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Figure 6. YAP downregulation induced senescent phenotypes in human primary gingival keratinocytes. (A) Immunofluorescence
staining of YAP and KRT15 in human healthy gingival tissues. Left, representative images are shown and the white arrows indicate
nuclear YAP-positive cells. Right, Pearson regression analysis showing a negative correlation between the proportion of nuclear
YAP-positive cells and age. n = 18 donors. Scale bars, 100 pm and 20 um (zoomed-in images). (B) Schematic diagram showing the
procedure of YAP-knockdown assay in human primary gingival keratinocytes. (C) Validation of the knockdown efficiency by RT-gPCR.
YAP mRNA levels are quantified as fold changes (si-YAP vs. si-NC) and shown as means + SEM. The P-values are indicated in the
graphs. n = 3 independent replicates. (D) Validation of the knockdown efficiency by Western blot. YAP protein levels are quantified as
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cells, and concomitant decreased YAP activity, but this
proposed mechanism would need to be explored and
confirmed in future work. Here, we validated that YAP
knockdown in gingival epithelial cells increased numbers
of senescent cells, along with genomic and epigenomic
instability, ERV upregulation, and innate immune activa-
tion. As all of these phenotypes are powerful drivers of
aging (Liu et al., 2023), our in vitro evidence highlights the
geroprotective role of YAP in gingival aging.

In conclusion, we constructed a comprehensive single-
nucleus transcriptomic landscape of primate gingival
aging and identified in vitro YAP as a geroprotector in pri-
mate gingiva. Our work provides an in-depth understand-
ing of gingival aging and serves as a rich resource for
developing novel strategies to combat aging-associated
gingival diseases, with the ultimate goal of advancing per-
iodontal health and promoting healthy aging.

Materials and methods
Animals

The cynomolgus monkeys used in this study were 12
young monkeys (4-5 years old), 6 middle-aged mon-
keys (10-12 years old), and 18 old monkeys (16-19 years
old). The monkeys were raised at the facility in Xieerxin
Biology Resource (a certified primate research center in
Beijing) at 25°C with a 12-hour light and dark cycle. All
animals used in this study were confirmed in advance
to have no clinical or experimental history that could
potentially affect the physiological aging process. The
detailed information of the monkeys is shown in Fig. STA.

Tissue sampling

After being completely anesthetized, the cynomolgus
monkeys were perfused with phosphate buffers. The full
layer of buccal gingival tissue of each site was removed
from the maxilla and mandible. After being washed with
pre-cooled phosphate buffer saline (PBS), the removed
gingival tissues were fixed with 4% paraformaldehyde
(PFA) and then paraffin-embedded, or directly embedded

with optimal cutting temperature compound (OCT), or
frozen in liquid nitrogen for subsequent use. The max-
illa and mandible were removed and stored in 4% PFA
for subsequent micro-CT analysis. Human healthy gin-
gival samples were obtained during tooth extractions.
Inclusion criteria were: no signs/symptoms of gingival
inflammation, no bleeding on probing, and a probing
depth <3 mm (Caetano et al., 2021; Williams et al., 2021).
The collected human gingival tissues were fixed with 4%
PFA and then paraffin-embedded. The detailed informa-
tion of the human donors is shown in Fig. S6A.

Micro-CT analysis

The maxilla and mandible samples were scanned using
the Micro-CT Scanner (PE Quantum FX, USA). The
images were reconstructed in three-dimensional form.
The measurement of the distance between the cemen-
toenamel junction and alveolar bone crest (CEJ-ABC
distance) was performed as described previously with
a slight modification (Dutzan et al.,, 2017; Eskan et al,,
2012). Briefly, the CEJ-ABC distances of the premolars
and molars of the maxilla and mandible of each monkey
were measured and combined to give an average. Bone
density was measured at the site of the bone surround-
ing the mesiobuccal root of the left maxillary first molar,
as described previously (Zang et al., 2020).

Hematoxylin and eosin (H&E) staining

H&E staining was performed as previously described
(Zou et al., 2021). Paraffin-embedded gingival sections
with a 5 pm thickness were deparaffinized in xylene,
rehydrated in a series of gradient alcohols (100%, 100%,
95%, 85%, 75%, 50%), and washed in distilled water.
The rehydrated slices were incubated with hematoxy-
lin (Servicebio, China), then washed with tap water to
remove excess dye, differentiated in 1% hydrochloric
alcohol for 30's, and washed with tap water for 1 min.
The slices were then stained with eosin, dehydrated in
a series of gradient alcohols (85%, 95%, 100%, 100%),
rendered transparent in xylene, and mounted with a

fold changes (si-YAP vs. si-NC) and shown as means + SEM on the right. The P-values are indicated in the graphs. n = 3 independent
replicates. (E) Western blot analysis of cGAS, p-TBK1, and TBK1 protein expression in human primary gingival keratinocytes upon
knockdown of YAP. Relative protein levels are quantified as fold changes (si-YAP vs. si-NC) and shown as means + SEM on the right.
The P-values are indicated in the graphs. n = 3 independent replicates. (F) SA-B-gal staining of human primary gingival keratinocytes
upon knockdown of YAP. Representative images are shown on the left. SA-B-gal positive cells are quantified as fold changes (si-YAP
vs. si-NC) and shown as means + SEM on the right. The P-values are indicated in the graphs. n = 3 independent replicates. Scale bars,
100 pm. (G) Immunofluorescence staining of Ki67 in human primary gingival keratinocytes upon knockdown of YAP. Representative
images are shown on the left. Ki67 positive cells are quantified as fold changes (si-YAP vs. si-NC) and shown as means = SEM on
the right. The P-values are indicated in the graphs. n = 3 independent replicates. Scale bars, 100 pm and 20 pm (zoomed-in images).
(H) Western blot analysis of ERVW and P21 protein expression in human primary gingival keratinocytes upon knockdown of YAP.
Relative protein levels are quantified as fold changes (si-YAP vs. si-NC) and shown as means + SEM on the right. The P-values are
indicated in the graphs. n =3 independent replicates. (I) Western blot analysis of y-H2AX, H3K9me3, Lamin B1, and LAP2 protein
expression in human primary gingival keratinocytes upon knockdown of YAP. Relative protein levels are quantified as fold changes
(si-YAP vs. si-NC) and shown as means + SEM on the right. The P-values are indicated in the graphs. n = 3 independent replicates. (J)
A schematic illustration showing the phenotypic and transcriptomic signatures of primate gingival aging.
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resinous mounting medium. Images were taken with
Versa 200 (Leica, Germany).

Masson’s trichrome staining

Masson'’s trichrome staining was performed using the
Modified Masson’s Trichrome Staining Kit (Solarbio,
G1346) following the manufacturers’ protocol. In brief,
the paraffin-embedded gingival sections with a 5 pm
thickness were deparaffinized in xylene, rehydrated in a
series of gradient alcohols (100%, 100%, 95%, 85%, 75%,
50%), and washed in distilled water. The sections were
incubated with Mordant Solution at 60°C for 1h and
washed with running water for 10 min. Then, the sections
were incubated sequentially in Celestite Blue Solution
for 3 min, in Mayer Hematoxylin Solution for 3 min, in
acid differentiation solution for several seconds, and
in Ponceau-Acid Fuchsin Solution for 10 min. Between
each step, the sections were washed with distilled water.
Then, the sections were stained with phosphomolybdic
acid solution for 10 min and transferred directly to ani-
line blue solution for 5 min without washing. The sec-
tions were then rinsed in acetic acid solution for 2 min.
Finally, the sections were quickly dehydrated with 95%
ethanol and absolute ethanol, rendered transparent in
xylene, and mounted with a resinous mounting medium.
Images were taken with Versa 200 (Leica, Germany).

Senescence-associated B-galactosidase (SA-B-gal)
staining

SA-B-gal staining was performed according to previously
published protocol (Huang et al., 2023; Ma et al., 2020,
2021; Wang et al., 2023a). For tissues, the OCT-embedded
gingival tissues were cryo-sectioned at a thickness of 20
pm with a Leica CM3050S cryomicrotome, mounted on
Superfrost Plus microslides (VWR), and stored at -80°C
until use. The sections were thawed at room tempera-
ture and washed with PBS, fixed in fixation buffer (2%
formaldehyde and 0.2% glutaraldehyde) at room tem-
perature for 5 min, washed with PBS twice, and stained
with freshly prepared staining solution (5 mmol/L
K, [Fe(CN),], 5 mmol/L K,[Fe(CN),], 150 mmol/L NacCl,
2 mmol/L MgCl,, 40 mmol/L citric acid/Na phosphate
buffer, 1 mg/mL X-gal) at 37°C. X-gal was purchased from
Amresco and all the other reagents were from Sigma-
Aldrich. Continue to observe until the desired degree of
staining was achieved. The sections were then counter-
stained with nuclear fast red, dehydrated in gradient
alcohols, rendered transparent in xylene, and mounted
with a resinous mounting medium. For cells, the cul-
tured cells were washed with PBS, fixed in fixation buffer
at room temperature for 5 min, washed with PBS twice,
and stained with freshly prepared staining solution at
37°C overnight. Images were taken with a Nikon micro-
scope imaging system, and the percentages of SA-p-gal-
positive cells were quantified with ImageJ.

Immunohistochemistry (IHC) staining

IHC staining was performed as previously described
(Huang et al., 2023; Jing et al., 2023). Briefly, the paraffin-
embedded gingival sections with a 5 pm thickness were
deparaffinized in xylene, rehydrated in a series of gra-
dient alcohols (100%, 100%, 95%, 85%, 75%, 50%), and
washed in distilled water. Antigen retrieval was per-
formed in citrate buffer (pH 6.0), after which sections
were microwaved for 25 min, and cooled to room tem-
perature. The sections were rinsed three times with PBS
and then permeabilized with 0.4% Triton X-100 in PBS for
1h at room temperature. After that, the sections were
incubated with 3% H,O, for 10 min at room temperature
to inactivate endogenous peroxidase. Sections were then
incubated with primary antibodies (dilution with 5%
donkey serum in PBS) at 4°C overnight. The next day, the
sections were rinsed with PBS three times and incubated
with HRP-conjugated secondary antibodies (ZSGB-BIO)
for 1h at room temperature. The signal was visualized
using a DAB Staining Kit (ZSGB-BIO) and counterstained
with hematoxylin. Finally, the sections were dehydrated
in gradient alcohols, rendered transparent in xylene, and
mounted with a resinous mounting medium. Images
were taken with Versa 200 (Leica, Germany). The primary
antibodies used in this study for IHC staining are listed as
follows: P21 (CST, 29475, 1:200), P-H3 (CST, 33775, 1:500),
PCNA (Abcam, ab29, 1:6,000), y-H2AX (CST, 9718S, 1:400),
LAP2 (BD, 611000, 1:100), ERVW (Abcam, ab179693, 1:400).
The THC staining results were quantified by calculating
the proportions of positive cells using ImageJ.

Immunofluorescence (IF) staining

IF staining was performed as previously described (Huang
etal., 2023; Wanget al.,, 2020; Yang et al., 2023). For the OCT-
embedded gingival tissues, the sections with a 10 um thick-
ness were washed with PBS, fixed with 4% PFA for 20 min at
4°C, permeabilized with 0.4% Triton X-100 in PBS for 30 min
at room temperature, and incubated with blocking buffer
(10% donkey serum in PBS) for 1h at room temperature.
After that, the sections were incubated with primary anti-
bodies (dilution with 5% donkey serum in PBS) at 4°C over-
night, followed by incubation with fluorescence-labeled
secondary antibodies (Thermo Fisher, 1:500) and Hoechst
33342 (Thermo Fisher, H3570, 1:1000) for 1 h at room tem-
peraturein the dark. Then, the sections were mounted with
a VECTERSHIELD anti-fading mounting medium (Vector
Laboratories, H-1000). Images were obtained using a confo-
cal laser scanning microscope (Nikon).

For the paraffin-embedded gingival tissues, the sec-
tions with a 5 pm thickness were routinely deparaffin-
ized and rehydrated. Antigen retrieval was performed
in citrate buffer (pH 6.0), after which the sections were
microwaved for 25 min, and cooled to room tempera-
ture. The sections were permeabilized with 0.4% Triton



Single-nucleus transcriptomic atlas of gingival aging | 627

X-100 in PBS for 1 h at room temperature. Then, the sec-
tions were incubated with a blocking buffer (10% don-
key serum in PBS) for 1 h at room temperature. The next
steps are the same as for OCT-embedded samples.

For cells, microscope coverslips with seeded cells were
washed with PBS, fixed with 4% PFA for 15 min, and per-
meabilized with 0.4% Triton X-100 in PBS for 30 min at
room temperature. Then, the coverslips were incubated
with blocking buffer (10% donkey serum in PBS) for 1 h
at room temperature. The next steps are the same as for
tissue samples.

The primary antibodies used in this study for IF
staining are listed as follows: H3K9me3 (Abcam,
ab8898, 1:400), Lamin B1 (Abcam, ab16048, 1:400), CD45
(Abcam, ab10558, 1:300), CD79B (CST, 96024, 1:250),
IGKC (Proteintech, 14678-1-AP, 1:100), CD163 (Abcam,
ab182422, 1:200), E-cadherin (R&D, AF748, 1:50), CX-43
(Sigma, C6219, 1:600), YAP (CST, 14074, 1:200), KRT15
(Invitrogen, MA5-11344, 1:200), cGAS (CST, 79978, 1:200),
p-TBK1 (CST, 5483, 1:100), and Ki67 (Abcam, ab15580,
1:500). The IF staining results were quantified by cal-
culating the proportion of positive cells or the average
immunofluorescence intensity using ImageJ.

SA-B-gal and IF co-staining

SA-B-gal and IF co-staining was performed as previously
described (Huang et al., 2023; Zhang et al., 2023b). Briefly,
after the SA-fB-gal staining procedure, the sections were
washed with PBS, fixed with 4% PFA for 20 min, and per-
meabilized with 0.4% Triton X-100 in PBS for 1 h at room
temperature. The sections were incubated with blocking
buffer (10% donkey serum in PBS) for 1 h at room temper-
ature, then followed the same steps as IF staining. Images
were obtained using a confocal laser scanning microscope
(Nikon) and further transformed and merged using Image].

Cell culture

The human primary gingival keratinocytes (PCS-200-
014) were obtained from ATCC (USA). The cells were cul-
tured in KGM-2 Keratinocyte Growth Medium-2 BulletKit
(LONZA, cc-3107) supplemented with 0.5 ng/mL human
recombinant TGF-alpha (STEMCELL, #78123) and 6
mmol/L GlutaMAX (GIBCO, 35050-061).

Knockdown of YAP using small interfering RNA
(siRNA)

siRNA-mediated knockdown of YAP in human primary
gingival keratinocytes was performed as previously
described (Huang et al., 2023; Jing et al., 2023). siRNAs
were synthesized by Tsingke Biotechnology (China).
Lipofectamine® RNAIMAX Reagent (Invitrogen, 13778-
150) was used for the transfections of RNA oligonucleo-
tides according to the manufacturer’s instructions. Cells
were collected 48-72 h after transfection for subsequent
analysis. The sequence information is listed in Table S1.

Plasmid construction and lentivirus packaging

For the overexpression strategy, YAP cDNA was generated
by PCR amplification and then cloned into the pLE4 vector
(a kind gift from Dr. Tomoaki Hishida) that had been pre-
cleaved by BamH1 and Mlul. The pLE4 vector expressing
luciferase (Luc) was used as control. HEK293T cells were
transfected with lentiviral overexpression plasmid and
lentiviral packaging vectors psPAX?2 (Addgene #12260) and
PMD2.G (Addgene #12259). The viral particles were then
collected at 48 and 72 h post-transfection, respectively,
and concentrated by ultracentrifugation at 19,400 xg for
2.5 h. The primer information is listed in Table S1.

Quantitative reverse transcription PCR (RT-qPCR)
Total RNAs of human primary gingival keratinocytes
were extracted using Trizol (Invitrogen, 15596018)
according to the manufacturer’s instructions. The cDNAs
were synthesized using the HiScript III RT SuperMix
for gPCR (+ gDNA wiper) (Vazyme, R323-01). RT-qPCR
was conducted with THUNDERBIRD SYBR® gPCR Mix
(TOYOBO, QPS-201C) on Bio-Rad CFX Opus 384 Real-Time
PCR System. The RT-qPCR primers used in this study are
listed in Table S1.

Western blot (WB) analysis

WB was performed as described previously (Jing et al,,
2023; Zhang et al., 2023b). Briefly, cell pellets were lysed
in RIPA lysate buffer (Beyotime, PO013B) supplemented
with protease inhibitor (Roche, 4693159001) and phos-
phatase inhibitor (Roche, 4906837001). The protein lysates
were quantified with a BCA kit (Dingguo biotechnology,
BCAO02) and boiled in SDS-loading buffer for 10 min. The
samples were subjected to SDS-PAGE and subsequently
transferred to a PVDF membrane (Merck Millipore). The
membranes were then blocked with 5% non-fat milk
and incubated with primary antibodies at 4°C overnight.
After washed with TBST, the membranes were incubated
with HRP-conjugated secondary antibodies for 1h at
room temperature. The signals were captured using the
ChemiDoc XRS system (Bio-Rad) and quantified with
Image J. The antibodies used in this study for WB are listed
as follows: YAP (CST, 14074, 1:1000), y-H2AX (CST, 97188,
1:1000), H3K9me3 (Abcam, ab8898, 1:3,000), Lamin B1
(Abcam, ab16048, 1:2,000), LAP2 (BD, 611000, 1:500), ERVW
(ImmunoWay, YN5333, 1:1000), cGAS (CST, 79978, 1:1000),
p-TBK1 (CST, 5483, 1:1000), TBK1 (CST, 3504, 1:1000),
P21 (CST, 2947S, 1:1000), GAPDH (Santa Cruz, sc-365062,
1:1000), goat anti-Rabbit IgG (ZSGB-bio, ZB-2307, 1:5,000),
and goat anti-Mouse IgG (ZSGB-bio, ZB-2305, 1:5,000).

Bulk RNA-seq library construction and
sequencing

Total RNAs from individual monkey gingival tissues were
extracted using TRIzol. The gingival tissues were taken
from the first molars, with no obvious redness and a
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periodontal probing depth <3 mm. RNA quality control,
library construction, and high-throughput sequenc-
ing were performed for each sample by Novogene
Bioinformatics Technology Co., Ltd. Briefly, sequencing
libraries were prepared using NEBNext® Ultra™ RNA
Library Prep Kit for Illumina® and individually indexed.
The resultant libraries were analyzed on an Illumina
paired-end sequencing platform by 150-bp read length.

Bulk RNA-seq data processing

Raw paired-end reads were trimmed by Trim Galore
software (version 0.6.7) to trim adapter sequences
and remove low-quality reads. The cleaned reads were
mapped to the cynomolgus monkey (Macaca fascicula-
ris) MacFas5.0 using STAR (version 2.7.1a) (Dobin et al.,
2013). Read counts for each gene were calculated
by featureCounts (version 2.0.1) (Liao et al., 2014).
Differentially expressed genes (DEGs) between differ-
ent age samples were calculated by R package DESeq?
(version 1.34.0) (Love et al., 2014) with the cutoff values
of Benjamini-Hochberg adjusted P-value <0.05 and
[log,(fold change)| > 0.5. DEGs are listed in Table S2.

Nuclei isolation and snRNA-seq on the 10x
genomics platform

Nucleiisolation was performed following a previously pub-
lished protocol with minor modifications (Krishnaswami
et al,, 2016). In brief, a piece of frozen monkey gingival
tissues (taken from the first molars, with no obvious red-
ness and a periodontal probing depth <3 mm; YM: n =
4, MM: n = 3, OM: n = 4) was ground into powder sepa-
rately with liquid nitrogen. The powder was then homog-
enized in 1.0 mL homogenization buffer (250 mmol/L
sucrose, 25 mmol/L KCl, 5 mmol/L MgCl,, 10 mmol/L Tris
buffer [pH 8.0], 1 umol/L DTT, 1x protease inhibitor, 0.4
U/pL RNaseln, 0.2 U/pL Superasin, 0.1% Triton X-100,
1 pmol/L propidium iodide [PI], and 10 ng/mL Hoechst
33342 in Nuclease-free water) using a freezing multi-
sample tissue grinding system (60 Hz for 60s, 3 times).
The homogenized samples were filtered through a 40 pm
cell strainer (BD Falcon), centrifuged at 1000 xg for 8 min
at 4°C, and resuspended in PBS supplemented with 0.3%
BSA. PI and Hoechst 33342 double-positive nuclei were
sorted by fluorescence-activated cell sorting (FACS) (BD
Influx) and counted with a dual-fluorescence cell coun-
ter (Luna-FLTM, Logos Biosystems). Mononuclear capture
was conducted with a 10x genomics single-cell 3” sys-
tem. Approximately 7,000 nuclei were captured for each
sample following the standard 10x capture and library
construction (10x Genomics) and then sequenced on a
NovaSeq 6000 sequencing platform ([llumina, 20012866).

Processing and quality control of snRNA-seq
data

Raw sequencing reads of monkey gingiva were aligned
to the transcriptome reference (Ensemble, Macaca

fascicularis 5.0) and counted using Cell Ranger (version
6.0.2) with the default parameters. The raw count matrix
was filtered using CellBender (version 0.2.0) (Fleming
et al.,, 2023) to eliminate the contamination of back-
ground mRNA, and Seurat (version 4.1.0) (Butler et al,,
2018) was used to remove cells with fewer than 200 genes
or a mitochondrial ratio greater than 10%. DoubletFinder
(version 2.0.3) (McGinnis et al., 2019) was used to remove
doublet. The nucleus number, mean reads per nucleus,
gene number per nucleus, genome mapping rate, unique
molecular identifier (UMI) number per nucleus, and
percentage of mitochondrial genes across each gingival
sample of monkeys are shown in Fig. S3A.

Integration, clustering, and identification of cell
types

The following steps were processed individually for mon-
key gingiva datasets. First, the count matrix of each sam-
ple wasintergraded using Seurat reciprocal PCA workflows
with the default parameters. After data integration and
scaling, dimensional reduction was performed using the
“RunPCA” and “RunUMAP” functions with the first 20 prin-
cipal components, and clustering was performed using
“FindNeighbors” and “FindClusters” functions with the
resolution of two. The marker genes of each cell type were
analyzed using the “FindAllMarkers” function with the
Wilcoxon rank-sum test. Clusters with cell number less
than 200 cells were filtered before cell types identification.

Aging-associated differentially expressed genes
analysis

Aging-associated differentially expressed genes (aging-
associated DEGs) between different age groups in monkey
gingiva were analyzed by the function of “FindMarkers”
using Wilcoxon Rank Sum test, and were identified with
the cutoff of |[Log,FC| > 0.25 and adjusted P values < 0.05.
Cell types with less than 500 cells, such as the mast cell,
and neuron cell, were not used for downstream analysis.
The aging-associated DEGs are listed in Table S3.

Chronological age differentially expressed genes
analysis

To identify chronological age differentially expressed
genes (ca-DEGs), we undertook a series of steps. Firstly,
aging-associated DEGs between different ages were
screened and pooled by cell type. Subsequently, the cells
of CPM expression matrix were ordered according to age
and the expression was smoothed by loess regression
with a smoothing parameter of “span = 1”. Finally, we
employed linear regression to identify genes that demon-
strated continuous up-regulation and down-regulation
patterns. The ca-DEGs are listed in Table S4.

Cell identity analysis

The cell identity genes for each cell type were calculated
using the “FindAllMarkers” function in young cells’ data
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with a cutoff of adjusted P-values < 0.05, Log,FC > 1, and
pct.1>10%. We selected all marker genes to score the
corresponding cell types using the “AddModuleScore”
function.

Gene Ontology (GO) enrichment analysis

GO enrichment analysis was performed with Metascape
(Zhou et al., 2019). Representative terms were visualized
with ggplot2 R package (version 3.3.5) (Wickham, 2016).

Analysis of transcription factor regulatory
network

Transcriptional regulatory network was analyzed by
SCENIC (version 1.1.2.2) (Aibar et al., 2017) with default
parameters. The reference of transcription factors (TFs)
was downloaded from RcisTarget (version 1.14.0) with
hg19. Cell types with cell more than 5,000 were subsam-
pled to 5,000 cells, and only ca-DEGs were used as input
for transcriptional regulator inferring. Only target genes
with high-confidence annotation were selected for the
downstream analysis.

Cell-cell communication analysis

CellPhoneDB software (version 2.1.7) was used to cal-
culate the cell-cell communication for each age using
default parameters (Efremova et al., 2020). Only recep-
tors and ligands with expression ratio greater than 10%
of each cell type were included in the calculation, and
only interaction pairs with P < 0.05 were used for down-
stream analysis.

Pseudotime analysis

Monocle? (version 2.22.0) (Qiu et al., 2017) was utilized
to reconstruct the developmental trajectory of epithe-
lial cells. The count matrix was used as input, and the
“differentialGeneTest” function was employed to identify
genes that distinguish cell types, with a g-value <0.1.
The “DDRTree” method was then applied to the reduced-
dimensional representation of the cells in order to esti-
mate the cellular progression along the pseudo-temporal
trajectory.

Pathway analysis and visualization

The AUCell package was utilized to calculate the pathway
activation for each cell based on the Wikipathway gene set
and generate the pathway activation matrix. Age-specific
and cell-type-specific pathways were independently cal-
culated by employing the ‘“FindAllMarkers” function,
applying a threshold of an adjusted P-value less than 0.05.
Subsequently, their overlapping pathways were used for
downstream analysis. Lastly, the pathway activation data
was clustered and visualized using the pheatmap package.

Gene set score analysis

The public gene sets were obtained from the MSigDB
database (Liberzon et al., 2015). These gene sets were

utilized to calculate scores for each input cell using the
Seurat function “AddModuleScore”. The discrepancies
in scores between different age samples were analyzed
using the Wilcoxon test from the ggpubr R package (ver-
sion 0.2.4).

Statistical analyses

All experimental data were statistically analyzed
using GraphPad Prism (V8). Results were presented
as mean + SEM. Comparisons were conducted using a
one-way ANOVA (parametric) test with post hoc test as
appropriate. P values lower than 0.05 are considered sta-
tistically significant.

Supplementary data

The online version contains supplementary material
available at https://doi.org/10.1093/procel/pwae017.
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