solution, and its concentration was determined using the NanoDrop ND-1000 Spectropho-
tometer (NanoDrop Technologies, Inc.). For the iPSCs and iPSC-derived neurons, RNA was extracted using the
miRNeasy Micro Kit (Qiagen) following manufacturer’s instructions and eluted in 14 ul Nuclease Free Water.

Reverse transcription of miRNAs was performed using 100 ng of RNA and the miRCURY LNA RT Kit (QIA-
GEN). In the case of mRNAs, 200 ng of total RNA was used to synthesize cDNA using Superscript II reverse
transcriptase (Thermo Fisher Scientific).

For miRNAs, real-time semi-quantitative PCR was performed using the Sybr Green mastermix (QIAGEN)
along with miRCURY LNA primers (QIAGEN). Normalization was achieved by calculating the mean expres-
sion of RNU6 snRNA (QIAGEN) and RNU5G (QIAGEN) for the mouse samples, while RNU6 and RNU5G
(QIAGEN) or SNORD48 (QIAGEN) were used for the cells. Analysis of protein-coding transcripts involved
the SYBR™ PowerUp™ SYBR™ Green Master Mix (Thermo Fisher Scientific), with GAPDH, UBC and PSMB4
as housekeeping genes. Primer sequences for mRNA-derived cDNA are available in Supplementary Table 8. Ct
values were determined using the second derivative method, and subsequently fold changes were calculated
using the 2744€T method.

Immunostaining of human hippocampal sections

For human hippocampus, coronal paraffin sections of 6 um-thickness were initially dewaxed with xylene and
rehydrated in a series of ethanol solutions of decreasing concentration (100% to 50%). Antigen retrieval was
performed in boiling sodium citrate 10 mM, pH 6, followed by permeabilization of the tissue in 1% (v/v) Triton
X-100, and by 1 h blocking in 5% BSA in 1% (v/v) Triton X-100 at RT. Primary antibody and secondary antibody
incubation were performed in 1% BSA in 1% (v/v) Triton X-100 overnight at 4 °C and 1 h at RT, respectively. To
stain for AP plaques, sections were incubated for 20 min at RT in 20 uM X-34 (Sigma-Aldrich) dissolved in 60%
PBS 40% ethanol (pH 10). Finally, sections were mounted in Mowiol. All the antibodies used for immunolabeling
of brain tissue are listed in Supplementary Table 7.

Image acquisition and processing

For immunolabelled mouse brain sections, images (z-stacks) were acquired using a DMI6000 CS Confocal
microscope (Leica). The FIJI software was employed for image processing and quantification. For multi-channel
confocal images, distinct channels were overlaid using the ‘Merge Channel” function in FIJI.

Quantification and statistical analysis
Statistical analysis was performed as indicated in the figure legends. Significance was set at (adjusted) p-value
threshold of 0.05. Graphs show the mean and standard deviation.

For quantification of NACC2*, GFP* and GFAP* cells in the mouse vibratome sections, three different mice
per condition and three different sections of the dentate gyrus per mouse were used. Cells were manually counted
per section in the subgranular zone (the distance below the granular cell layer and into the subgranular zone
that was considered for cell counting was calculated as one third of the breadth of the granular cell layer in each
image) with FIJT and average values per mouse were calculated by averaging the values of all sections of the same
animal. The normalized NACC2*/GFAP* and NACC2*/GFP* values were calculated by dividing the number of
double positive cells by the total number of GFP* or GFAP* cells.

Data availability

Single-cell RNA-seq data have been deposited and are publicly available at NCBI Gene Expression Omnibus
(GEO: GSE268144). Any additional information required to re-analyze the data reported in this paper is avail-
able from the corresponding author upon request.
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