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ANKRDI sustains a neurogenic BMSC niche and counters

cognitive aging

Zifei Wang', Xiaoyun Liu', Wenyu Zhen', Fei Xu', Rui Wang', Wenhu Fan?, Wenhao Zhang', Yulong Zhang', Wansu Sun', Mingyue Wu',

Jiacai He'™, Hao Gu@*™ and Hengguo Zhang ®'™

Craniomaxillofacial bone marrow mesenchymal stromal cells (BMSCs) retaining neural crest-derived neurogenic niche is driven by
lineage memory and niche homeostasis. Elucidating how the neurogenic potential is maintained is critical for neurological health.
Here, we explored a neural crest-like progenitor niche in BMSCs with high neurogenic and proliferative capacity by single-cell
transcriptomics. In which, ANKRD1 is a pivotal regulator sustaining the neurogenic reservoir. Importantly, ANKRD1 expression in this
niche declines with aging and lineage commitment, coinciding with its redistribution from a diffuse nucleoplasmic pattern to
perinuclear enrichment along the nuclear lamina and loss of neural potential. Mechanistically, ANKRD1 preserves neurogenic
capacity by directly binding super-enhancers of neural marker genes (SOX2, NESTIN) and maintaining open chromatin architecture.
Critically, neuron-targeted ANKRD1 delivery rescues spatial memory deficits in aged mice. These findings establish ANKRD1 as a
therapeutically tractable regulator that sustains neurogenic chromatin reservoirs to support neurocognitive resilience, opening

avenues to counter cognitive aging.
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INTRODUCTION

Craniofacial bone marrow mesenchymal stromal cells (BMSCs)
derived from neural crest stem cells (NCSCs), which represent a
transient embryonic progenitor population endowed with diverse
lineages, including peripheral neurons and glia." Emerging
evidence suggests adult BMSCs retain traces of their NCSCs
heritage, exhibiting latent neurogenic plasticity that could be
harnessed for neural repair.*®> Despite progress in characterizing
BMSCs multipotency,® the transcriptional circuits preserving their
neural competence during aging and the mechanisms by which
they deteriorate remain unresolved. Understanding these
dynamics is critical for leveraging BMSCs-based therapies against
neurodegenerative disorders.

Neural crest cells originate from neuroepithelial cells, in which
SOX2 and NESTIN serve as key markers for maintaining neural
progenitor identity during embryonic development.”™® SOX2, a
pivotal transcription factor and the earliest marker of the neural
plate, is essential for early embryogenesis and embryonic stem
cells (ESCs) pluripotency.’®'" Importantly, SOX2 transcription in
mouse ESCs is primarily governed by a 7.3-kb cluster of
transcription factor-binding regions located downstream of the
gene (>100 kb). Notably, both the SOX2 locus and its regulatory
elements reside at the boundary of an ESCs-specific topologically
associated domain (TAD), which disassembles upon differentia-
tion."””"* Further evidence demonstrates that SOX2 enhancer
clusters form spatial hubs within TADs, orchestrating gene
expression via chromatin looping.">'>'® As another critical
neuroepithelial marker, NESTIN is the intermediate filament
protein widely utilized to identify neural precursor cells.'’'®
Transgenic mouse studies confirm that the tissue-specific
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enhancer embedded in the second intron of the NESTIN gene is
capable of driving endogenous NESTIN expression.'®'® While
enhancer remodeling has been implicated in neural specification
in pluripotent stem cells, whether similar mechanisms sustain
neurogenic memory in adult stem cells, such as BMSCs remains
unexplored.?®?! As a result, identifying factors that stabilize these
critical regulatory architectures in adult progenitors could
illuminate new avenues to counteract neurocognitive decline.
Ankyrin repeat domain 1 (ANKRD1), also known as cardiac
ankyrin repeat protein (CARP), is a conserved member of the
ankyrin repeat protein family.?? In humans, the ANKRD1 gene is
located on chromosome 10 and exhibits high evolutionary
conservation among mammals.”®> While ANKRD1 has been
primarily characterized as a transcriptional coactivator in cardiac
pathophysiology,*™2° skin wound healing,”’*® and oncogen-
esis, 3! emerging evidence implicates its functional role in
neural regeneration. For instance, ANKRD1 modulates microtubule
dynamics in neurons, influencing axonal architecture and trans-
port.3? Additionally, it contributes to the stabilization of tyrosine
hydroxylase (TH) and catecholamine biosynthesis for the transmis-
sion of neural signals.>® Despite these findings, the potential role
of ANKRD1 in neurogenic remodeling remains poorly understood.
In this study, through scRNA-seq of human BMSCs, we
discovered a discrete subpopulation exhibiting molecular signa-
tures of neurogenic potential. Gene enrichment analysis identified
ANKRD1 as a top-scoring candidate, and subsequent validation
studies confirmed its role as a key regulator of this neurogenic
phenotype. We propose that ANKRD1 may sustain neurogenic
competence in undifferentiated BMSCs, a capacity that is
progressively eroded by aging or differentiation-associated
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transcriptional reprogramming. Mechanistically, protein-DNA
interaction profiling revealed that ANKRD1 directly engages with
enhancer elements of SOX2 and NESTIN, thereby preserving their
expression and reinforcing neural-lineage characteristics. Strik-
ingly, in vivo studies demonstrated that ANKRD1 targeting
ameliorates neurocognitive aging in animal models, implicating
its therapeutic potential. Our findings illuminate ANKRD1 as a
novel guardian of neurogenic plasticity in BMSCs. Deciphering its
regulatory axis may unlock new strategies for neural regeneration,
offering a theory basis to harness endogenous adult stem cell
potential for neurological repair.

RESULTS

ANKRD1 is a vital marker gene in neural progenitor BMSCs

To profile the neurogenic potential related molecular signatures of
neural crest-derived BMSCs, we analyzed single-cell RNA sequen-
cing data of human BMSCs. Using UMAP dimensionality reduction
and clustering, we mapped six distinct cell clusters (0-5) based on
transcriptomic profiles and classified clusters according to cell
cycle phases (G1, S, G2M) (Fig. 1a). We observed that clusters 0-5
predominantly occupied the G1, S, and G2M phases, indicating
heightened proliferative activity (Fig. 1a). Then, partition-based
graph abstraction (PAGA) analysis demonstrated the connectivity
between these six clusters, with cluster sizes and transition
probabilities reflected by node size and string thickness,
respectively (Fig. 1b). Further pseudotime trajectory analysis
identified a developmental progression from a progenitor state
(Pre) to differentiated states (Fatel and Fate2), with cluster 4
(purple) as a progenitor population occupied the earliest position
on the trajectory and exhibited the lowest pseudotime value
(Fig. 1¢, d). These data suggest that cluster 4 may represent as a
progenitor state in BMSCs.

To further characterize the progenitor state, we conducted
differential gene expression heatmapping and top-ranked path-
way enrichment analysis. The finding revealed progressive down-
regulation of neural crest progenitor-associated genes during
progenitor state toward differentiated states (Fig. 1e). Meanwhile,
we identified a significant enrichment of neurodegenerative
pathways including Parkinson’s, Alzheimer's, and Huntington’s
diseases—implying a significantly decline of neural function in the
process of differentiation (Fig. 1f). Subsequently enrichment
analysis of marker genes in cluster 4 illustrated the core
transcriptomic network driving its biological identity. Among the
top 25 elevated markers, key cell cycle regulators (TOP2A, PCNA,
MKI67, CENPF) showed pronounced upregulation, indicating
robust proliferative capacity (Fig. 1g). Moreover, violin plot analysis
captured concurrent enrichment of neural sensors (PIEZO1,
PIEZO2, ORAI1, FUS, SCN9A) and pro-proliferative transcription
factors (KLF4, KLF2, MAPK1, SON, HMGB2) (Fig. S1a). These
findings collectively show cluster 4 as a self-renewing neuro-
progenitor niche with intrinsically coupled proliferative and neural
developmental capacities.

Given the established association between progenitor-like
BMSCs and neural development, we sought to identify specific
markers governing their neurogenic potential. To this end, we
incubated BMSCs in neural stem cells (NSCs) medium (3 days). The
results revealed a robust upregulation of peripheral nervous
system markers (NGFR, SOX10, S100B) following induction (Figs. 1h
and S1b). Furthermore, qPCR quantification of top-enriched genes
in cluster 4 (excluding proliferation-associated genes) demon-
strated upregulated expression of multiple top genes, suggesting
their critical role in maintaining BMSCs’ neurogenic properties
(Fig. 1i). Among all the genes, ANKRD1 exhibited significantly
higher expression under induction (Figs. 1i and S1c), demonstrat-
ing its potential involvement in neural health and neurogenic
function. These findings implicate the potential role of ANKRD1 in
sustaining neural progenitor characteristics of BMSCs.
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Downregulation and blocked nuclear localization of ANKRD1 in
aging BMSCs

Craniofacial morphogenesis originates from neural crest cells
(NCCs), the neurogenic properties diminish progressively and
concomitant with cellular senescence during organismal
aging.>*3% To investigate the role of ANKRD1 in this process, we
first examined its involvement in the aging of BMSCs. As expected,
ANKRD1 expression was significantly downregulated in replicative
senescent BMSCs, revealing consistent suppression at both
transcriptional and translational levels during BMSC aging
(Fig. 2a, b). Critically, parallel evaluation of ANKRD1 expression in
BMSCs isolated from human donors with different ages echoed
these findings, which further validating an age-associated
attenuation of this neurogenic regulator (Fig. 2¢). To further
investigate whether ANKRD1 regulates the senescence phenotype
of BMSCs, we overexpressed ANKRD1 in aged BMSCs and knocked
down its expression using shRNA in young BMSCs. We then
evaluated both mRNA and protein levels of key senescence-
associated secretory phenotype (SASP) components, along with
classical cellular senescence markers (p53, p21, and p16). The
results shown that knockdown of ANKRD1 in young BMSCs
resulted in a marked upregulation of all examined senescence and
SASP markers (Fig. 2d, ), while overexpression of ANKRD1 in aged
BMSCs led to a significant downregulation of these markers (Fig.
S2a, b). These findings indicate that ANKRD1 actively suppresses
senescence-associated phenotypes and plays a crucial role in
preserving the youthful, proliferative state of BMSCs.

Moreover, immunofluorescence analysis further revealed that
cellular senescence triggers both quantitative decrease and spatial
reorganization of ANKRD1 (Fig. 2f). This underwent nuclear re-
localization from a diffuse nucleoplasmic pattern to perinuclear
enrichment along the nuclear lamina (Fig. 2f). These dynamic
changes suggest that ANKRD1 may serve as a key transcriptional
regulator in BMSCs, and that its regulatory activity is substantially
impaired during cellular senescence, potentially contributing to
the progressive loss of stemness and neurogenic potential.

ANKRD1 maintains the multipotent state of BMSCs

Previous studies found that the neurogenic characteristics of
BMSCs disappeared quickly after terminal osteogenic differentia-
tion.*” To profiled dynamics ANKRD1 expression during BMSCs
lineage differentiation, BMSCs were subjected to osteogenic and
adipogenic induction media. Successful osteogenesis was con-
firmed by Alizarin Red S staining of mineralized nodules, while
adipogenesis was verified through Oil Red O visualization of lipid
droplets (Fig. 3a, d). We found that terminally differentiated BMSCs
exhibited a pronounced reduction of ANKRD1 expression com-
pared to undifferentiated controls (Fig. 3b, c, e, f). To further
explore the relationship between ANKRD1 expression and the
differentiation status of BMSCs, we performed ANKRD1 knock-
down and overexpression experiments. The results showed that
knockdown of ANKRD1 significantly upregulated both osteogenic
markers (ALPL and Osterix) and adipogenic markers (CEBPA and
PPARYy) (Fig. S2c—f). In contrast, overexpression of ANKRD1 led to
marked downregulation of these lineage-specific markers (Fig.
3g-j). These findings indicate that ANKRD1 plays a critical role in
suppressing premature lineage commitment, thereby helping to
preserve the multipotent, undifferentiated state of BMSCs.

ANKRD1 occupies super-enhancers to sustain multipotency

in BMSCs

To further elucidate the mechanisms underlying ANKRD1-
mediated maintenance of multipotency, we comprehensively
profiled its genome-wide occupancy using Cleavage Under
Targets and Tagmentation (CUT&TAG) in undifferentiated and
osteogenic-differentiated BMSCs. Peak distribution analysis
revealed prominent enrichment of ANKRD1 binding sites around
transcription start sites (TSSs), indicating a primary role in
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Fig. 1 ANKRD1 is a vital marker gene in neural progenitor BMSCs. a Uniform Manifold Approximation and Projection (UMAP) plot derived
from single-cell RNA sequencing data from Gene Expression Omnibus (GEO) repositories (GSE113253) reveals transcriptional heterogeneity
within BMSCs. Color-coded and numerically labeled clusters represent distinct subpopulations, demonstrating the diversity of transcriptional
states present in the BMSCs (left panel). UMAP projection of single-cell RNA sequencing data delineates BMSCs by cell cycle phase (G1, S, G2/
M), characterized by a dominant G1-phase population alongside smaller but distinct S-phase and G2/M-phase subsets (right panel).
b Partition-based graph abstraction (PAGA) was employed to analyze and visualize differentiation trajectories. ¢, d Pseudotime trajectory
analysis of single-cell transcriptomes visualizing developmental progression from progenitor to differentiated states. Cluster 4 (purple),
identified as the progenitor population (Pre) with the lowest pseudotime values, occupies the trajectory origin before branching into two
distinct differentiated states (Fate1 and Fate2). e Differential gene expression heatmapping reveals progressive downregulation of neural crest
progenitor-associated genes during Pre toward Fate 1 and Fate 2 trajectories. f Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analysis during Pre toward Fate 1 and Fate 2 trajectories. The bar plots display the top 10 enriched terms. g Top 25 elevated marker genes in
cluster 4. h Western blotting against neural markers in BMSCs cultured in NSCs medium (DMEM/F12 + 1 x B27 + 20 ng/mL bFGF + 20 ng/mL
EGF + 1%-2% penicillin-streptomycin) versus untreated controls. i QRT-PCR analysis of cluster 4-enriched genes (non-proliferative) in NSCs-
treated versus untreated BMSCs
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Fig. 2 Downregulation and blocked nuclear localization of ANKRD1 in aging BMSCs. a Western blot analysis of ANKRD1 and senescence-
associated markers (p53, p21, and p16) in early-passage (passage 2) and late-passage (passage 25) BMSCs. b gRT-PCR quantification of mRNA
levels of ANKRD1 and senescence-associated markers in passage 2 and passage 25 BMSCs. ¢ Western blot analysis of ANKRD1 and
senescence-associated markers in BMSCs derived from young (26-33 years) and aged (66-78 years) donors. d Western blot analysis of
senescence-associated markers in young BMSCs transduced with control vector (shPLKO.1) or ANKRD1-specific shRNAs (shANKRD1-1 and
shANKRD1-2). e gRT-PCR analysis of senescence-associated markers in young BMSCs transduced with control vector (shPLKO.1) or ANKRD1-
specific ShRNAs (shANKRD1-1 and shANKRD1-2). f Representative high-magnification immunofluorescence images of ANKRD1 staining in
young (upper panels) and aged (lower panels) BMSCs. Nuclei were counterstained with DAPI (blue). Scale bar, 10 pm
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Fig. 3 ANKRD1 maintains the multipotent state of BMSCs. a Oil Red O staining of lipid droplets in BMSCs after 21 days of adipogenic induction
in vitro. Scale bar, 40 pm. b, ¢ Western blot and gRT-PCR analyses of ANKRD1 and adipogenic markers (CEBPa and PPARy) in control and
adipogenic-induced BMSCs (21 days). d Alizarin Red S staining of mineralized nodules in BMSCs after 21 days of osteogenic induction in vitro.
Scale bar, 40 pm. e, f Western blot and gRT-PCR analyses of ANKRD1 and osteogenic markers (ALPL and Osterix) in control and osteogenic-
induced BMSCs (21 days). g, h Western blot and qRT-PCR analyses of ANKRD1 and osteogenic markers (ALPL and Osterix) in BMSCs transduced
with empty vector (pCDH) or ANKRD1 overexpression vector (0CDH-ANKRD1). i, j Western blot and qRT-PCR analyses of ANKRD1 and adipogenic
markers (CEBPA and PPARy) in BMSCs transduced with empty vector (oCDH) or ANKRD1 overexpression vector (pCDH-ANKRD1)

transcriptional initiation (Fig. S3a, b). Principal component analysis
(PCA) clearly separated undifferentiated from osteogenic-
differentiated BMSCs, confirming distinct chromatin landscapes
(Fig. 4a). Genomic distribution analysis shown that the proportions
of ANKRD1 peaks in promoters, introns, exons, and proximal
intergenic regions remained largely unchanged during differentia-
tion, whereas the proportion in distal intergenic regions decreased
significantly (Figs. 4b and S3c). These observations led us to
hypothesize that differentiation may impair ANKRD1-dependent
long-range regulatory interactions with distal genes.

We next identified active super-enhancers (SEs) using the ROSE
algorithm, detecting 1 401 SEs in undifferentiated BMSCs
compared to only 458 in differentiated cells (Fig. 4c). Gene
Ontology (GO) biological process enrichment analysis of genes
associated with the top 100 ANKRD1-bound SEs revealed striking
enrichment for neurogenic pathways—including axon guidance,
neuronal migration, and axonogenesis—in undifferentiated
BMSCs. In contrast, these neural-related signals were markedly
diminished in the differentiated group (Fig. 4c). Notably, strong
ANKRD1 occupancy was observed at SEs associated with key

International Journal of Oral Science (2026)18:23

neural determinants SOX2 and NESTIN exclusively in undiffer-
entiated BMSCs (Fig. 4c).

To directly evaluate ANKRD1’s functional interaction with SOX2-
and NESTIN-associated enhancer regions, we constructed lucifer-
ase reporter plasmids harboring these elements and co-
transfected them with a Renilla normalization control. Over-
expression of ANKRD1 significantly activated both SOX2 and
NESTIN enhancer-driven luciferase activity, whereas ANKRD1
knockdown markedly suppressed it; co-overexpression effectively
rescued the repression (Fig. S4a, b). Furthermore, under osteo-
genic and adipogenic induction conditions—where enhancer
activity normally declined—ANKRD1 overexpression substantially
restored reporter signals (Fig. S4a, b). Together, these data
demonstrate that ANKRD1 preserves BMSC progenitor identity
by directly engaging neurogenic chromatin domains and main-
taining the activity of key neural super-enhancers, particularly
those governing SOX2 and NESTIN.

Given that ANKRD1 robustly activates NSC marker genes in
undifferentiated BMSCs, we next asked whether it also enhances
overall stemness. We found overexpression of ANKRD1 significantly

SPRINGER NATURE
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Fig. 4 ANKRD1 occupies super-enhancers to sustain multipotency in BMSCs. a Principal Component Analysis (PCA) plot showing clear
separation between undifferentiated (blue spheres) and differentiated (Induced osteogenic differentiation) (red spheres) BMSCs (n = 2/group).
b Pie charts depicting the positional annotation of ANKRD1 CUT&TAG peaks, classified by genomic features in priority order: promoters, 5’
UTRs, 3'UTRs, exons, introns, downstream region, and distal intergenic regions. ¢ Hockey stick plots of the rank order of ANKRD1 signals for all
enhancers in undifferentiated and differentiated BMSCs. Inserted panels of selected GO functional categories of active SE-associated genes.
The red arrow indicates the neuro-related SEs. d Western blotting analysis of ANKRD1 and stem-related markers (NESTIN, OCT4, KLF5, KLF4,
NANOG, SOX2) in BMSCs following transduction with pCDH and pCDH-ANKRD1. (e-g) KEGG, GO and disease ontology (DO) enrichment
analysis on differential peaks in ANKRD1 CUT&TAG data between undifferentiated and differentiated groups

upregulated multiple stemness-associated genes (OCT4, KLF4, KLF5,
NANOG, and SOX2) (Figs. 4d and S4c). These findings were further
corroborated by RNA-seq transcriptome profiling following ANKRD1
overexpression, which showed consistent changes in stemness-
related gene expression (Fig. S4d), supporting a role for ANKRD1 in
reinforcing the multipotent state. Furthermore, we also performed
Kyoto Encyclopedia of Genes and Genomes (KEGG), Gene Ontology
(GO), and Disease Ontology (DO) enrichment analyses on genes
associated with differential ANKRD1 binding peaks between
undifferentiated and differentiated BMSCs. KEGG pathway analysis
revealed significant enrichment in neurogenic signaling pathways
in the undifferentiated group, including axon guidance, glutama-
tergic synapse, GABAergic synapse, and calcium signaling (Fig. 4e).
GO biological process analysis highlighted prominent terms related
to neuron differentiation, neurogenesis, and axon projection
(Fig. 4f). DO analysis further uncovered strong associations with
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neuropsychiatric and cognitive disorders in the undifferentiated
group (Fig. 4g). Taken together, these results position ANKRD1 as a
central epigenetic regulator that sustains the neurogenic potential
of BMSCs in their progenitor state by directly modulating core
neurodevelopmental programs.

ANKRD1 sustains divergent chromatin dynamics at SOX2 and
NESTIN loci in BMSCs

SOX2 and NESTIN are hallmark markers of neuroepithelial
progenitors, exhibiting dynamic expression patterns during
organismal development33° To further interrogate their chro-
matin dynamics during BMSC differentiation and aging, we
integrated Hi-C and CUT&TAG multi-omics analyses across
undifferentiated, differentiated, and aged states. Our results
revealed distinct behaviors at these loci. SOX2 stably resides at
topological associating domain (TAD) boundaries, preserving
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conserved chromatin interactions across differentiation and aging
(Fig. 5a). This architectural stability underscores SOX2’s role in
maintaining genomic organization. In contrast, NESTIN, located
within a TAD interior, underwent marked structural remodeling
during differentiation and aging, manifested as TAD contraction
and weakened intra-domain interactions (Fig. 5c). These altera-
tions profoundly disrupted its regulatory landscape, contributing
to reduced expression. Integration of CUT&TAG data with
chromatin accessibility (DNase-seq) and insulator (CTCF) signals
further illuminated ANKRD1's regulatory influence. At the SOX2
locus, undifferentiated BMSCs displayed robust ANKRD1 occu-
pancy, heightened chromatin accessibility, and strong CTCF
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binding, whereas differentiation and aging were associated with
diminished ANKRD1 signal and reduced openness (Fig. 5b).
Analogous patterns were observed at the NESTIN locus (Fig. 5d).
Collectively, these findings position ANKRD1 as a critical factor
that sustains an open, permissive chromatin state at both SOX2
and NESTIN in undifferentiated BMSCs, thereby preserving a
molecular reservoir for neural differentiation potential.

ANKRD1 reverses aging related spatial memory deficits via
neuron-targeted overexpression

Next, to investigate the role of ANKRD1 in neurogenic main-
tenance, we conducted behavioral analyses in natural aging
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model mice. Considering the necessity for the virus to cross the
blood-brain barrier (BBB) and transduce neuronal cells, we
employed an adeno-associated virus (AAV) construct containing
the neuron-specific Syn promoter. We systemically delivered
either AAV overexpressing ANKRD1 (experimental group, n = 8) or
control AAV (control group, n = 8) via tail vein injection into aged
(18-month-old) mice. AAV-mediated expression usually peaked
within 4 weeks. Accordingly, we performed animal imaging in vivo
after 4 weeks injection to confirm the ANKRD1 expression.
Consistent with our expectations, the ANKRD1 signal was
predominantly detected in the head, dorsal region, and hindlimbs
of the animals (Fig. 6a). Following in vivo imaging, mice
underwent behavioral assessments to evaluate neurological
functions. Open field testing (OFT) revealed no significant
alterations in overall locomotor activity (e.g., total distance
traveled, average speed) upon ANKRD1 overexpression mouse
(Fig. 6b—-d). Similarly, analysis of movement trajectories demon-
strated no significant difference between experimental and
control groups in either the crossing frequency or time durations
in the central zone, the quadrilateral regions, and four-cornered
regions (Fig. 6e-h). These data reveal no significant differences in
anxiety-like behaviors or motor ability between the two groups.

Next, we performed the Morris water maze (MWM) to assess the
spatial learning ability of the mice. Analysis of escape latency
during the five-day hidden platform training phase revealed no
significant difference in swimming speed between experimental
and control groups (Fig. 6i), consistent with our open field results
and confirming comparable motor function. Critically, ANKRD1
overexpression in aged mice exhibited significantly shorter
latencies to locate the platform versus controls (Fig. 6j). In
addition, post-trial analysis revealed superior platform quadrant
occupancy and increased platform-crossing frequency in ANKRD1
expression mice (Fig. 6k-m). Collectively, these findings demon-
strate that ANKRD1 can rescue age-associated spatial memory
deficits, suggesting a protective role against neurocognitive
decline in the context of neurodegenerative processes.

To understand how ANKRD1 rescues age-related spatial
memory deficits through activation of endogenous BMSCs during
nerve repair, we first examined its potential role in promoting
neural fate commitment. Overexpression of ANKRD1 in BMSCs led
to marked upregulation of key neural lineage markers, including
NGFR, SOX10, S100B, NF200, and NeuN (Fig. S5a, b). Immuno-
fluorescence staining further revealed enhanced Blll-tubulin
expression accompanied by pronounced morphological changes,
including extension of long, filamentous processes characteristic
of neuronal cells (Fig. S5c). Additionally, ANKRD1 overexpression
also increased the expression and secretion of key neurotrophic
factors (NGF, BDNF, GDNF, and FGF2), as confirmed by qRT-PCR,
Western blotting, transcriptome profiling and ELISA quantification
of culture supernatants (Fig. S5d, g). Collectively, these results
demonstrate that ANKRD1 promotes neural fate commitment and
augments secretory activity in endogenous BMSCs, thus con-
tributing to the mechanisms of nerve injury recovery.

ANKRD1 mediated neural activation patterns across cognitive-
associated brain regions

To further explore the cognitive improvement effect of ANKRD1,
we next sought to map its neuroanatomical targets in the mouse
brain. c-Fos is expressed in neurons and it provides a cellular
method for labeling neurons activated by a variety of stimuli,
having widespread application in neurobiological research.*
Following viral-mediated ANKRD1 overexpression and brain tissue
clearing in aged mice, we observed significant increases of c-Fos
fluorescence signals within cognition-associated regions including
the hippocampal formation (HPF), hypothalamus (HY), and
isocortex (Fig. 7a). Quantification of brain-wide activation patterns
revealed robust differences in large structures, with the HY,
isocortex, HPF, olfactory areas (OLF), striatum (STR), and medulla
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(MY) showing the most pronounced responses to ANKRD1
overexpression (Fig. 7b). Next, differential activation was further
confirmed through z-score and coefficient of variation (CV)
analyses, demonstrating both enhanced magnitude (z-score) and
greater interindividual variability (CV) in the AAV-ANKRD1 group
across multiple regions (Fig. 7¢, d).

To delineate the specificity of ANKRD1-mediated neural
activation, we conducted a volcano plot analysis of regional
c-Fos expression, and we identified five major regions with
significantly elevated activation: HY, isocortex, HPF, OLF, and pons
(P), along with their subregions (Fig. 7e, f). Given the inherently
interconnected nature of neural circuits, we subsequently
performed systems-level analysis of functional connectivity using
Spearman’s rank correlation (p) matrices. Positive correlations
between brain regions (0 < p < 1) reflect synchronized or coordi-
nated neural activity, indicative of functional cooperation within
neuronal networks. Conversely, negative correlations (—1 < p <0)
suggest an inverse relationship, where activation in one region is
associated with decreased activity in another.*’ In control group,
we observed the expected both positive and negative correlation
among various brain regions, reflecting normal functional com-
plexity (Fig. 7g). However, AAV-ANKRD1 treatment triggered a
pronounced shift toward globally synchronized network states,
characterized by significant strengthening of positive correlations
across the analyzed brain regions (Fig. 7g). To further investigate
ANKRD1’s impact on neural circuit engagement, we performed a
cross-group correlation analysis of c-Fos fluorescence signal across
the 15 anatomically defined brain regions. Notably, 12 of these
regions exhibited significantly stronger positive correlations in the
AAV-ANKRD1 group compared to AAV-vector controls (p < 0.05,
FDR-corrected), indicating that ANKRD1 overexpression enhances
coordinated activity within these regions (Fig. 7h). These findings
demonstrate that ANKRDT mediate a specific transition from
segregated processing toward integrated network states, poten-
tially facilitating functional connectivity by promoting synchro-
nized activation across brain regions.

DISCUSSION

Cranial neural crest-derived mesenchyme plays a pivotal role in
craniofacial morphogenesis during embryogenesis. These multi-
potent cells migrate to encapsulate the anterior neural tube,
giving rise to the formation of the meningeal, chondrogenic, and
osteogenic lineages that construct the skull and associated
connective tissues.*> Consequently, jaw bone derived from the
cranial neural crest exhibits superior physiological responses in
developmental, mechanical, and homeostatic contexts compared
to other skeletal elements.*** For example, in ovariectomized
rats, the jaw bone demonstrates remarkable resilience, with
significantly slower loss of trabecular bone volume and mineral
density than observed in tibial primary spongiosa.*® Meanwhile,
jaw bone-derived BMSCs functionally diverge from their long-
bone counterparts, displaying altered proliferative capacity, life
span before senescence, and enhanced osteogenic differentiation
potential.***” Unlike their mesoderm-derived counterparts in long
bones, jaw-derived BMSCs originate from the neural crest - a
transient embryonic cell population renowned for its exceptionally
robust neurodevelopmental capacity.***° As a result, given the
neural crest origin of jaw-derived BMSCs, a fundamental but
understudied question remains: Do jaw bone-derived BMSCs
retain ancestral neurogenic functions inherited from their
progenitors, unlike mesoderm-derived BMSCs from long bones?
In this study, we have compared the features of jaw bone-derived
BMSCs in comparison to those derived from other mesodermal
origins (rib marrow-derived BMSCs). To explore potential differ-
ences, we first compared stemness markers via Western blotting
and gPCR. These analyses indicated higher baseline expression of
key pluripotency-associated factors (e.g., KLF4, KLF5, SOX2, OCT4,
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Fig. 6 ANKRD1 reverses aging related spatial memory deficits via neuron-targeted overexpression. a Tail vein injection of either pAAV-Syn-
ANKRD1-P2A-LUC (experimental, n=8) or pAAV-Syn-LUC (control, n=28) in 18-month-old C57BL/6J mice (2x 10" vg per mouse), with
bioluminescence imaging (Day 21 post-injection) revealing greater brain signal. b-d Representative locomotor traces and quantitative
statistics (total distance traveled, average speed) of control and ANKRD1-overexpressing mice in the Open field test (OFT). e-g Quantitative
statistics of crossing frequency, central zone duration and quadrilateral region duration of control and ANKRD1-overexpressing mice in the
OFT. h Representative open field exploration heatmap and quantitative analysis of duration in corner zones showing no significant corner
preference in ANKRD1 overexpression mice versus controls. i Quantitative statistics of average swimming speed of control and ANKRD1-
overexpressing mice in the Morris water maze experiment. j Quantification of average time to locate the hidden platform across training days
for control versus ANKRD1-overexpressin mice. k Representative locomotor traces of control and ANKRD1-overexpressing mice in the Morris
water maze experiment. | Percentage of time spent in the second quadrant by control and ANKRD1-overexpressing mice during the MWM.
m Quantification of the number of crossings over the hidden platform location during training days for control and ANKRD1-
overexpressing mice
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Fig. 7 ANKRD1 mediated neural activation patterns across cognitive-associated brain regions. a Virtual coronal sections showing c-Fos
expression patterns in AAV-vector (left) and AAV-ANKRD1 (right) groups. Cognition-associated regions (HP, HY, isocortex) were included. Scale
bar, 500 pm. b Whole-brain c-Fos fluorescence signal in AAV-vector and AAV-ANKRD1 groups. *P < 0.05; **P < 0.01; ***P < 0.001. ¢ Relative z
-score plot of 12 brain areas of 8 animals from two groups. d Coefficient variation plot of 12 brain areas between the control and ANKRD1
overexpression group. e, f Comparison of differential neuronal activation by control and ANKRD1 overexpression. The vertical line represents
the fold change in c-Fos fluorescence signal >1.07, and the horizontal line represents the FDR P-value of 0.05. The color of the dots represents
the level of the FDR P-value. g The correlation of c-Fos fluorescence signal in AAV-vector and AAV-ANKRD1 groups across HY, isocortex, HPF,
OLF, and pons areas. The red lines represent positive correlation and the blue lines indicate negative correlation. h Spearman correlation
analysis of c-Fos fluorescence signals across 15 brain regions between the AAV-vector control and AAV-ANKRD1 groups. The size of each
bubble corresponds to the magnitude of the correlation levels, and the color gradient represents FDR g-values. Red denotes positive

correlation and blue indicates negative correlation

SPRINGERNATURE

International Journal of Oral Science (2026)18:23



and NANOG) in jaw bone-derived BMSCs relative to their
mesodermal counterparts (Fig. S6a, b). We then assessed their
ability to differentiate into neural cells by subjecting both cell
types to neural induction using a standard NSC culture medium.
While mesodermal BMSCs showed only limited upregulation of
neuronal markers (including NeuN, NF200, NGFR, SOX10, and
S100B) following induction, jaw bone-derived BMSCs exhibited a
much more pronounced increase in these markers (Fig. S6c).
Under microscopy, the latter cells also developed evident
neuronal-like features, such as elongated processes and enhanced
synaptic extensions, whereas morphological changes in meso-
dermal BMSCs were considerably less apparent (Fig. S6d).
Furthermore, immunofluorescence staining for the early neuronal
marker Blll-tubulin corroborated these findings: jaw bone-derived
BMSCs displayed a substantial elevation in BllI-tubulin signal and
clear neuronal morphological transformation post-induction, in
contrast to the milder responses observed in mesodermal BMSCs
(Fig. S6e). These observations are consistent with the unique
embryonic origin of jaw bone-derived BMSCs from the neural crest
(ectodermal-derived), as opposed to the purely mesodermal
lineage of conventional BMSCs.

The ANKRD (Ankyrin Repeat Domain) protein family, character-
ized by the presence of Ankyrin Repeat (AR) motifs that mediate
specific protein-protein interactions, constitutes an evolutionarily
conserved group of eukaryotic regulatory factors>®>% ANKRD
members serve as molecular scaffolds and signaling hubs that
orchestrate diverse cellular processes, ranging from signal transduc-
tion and cz/toskeletal organization to transcriptional regulation and
apoptosis.”>>>">> Emerging evidence indicates that the ANKRD
family critically regulates embryonic differentiation and neural crest
development. For instance, ANKRD11 knockout mice exhibit severe
neurodevelopmental defects and craniofacial malformations, phe-
nocopying KBG syndrome in humans—a neurodevelopmental
disorder caused by heterozygous ANKRD11 mutations.”®>” Studies
have shown that conditional knockout of ANKRD11 in mouse
embryonic NCCs leads to impaired expression of various transcrip-
tion factors, chromatin remodelers, and signaling pathway compo-
nents, including the mTOR, BMP, and TGF-$ pathways, in cardiac
NCCs.>® Mechanistically, structural analyses revealed that ANKRD11
mutation (Tyr347Ala) selectively impairs cohesion binding, leading
to widespread gene expression dysregulation in ESCs.>® Further-
more, ANKRD11 enhances the transcriptional activity of p53 by
promoting its acetylation, thereby expanding its regulatory scope
beyond classical tumor suppression.®®52

Increasing evidence indicates that stem cell lineage commit-
ment is orchestrated by complex interplay between epigenetic
modifications and three-dimensional (3D) genome organization.®®
During BMSC differentiation and aging, chromatin spatial archi-
tecture undergoes extensive remodeling, accompanied by wea-
kened interactions between regulatory elements and genes
involved in protein synthesis, ultimately culminating in cellular
senescence.®® In this study, we identified ANKRD1 as a pivotal
regulator of latent neurogenic potential in cranial neural crest-
derived BMSCs, establishing a direct link between developmental
ontogeny and adult neural plasticity. We demonstrate that jaw
bone-derived BMSCs retain a neuroepigenetic signature, orche-
strated by ANKRD1 through its governance of super-enhancer
networks at neural stemness loci, such as SOX2 and NESTIN.
Besides, ANKRD1 maintains an open chromatin architecture and
promotes three-dimensional enhancer-promoter interactions,
preserving the neurogenic programs in a transcriptionally poised
state. This chromatin-level priming not only safeguards neuro-
genic competence but also reflects a persistent epigenetic imprint
of neural crest origin. Intriguingly, beyond its role in chromatin
topology, ANKRD1 is also shown being act as a transcriptional
modaulator, which can bond to P53 tumor suppressor protein and
enhances its transcriptional activity.®> By concurrently orchestrat-
ing epigenetic and transcriptional regulation, ANKRD1 emerges as
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a mechanistic linchpin that bridges transcriptional memory with
neurofunctional fidelity.

Cognitive aging, characterized by declining spatial memory and
learning capacity, poses a growing socioeconomic challenge in aging
populations worldwide.5%% At the cellular level, this cognitive decline
correlates with diminished neurogenesis, attenuated neural plasticit
and synaptic alterations in hippocampal and cortical regions.8"°
Recently, research has found that neurodegenerative diseases are
closely related to protein imbalance.”! It found that the nuclear
receptor NR4A1, a member of nuclear receptor subfamily 4 group A
(Nrda), governs age-related cognitive decline. Human peripheral
blood mononuclear cells (PBMCs) exhibit progressive NR4AT mRNA
reduction with aging. In mice model, hippocampal CA1 Nr4a1 levels
correlate positively with cognitive performance and Nr4al over-
expression significantly rescues cognitive deficits in aged mice.”?
Traditionally, jaw bone-derived BMSCs have been recognized
primarily for their prominent osteogenic properties and their essential
role in maintaining alveolar bone homeostasis.”>”> However, their
potential contribution to neural repair has remained largely
unexplored. In this study, we uncover a neurogenic capacity in jaw
bone-derived BMSCs, driven by the stemness maintenance factor
ANKRD1. We demonstrate that ANKRD1 exhibits remarkable potential
to promote neural development and differentiation. Notably, the age-
dependent decline in ANKRD1 expression parallels the erosion of
cognitive neural networks, whereas targeted therapeutic delivery of
ANKRD1 effectively rescues these deficits, highlighting promising
avenues for neural rejuvenation strategies. Furthermore, functional
connectivity analyses reveal that ANKRD1 orchestrates balanced
activation patterns across cognition-related brain regions, particularly
the HY, isocortex, HPF, OLF, and P. These findings position ANKRD1 as
a key mediator linking peripheral stem cell dynamics in the jaw bone
to central nervous system resilience and cognitive health.

Overall, these findings fundamentally advance our under-
standing of how developmental lineage commitments influence
adult tissue homeostasis and age-related functional decline. They
also open new avenues for treating cognitive disorders by
targeting the ANKRD1-mediated interface between epigenetic
memory and neural plasticity.

MATERIALS AND METHODS

Cell culture conditions

All cells used in this study were cultured in a sterile incubator
maintained at 37°C under 5% CO, atmosphere. BMSCs from
human sources were cultured in low-glucose MEM Alpha
complete medium supplemented with 10%-15% fetal bovine
serum (FBS) and 1%-2% penicillin-streptomycin. HEK293T cells
were cultured in high-glucose DMEM base medium with identical
supplementation and incubation conditions. Cell-related
procedures—including resuscitation, passaging, cryopreservation,
and isolation—were performed under sterile conditions in a
biosafety cabinet.

BMSCs isolation from human jaw bone tissue

Sample Acquisition: jaw bone fragments extracted from dental
sockets (donor ages: 26-33 years or 66-78 years with informed
consent) were immediately immersed in PBS on ice and
transferred to the lab within 2 h. Tissue Processing: washing bone
samples 3-5 times with PBS containing gradient antibiotic
concentrations (5% — 2% — 1% penicillin-streptomycin-
amphotericin B). Then mincing the tissue thoroughly with sterile
scissors and plated fragments evenly across T25 flask surface.
Primary Culture: adding 2 mL complete medium to flask. Incubat-
ing under standard conditions (5% CO,, 37 °C) for 8-10 h without
disturbance to enable attachment. After that, carefully adding
4 mL fresh medium along flask wall to prevent dislodging tissue.
Maintained culture without medium change for 5 days. Cell
Growth Monitoring: spindle-shaped BMSCs typically migrated
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from explants after 5 days. Performed first medium change upon
visible cell migration. Expansion: Passaged at 7-10 days when
high-density colonies formed (80% confluence area) and re-plated
original tissue fragments in new flasks for secondary cell
outgrowth. Cryopreserved surplus BMSCs in liquid nitrogen for
downstream assays.

Transient transfection

Prior to transfection, plasmid DNA was extracted from E. coli using
commercial kits with confirmed concentration and purity. BMSCs
were plated according to growth kinetics and transfected at
60%-70% confluence. For transfection in small culture dishes,
5 pg plasmid was diluted in 300 pL Opti-MEM medium, while 6 uL
Lipofectamine 2 000 was separately diluted in 300 uL Opti-MEM.
After 5-min incubation for homogeneous mixing (avoiding
bubble formation), both solutions were gently combined and
incubated for an additional 15 min. The transfection complex
mixture was then added dropwise to cells. Following 6-8h
incubation, the medium was replaced. Exogenous gene expres-
sion became detectable at 24 h, peaked at 48 h for mRNA and
72 h for protein.

Total RNA extraction

Total RNA was isolated from adherent BMSCs using TRIzol reagent.
Cells in small dishes were lysed with 500 uL TRIzol and scraped,
followed by 15-min incubation on ice. After adding 100 pL chloro-
form, samples were mixed by inversion and incubated at room
temperature for 3min to facilitate phase separation. Following
centrifugation at 12 000 r/min for 15 min at 4 °C (pre-cooled), the
aqueous upper phase was transferred to RNase-free tubes. An equal
volume of isopropanol was added, mixed thoroughly, and incubated
at —20°C for 15 min. Subsequent centrifugation at 12 000 r/min for
10 min at 4°C yielded a white RNA pellet. The pellet was washed
with 500 uL 75% ethanol (prepared in DEPC-treated water), then
centrifuged at 7 500 r/min for 5min at 4°C. Residual liquid was
carefully removed with a pipette before briefly drying the transparent
pellet in a 65 °C metal bath for 10-15s. RNA was dissolved in 20 pL
pre-heated (65 °C) DEPC-treated water, with concentration and purity
measured by spectrophotometry.

Reverse transcription (RT)

RT reactions were performed using Vazyme reverse transcriptase
in 10 uL reaction volumes containing 500 ng total RNA. The
reaction mix comprised RNA template, 2 uL RT enzyme, and DEPC-
treated water (for volume adjustment). After gentle mixing
(avoiding bubbles), reactions were run in a thermal cycler under
these conditions: 37 °C for 15 min (reverse transcription) followed
by 85°C for 5s (enzyme inactivation). Synthesized cDNA was
stored at —20 °C for subsequent analysis.

Quantitative real-time PCR (gRT-PCR)

A 10-fold dilution of cDNA template was prepared using 90 pL
ddH,O to minimize reverse transcription reagent interference.
Primer pairs (forward/reverse) were mixed at 1:1 ratio. Each 20 uL
reaction contained: 10 pL 2x AceQ™ gPCR SYBR Green Master Mix,
1 uL pooled primers, and 9 pL diluted cDNA template. Plates were
briefly centrifuged to settle components. Then, the corresponding
qPCR program was subsequently set up and initiated on the
thermal cycler.

Western blotting

Protein samples were separated on 4%-20% gradient gels (70V
stacking — 110V resolving gel), then transferred to methanol-
activated PVDF membranes (200 mA constant current, 120 min), and
validated by Ponceau S staining. After that, membranes were blocked
in 5% milk/TBS-T, incubated with primary antibody (4 °C overnight)
and species-matched HRP-conjugated secondary (1:10 000, 60 min),
then detected by ECL Prime substrate.
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Osteogenic induction and alizarin red staining

Gelatin-coated 6-well plates were seeded with P3 BMSCs (2 x 10°
cells per well) in growth medium (DMEM + 10% FBS). At 50%-60%
confluency, medium was replaced with osteogenic induction
medium containing: DMEM; 10% FBS; 50 ug/mL ascorbic acid
(Sigma A4544);10 mmol/L B-glycerophosphate (Sigma G9422);
100 nmol/L dexamethasone (Sigma D4902). Cells were maintained
for 21 days (37 °C, 5% CO,, 95% humidity) with medium changes
every 72 h. Untreated controls received standard growth medium.
Post-induction: wash cells x1 with PBS, then fixing in chilled 4%
PFA (30 min, RT), washing x3 with dd H,O. After that, staining with
500 pL of 2% Alizarin Red S (pH 4.2, Millipore TMS008) for 30 min
(RT, dark), then washing x3 with distilled water. Quantify
mineralized nodules by microscopic.

Adipogenic induction and modified oil red O staining

BMSCs (2 x 10° cells/well) were maintained similarly as in
osteogenic induction. At 60%-70% confluency, adipogenic induc-
tion was initiated using adipogenic cocktail: DMEM/F12;10% FBS;
0.5 mmol/L IBMX (Sigma 17018); 10 pumol/L insulin (Sigma 10516);
1 umol/L dexamethasone; 200 umol/L indomethacin (Sigma
17378). Cells were cultured for 21 days (37°C, 5% CO,) with
medium changes every 48 h. Post-induction: washing x1 with PBS,
then fixing in precooled 4% PFA (10 min, RT). After that, washing
X2 with PBS. Then incubating with 60% isopropanol (20s),
Staining with modified Oil Red O working solution (0.3% w/v in
60% isopropanol, filtered through 0.22 um) for 15 min (RT, dark).
Then destaining with 60% isopropanol (30 s), washing x1 with PBS
(20 s). Quantify lipid accumulation by image analysis.

Cell immunofluorescence (IF)

Cell Seeding: Cells were seeded onto sterile glass coverslips (12 mm
diameter; #1.5 thickness) placed in 24-well plates. Briefly, cells were
resuspended in pre-warmed culture medium, added to wells, and
allowed to adhere overnight (37 °C, 5% CO,). Optimal cell density
(=10*-10° cells per well) was confirmed by microscopy prior to
fixation. Fixation: Medium was aspirated and cells washed twice
gently with RNase-free DPBS (Ca*/Mg*-free). Cells were fixed with
freshly prepared 4% paraformaldehyde (PFA) in DEPC-treated PBS
for 20 min at room temperature (RT). Permeabilization: After three
DPBS washes, cells were permeabilized with 0.5% Triton X-100 in
DPBS (400 pL per well) for 15 min at RT. Blocking: Permeabilization
solution was aspirated and non-specific sites blocked with 5%
bovine serum albumin (BSA) in DPBS (400 uL per well, 1 h, RT).
Primary Antibody Incubation: Primary antibodies were diluted in IF
antibody dilution buffer according to manufacturer recommenda-
tions. Blocking solution was removed, cells washed 3x with DPBS,
and 200 L diluted primary antibody solution added per well
(overnight, 4 °C). Washing: Primary antibody solution was aspirated.
Cells were washed 3x (8 min per wash, 100 rpm orbital shaking)
with PBST (DPBS + 0.05% Tween-20). Secondary Antibody Incuba-
tion: Species-matched fluorophore-conjugated secondary antibo-
dies diluted in IF antibody buffer were added (200 uL per well; 1 h,
RT, dark). Washing: Secondary antibody was aspirated. Cells washed
3x with PBST. Nuclear Counterstaining & Mounting: Cells were
incubated with DAPI (1 pg/mL in DPBS, 4 min, dark), washed 3x
with DPBS, and coverslips mounted on glass slide. Confocal
microscopy (Carl Zeiss, LSM980) was performed within 48 h.

CUT&Tag (Cleavage under targets & tagmentation)

The CUT&Tag assay was performed using the Hyperactive Universal
CUT&Tag Assay Kit for Illumina Pro (Vazyme) according to the
manufacturer’s instructions with minor modifications. Briefly, ConA
Beads Pro were activated in Binding Buffer, washed twice, and
resuspended. Approximately (5-10) x 10* cells were harvested,
washed in PBS, and bound to the activated beads by gentle
rotation at room temperature. After incubation, bead-bound cells
were resuspended in Antibody Buffer containing primary

International Journal of Oral Science (2026)18:23



antibodies and incubated overnight at 4°C. The next day, cells
were washed and incubated with secondary antibody (1:100
dilution in Dig-wash Buffer) for 30-60 min at room temperature.
Following two washes in Dig-wash Buffer, cells were resuspended
in Dig-300 Buffer containing pA/G-Tnp Pro and incubated for 1 h at
room temperature. After two additional washes in Dig-300 Buffer,
tagmentation was performed by resuspending the beads in 5x
TTBL supplemented with Dig-300 Buffer and incubating at 37 °C for
60 min. Reactions were stopped by adding 10% SDS and DNA
Spike-in, followed by incubation at 55°C to release tagmented
DNA. Fragmented DNA was purified using DNA Extract Beads Pro
with B&W Buffer washes. Purified DNA was amplified by PCR (9-12
cycles) using index primers (N5XX/N7XX series) and CAM master
mix. Amplified libraries were purified twice with VAHTS DNA Clean
Beads, eluted in ddH,0, and subjected to quality control before
lllumina sequencing.

Dual-luciferase reporter assay

The dual-luciferase reporter system quantifies transcriptional
regulatory activity by measuring the Firefly luciferase (FLuc) to
Renilla luciferase (RLuc) luminescence ratio, with RLuc serving as
an internal control for normalization. To validate ANKRD1-
mediated transcriptional regulation of SOX2 and NESTIN,
genomic regions containing predicted enhancers and promo-
ters (identified by CUT&Tag data) were synthesized (Genewiz
Inc.) and cloned upstream of the FLuc gene in the pGL4.23[luc2/
minP] vector. Cells were transfected at 60-70% confluence. For
24-well plates, 500 ng total DNA was transfected per well using
a plasmid ratio of 25:25:1 (ANKRD1 overexpression plasmid:
SOX2/NESTIN-enhancer/promoter-pGL4.23: pRL-SV40 Renilla
control plasmid). After 8 h, transfection medium was replaced
with fresh growth medium. At 36 h post-transfection, cells were
washed twice with PBS and lysed in 1x Passive Lysis Buffer
(Promega) with agitation (10-15 min, RT). Lysates were clarified
by centrifugation (10 min, 1 200 x g, 4 °C). FLuc and RLuc assay
substrates were prepared from the Luc-Pair™ Duo-Luciferase HS
Assay Kit (GeneCopoeia) per manufacturer instructions and
protected from light. Twenty microliters lysate aliquot was
mixed with 10 uL FLuc substrate, vortexed briefly (3-4s), and
luminescence measured immediately (integration: 2-10's). 10 pL
RLuc substrate was then added to the same tube, vortexed, and
RLuc luminescence recorded. Transcriptional activity was
calculated as normalized FLuc/RLuc ratio. Elevated ratios
indicate enhanced SOX2 and NESTIN promoter/enhancer
activity induced by ANKRD1.

AAV tail vein injection

AAV preparation: AAV-Syn-ANKRD1 or AAV-Syn-Empty control was
diluted in sterile PBS to 2x 10" vg per mouse (total volume:
100-200 uL). Aliquots stored at —80 °C. Mice were restrained in an
injector device with tails immobilized. Tail veins were dilated by
immersion in warm water (37°C, 30-60s). Virus solution was
injected slowly into the lateral tail vein using a 29G insulin syringe.
Viral titers and injection volumes were matched between groups.
Post-injection, mice were monitored daily for 48 h and =2x per
week thereafter. Experiments commenced 4 weeks post-injection
to ensure peak transgene expression.

In vivo bioluminescence imaging

Substrate preparation: D-Luciferin potassium salt (GoldBio) was
dissolved in calcium/magnesium-free D-PBS to 15 mg/mL, sterile-
filtered (0.22 pm), aliquoted, and stored at —20°C. Imaging
protocol: Mice received intraperitoneal D-luciferin (150 mg/kg,
10 puL/g body weight). Imaging commenced 12 min post-injection
under isoflurane anesthesia (induction: 3%-4%; maintenance:
1.5%-2.5% in O,). Data acquisition: Bioluminescence was quanti-
fied using an IVIS Spectrum (PerkinElmer). Signal intensity was
analyzed with Living Image® Software.
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Open field test (OFT)

Animals were habituated to the testing room for 3-4 days prior to
experiments. Thirty minutes before testing, mice were placed in a
quiet holding area to acclimate. Testing occurred in a
50 x 50 x 40 cm® open field arena, demarcated into a central zone
and a peripheral zone. Each mouse was placed in the center of the
arena and allowed to explore freely for 10 min. Behavior was
recorded by an automated tracking system configured to divide
the arena into 16 virtual grid squares (central zone: 4 center
squares). Parameters quantified included: (1) Total distance
traveled; (2) Distance traveled in the central zone; (3) Ratio of
peripheral distance to total distance; (4) Time spent in the central
zone. Then, the arena surface was cleaned with 70% ethanol
between subjects to remove olfactory cues. A single experimenter
performed all tests and recordings to ensure consistency.

Morris water maze (MWM)

Mice were acclimated to the water maze testing room under a
controlled light/dark cycle (12 h/12h) for 1-2 days prior to testing.
Experiments were conducted in a quiet environment maintained at
optimal temperature (22 °C+ 1 °C) and humidity (55%:z 5%). Testing
occurred in a circular pool (150 cm diameter, 80 cm height) filled with
water (25 °C £1°C) rendered opaque using titanium dioxide (TiO,)
powder to facilitate tracking of black-furred mice. Distinct visual cues
were placed on the pool walls at the midpoint of each quadrant.
Visible Platform Training (Day 1): A platform (10 cm diameter) was
positioned 1cm above the water surface at the center of two
diagonally opposite quadrants. Mice underwent four trials per day
(inter-trial interval: =15 min), released consecutively from pseudor-
andomly selected start points at the quadrant peripheries. Each trial
lasted up to 60 s. If a mouse failed to find the platform within 60, it
was gently guided to the platform and allowed to remain there for
15s. Mice were immediately dried after each trial. Mean escape
latency and swimming speed across the 4 trials were analyzed.
Hidden Platform Acquisition (Days 2-6): The platform was sub-
merged =1 cm below the water surface and remained fixed in the
center of Quadrant Il. Mice underwent four daily trials from pseudo-
randomly varied start points at the periphery of each quadrant.
Escape latency across the 5 days was recorded. Mice were dried
promptly after each trial. Probe Test (Day 7): The platform was
removed. Mice were released from the quadrant most distal to the
former platform location (in Quadrant Il) and allowed to swim for
60s. Parameters analyzed included: (1) Time spent in the target
quadrant (Quadrant ll); (2) Distance traveled in the target quadrant;
(3) Number of platform location crossings.

Whole-brain immunostaining and tissue clearing

Mice were anesthetized and transcardially perfused. Perfusion
began with =30 mL room-temperature 1x PBS, followed immedi-
ately by 5-10 min perfusion with ice-cold 4% paraformaldehyde
(PFA) until blood clearance was confirmed by liver blanching.
Brains were post-fixed in 4% PFA at 4 °C overnight. Fixed brains
underwent sequential delipidation and decolorization steps based
clearing kit manufacturer’s protocol. Brains were then rehydrated
in 1x PBS at RT (3 x 20 min) followed by overnight blocking at RT
in blocking solution (1x Casein buffer containing 0.5% NP-40 and
10% DMSO). Primary antibodies (diluted 1:100 in blocking
solution) were applied, and brains were incubated for 3 days at
4°C with gentle agitation. After primary incubation, brains were
washed with 1x PBS at RT (=3 washes over 24 h). Corresponding
secondary antibodies (diluted 1:100 in blocking solution) were
applied and incubated under identical conditions for 3 days,
followed by washing in 1x PBS at RT (=3 washes over 12h).
Samples were dehydrated in graded clearing solution at 37 °C with
gentle agitation for 2 days (solution refreshed daily). Trace
dehydration reagent was removed from tissues using absorbent
paper, followed by incubation in PEGASOS Solution until optically
clear (=2 days for aged mouse brains). Cleared brains could be
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imaged immediately or stored long-term at 4°C in PEGASOS
Solution, wrapped in aluminum foil. The analysis of c-Fos signal
intensity consisted of following steps: For registration to the Allen
CCFv3 atlas, an initial automated alignment was performed using
the registration module of VISoR Suite software (Bineogen Tech),
followed by manual refinements in Freesia (https://github.com/
dinglufe/freesia-atlas-cell-counting). The voxel coordinates were
then transformed into the Allen CCFv3 reference space to quantify
the total c-Fos signal intensity for each brain region. Image
generation and statistical analyses were conducted using Lychnis
(https://github.com/dinglufe/Lychnis-tracing) alongside the statis-
tical analysis module of VISoR Suite software.

Data analysis

Data are presented as mean +standard deviation (SD). All
experiments consisted of at least three independent biological
replicates. Statistical analyses were performed using GraphPad
Prism (version 9.0). Comparisons between two groups utilized
unpaired two-tailed Student’s t-tests. A probability value (P) of
<0.05 was considered statistically significant.

Ethical approval and consent to participate

The study design, protocol and informed consent were approved
and adopted by the Ethical Committee at Anhui Medical
University and the College & Hospital of Stomatology of Anhui
Medical University. The project “Collecting jaw bone fragments
during dental implant surgery to prepare primary human bone
marrow mesenchymal stem cells” was approved on October 20,
2021 with approval number of T2021014. Animal experiments
were approved by the Laboratory Animal Care and Use
Committee of Anhui Medical University (Approval No.
LLSC202522135) and were performed in accordance with institu-
tional guidelines.
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