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Tmem3S9 deficiency alters the aging-related transcriptional
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Abstract: Neurogenesis in the mammalian olfactory epithelium is a continuous process. Our previous study showed that
transmembrane protein 59 (TmemS59) is a critical regulator of epithelial homeostasis, while its deficiency leads to impaired
proliferation, loss of sensory neurons, and inflammatory activation; however, the underlying mechanism has not been clarified. In
the current study, single-cell RNA-sequencing data were analyzed, revealing that TmemS59 deficiency induces a senescent state in
olfactory epithelial cells and the differential expression of aging-related genes as well as genes associated with nasal diseases in
basal cells and sensory neurons. The intercellular communications between globose basal cells and sensory neurons were
enhanced, while the target genes in sensory neurons were associated with cell growth and differentiation. Along the differentiation
trajectory, upregulated genes in Tmem59"- mOSNs were associated with macroautophagy, such as Ambral and Prkn. Tmem59
deficiency was shown to impair cell proliferation and neuronal generation and enhance cell apoptosis in the OE. We also identified
several transcriptional network hubs in immune cells, and the target genes to these hubs in Tmem59-- cells were associated with
several critical signaling pathways such as chemokine and Rap1. Finally, Tmem59” organoids exhibited a differential expression
of genes related with nasal diseases. Collectively, Tmem59 deficiency leads to a series of abnormities at the transcriptional level
such as senescent features and an aberrant neuronal differentiation trajectory, potentially putting forward important targets for the
treatment of nasal diseases.
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1 Introduction

The olfactory epithelium (OE) mainly consists of basal cells including horizontal basal cells (HBC) and
globose basal cell (GBC), immature and mature olfactory sensory neurons (OSN), and sustentacular cells
(Schwob et al., 2017). With severe injury, HBCs are rapidly activated to mediate the OE regeneration (Gadye et
al., 2017). Under normal physiological conditions, HBCs primarily remain quiescent, while GBCs are
responsible for the continuous turnover of olfactory epithelial neurons (Li et al., 2024). This process replenishes
naturally dying OSNs, sustaining steady-state renewal (Wu et al., 2025). Based on differential molecular
markers, GBCs have been further subdivided into transient amplifying cells (TACs) and immediate neuronal
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precursor cells (INPs), playing a crucial role in both self-renewal and the generation of new OSNs (Ko et al.,
2023).

Transmembrane protein 59 (TmemS59), also referred to as dendritic cell factor 1 (Dcfl), plays multiple
roles in the central nervous system. TmemS59 knockout impairs learning and memory (Liu et al., 2018), while
Tmem59 deletion in microglia results in autism-like behavioral deficits (Meng et al., 2022). Tmem59 was also
found to modulate inflammation. Tmem59 knockout promotes microglial activation in hippocampal tissue and
differentially modulates proinflammatory factors expression (Wang et al., 2018). In ischemic stroke models,
Tmem59 expression is downregulated in microglia, while the expression of proinflammatory factors increases,
demonstrating that Tmem59 knockout promotes neuroinflammation (Zhang et al., 2021). Our previous research
has shown that Tmem59 deficiency results in the loss of OSNs, triggers inflammation in the OE, which in turn
disrupts olfactory function, indicating that Tmem59 is essential for OE homeostasis (Ma et al., 2023). However,
the molecular mechanisms linking Tmem59 to tissue homeostasis require further investigation.

In this study, single-cell RNA sequencing (scRNA-seq) was conducted on the OE tissues from both
wild-type (WT) and Tmem59~- mice. Our findings indicated massive transcriptomic alteration with Tmem59
deficiency, including higher gene set scores associated with senescence, differential expression of aging- and
nasal diseases-related genes, enhanced interactions between GBC and OSN, abnormal neuronal differentiation
trajectory with higher expression of autophagy-related genes, and the upregulation of transcriptional hubs in
immune cells such as Zeb2 in macrophages. Experimentally, Tmem59 deficiency impaired cell proliferation
and neuronal homeostasis and enhanced apoptosis in the OE. Furthermore, Tmem59”- OE organoids showed a
differential expression of genes related with nasal diseases. Collectively, these data exhibit distinct features in
the Tmem597~ OE at the single-cell transcriptional level, providing several potential targets against aging and
diseases of the olfactory system.

2 Materials and methods

The methods used in this study for animal experiments, tissue dissection (Wang et al., 2021) and
single-cell RNA sequencing, scRNA-Seq raw data processing, quality control and data processing, cell type
identification, identification of differentially expressed genes, gene ontology (GO) and pathway enrichment
analysis, gene set enrichment analysis (Li, et al., 2024), OE organoid culture (Ren et al., 2021), cryosection
preparation and RNA in situ hybridization, immunostaining (Liu et al., 2026), and statistical analysis (Wu, et al.,
2025) were described in previous publications, with details provided in the supplementary information.

2.1 Differential abundance testing

Differential abundance (DA) testing was performed using Bioconductor” s miloR (v2.3.1) package.
Overlapping cell neighborhoods were defined based on the K-nearest neighbor (KNN) graph. The sampling
proportion was set to 0.1, and the refined parameter was set as TRUE. The absolute number of cells from each
sample within each neighborhood was quantified using the “countCells” function. Spatial topological distances
between neighborhoods were computed using the “ calcNhoodDistance ” function to allow for multiple
hypothesis testing correction. For statistical testing, the WT group was set as the reference baseline, and a
negative binomial generalized linear model (GLM) was fitted using the “testNhoods” function to calculate the
log-fold change and statistical significance of abundance shifts for each neighborhood in KO mice. For
visualization, beeswarm plots were generated using the “plotDAbeeswarm” function to display significant
neighborhoods (P-value < 0.05). The arithmetic mean of the overall LogFC shifts was calculated and
superimposed as reference lines for each cell type.

2.2 Neighborhood-resolution differentially expressed genes and functional enrichment analysis

On the basis of the DA testing results, target cell neighborhoods exhibiting significant abundance changes



J Zhejiang Univ-Sci B (Biomed & Biotechnol) in press | 3

(P-value < 0.05) were extracted. To reduce background noise, low-abundance genes expressed in less than 5%
of the total cells were filtered out. A differential expression model comparing KO against WT was
independently fitted within each targeted neighborhood using the “de_test neighbourhoods” function from the
MiloDE (v0.1.0) package. Upregulated and downregulated genes were extracted after applying spatial multiple
testing correction (parameter was set as pval corrected across nhoods < 0.05), and the number of
neighborhoods showing significant changes for each gene was quantified. To obtain high-confidence
differentially expressed gene sets, only genes demonstrating significant differential expression in at least 50%
of the targeted neighborhoods were retained. These highly confident up- and downregulated gene sets were then
subjected to GO functional enrichment analysis using the R package clusterProfiler. Finally, the top-ranked
enriched GO terms were visualized using ggplot2 (v3.5.1).

2.3 Marker gene analysis

Using Seurat (v5.3.1), positive marker genes of each cell type were identified via “FindAllMarkers” with
thresholds ([log2FC| > 0.2, min.pct = 0.25). The top 300 markers per cell type (ranked by avg 1log2FC) were
extracted. GO Biological Process (BP) enrichment across all identified cell types was performed with the
"enrichCluster" function from the clusterProfiler package (v4.14.6), and visualizations including gene
expression line plots, marker gene heatmaps were generated using the ClusterGVis (v0.1.2) and the
ComplexHeatmap (v2.22.0) package.

2.4 Pseudotemporal trajectory analysis

To reconstruct the developmental trajectory of OSNs between the Tmem59-7- and the wild-type group, the
monocle3 package (v1.3.7) was applied to trajectory analysis. First, we extracted GBC_TA, GBC_INP, iOSN,
and mOSN data from the preprocessed Seurat object. A total of 1,000 cells of various types were randomly
selected and subjected to the standard preprocessing steps. Batch effect correction was implemented using the
Harmony algorithm. CDS was constructed using UMAP coordinates, raw UMI count data and cell metadata
derived from the new Seurat object. The constructed trajectory was visualized by the “plot _cells” function. To
identify genes whose expression dynamics correlated with pseudotime progression, a test was conducted using
the “ graph test ” function and genes with Moran's I > 0.01 and q value < 0.05 were defined as
trajectory-associated differential expression analysis (DEGs). Genes with similar expression patterns were
grouped into modules using the "find gene modules" function. The expression patterns of the identified gene
modules were visualized by the “plot_cells” function.

2.5 Transcription factor regulatory network analysis

To assess transcription factor regulatory activity across immune and inflammation-related cells, we
employed the GEne network inference with ensemble of trees (GENIE3) pipeline. DEGs in T cells, neutrophils,
macrophages and monocytes were extracted, and transcriptional factors (TFs) were filtered out. TFs of mm10
were used as a reference list. The GENIE3 package (v1.24.0) was used to construct a gene regulatory network.
To refine the network structure and focus on biologically meaningful regulatory interactions, we filtered the
predicted regulatory links by setting a weight threshold of 0.1, retaining only those links with a weight > 0.1 for
subsequent network analysis. The resulting gene regulatory network was then visualized using Cytoscape
software (v3.10.4).

2.6 Cell-cell communication analysis

We performed cell-cell differential communication analysis using the CellChat R package (v2.1.2).
CellChat objects were constructed for the Tmem59- and wild-type groups separately using the “RNA” assay
data and metadata, and the mouse-specific CellChatDB was assigned as the reference database. Subsequently,
the default analysis pipeline of CellChat was followed. CellChat objects of Tmem59”- and wild-type groups
were merged for comparative analysis. Differential cell-cell communications between the two groups were



4 | J Zhejiang Univ-Sci B (Biomed & Biotechnol) in press

visualized via interaction count heatmaps. NicheNet analysis was performed to explore ligand-receptor (LR)
interactions from GBC to OSN. Human NicheNet databases were first converted to mouse gene symbols. DEGs
were identified for both sender (GBC) and receiver (iIOSN/mOSN) cells via the “FindMarkers” function in
Seurat (v5.3.1). Expressed genes in receiver cells (expression percentage > 0.10) were used as background
genes. Predicted interactions derived from the “ppi_prediction_go” and “ppi_prediction databases” were
excluded, and only high-confidence ligand-receptor pairs were retained for subsequent analyses following the
default analytical pipeline of NicheNet. Ligands were ranked by Pearson’s correlation coefficient in a
descending order, and the top-ranked ligands were prioritized as key upstream ligands. Heatmaps were
generated to visualize ligand activities and ligand-target regulatory networks. The circos plot was generated
using the “circlize” package to visualize ligand-receptor interaction networks from GBC to OSNs. A functional
enrichment of predicted target genes was executed utilizing clusterProfiler with the org.Mm.eg.db database,
focusing on Biological Process (BP) terms (q < 0.05). The top GO terms were extracted, and bar plots were
generated by ggplot2 (v3.5.1).

2.7 OE organoid bulk RNA-seq analysis

The independent isolation of total mMRNA was performed for each of the six organoid replicates, including
three wild-type samples and three Tmem59”~ samples. For each genotype, three biological replicates were
derived from three separate wells of the same original sample at passage 1 to passage 3. Each sample contained
the total cell yield from a single well of a 24-well plate. These RNA samples were prepared and then subjected
to strand-specific RNA-seq with a reference genome by OE Biotech Co., Ltd. (Shanghai, China). Sequencing
reads were mapped against the target reference genome employing HISAT2, generating genome alignment
profiles for each sample with alignment rates ranging from 98.86% to 99.36%. After obtaining read counts from
the alignment results, genes with zero counts across all samples were filtered out. Bioinformatic profiling was
accomplished by employing the OECloud tools (https://cloud.oebiotech.com/task/).

3 Results
3.1 Research design and scRNA-Seq analysis of the olfactory epithelium

To investigate alterations by Tmem59 deficiency, we dissected OE tissues from three WT and two
Tmem59”- mice and subjected them to scRNA-Seq. The 10 x Genomics Cell Ranger pipeline was used to
analyze the sequencing data. We performed filtering to discard potential homotypic doublets (>6000 genes)
(Luecken and Theis, 2019). Heterotypic doublets identified by DoubletFinder were excluded. A threshold of at
least 1,000 UMIs was applied for cell retention. Genes with expression in a minimum of three cells were carried
forward for downstream clustering and cell-type identification (Figs. S1a-S1d). After cell filtering and quality
assessment, 57,759 single cells underwent subsequent analysis. Data were embedded into two dimensions
using t-distributed stochastic neighbor embedding (tSNE). Using the expression matrix of their specific markers,
we classified the cells into 16 distinct types (Fig. 1a). Differential abundance testing revealed increases in GBC,
HBC and OEG populations, but decreases in mOSN and Sustentacular cell populations (Fig. 1Db).
Neighborhood-resolution differential expression analysis via the miloDE algorithm and subsequent functional
enrichment revealed that energy derivation by oxidation of organic compounds, mitochondrial respirasome
assembly, and translation at synapse were downregulated in Tmem59”- mOSNs (Fig.S1e). Protein localization
to cell periphery, postsynapse organization and developmental cell growth were upregulated in Tmem59-- GBC
(Fig. S1f). By visualizing highly expressed genes in each cell cluster via dot plots, we obtained a comprehensive
overview of the annotated cell phenotypes. (Fig. 1c). We used tSNE plots to visualize marker genes of selected
cell types (Fig. 1d). Biological processes were identified by GO enrichment analysis performed on the top 20
marker genes per cell type (Fig. 1e). To show the cell composition of individual OE samples from WT and
Tmem59”- mice, tSNE plots were used (Fig. S1g). Therefore, this early investigation of OE from WT and
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Tmem59” mice indicates that it recapitulates the range of cell populations present in original olfactory

epithelial tissues.
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Fig. 1 scRNA-Seq analysis of OE tissues from WT and Tmem59”- mice. (a) tSNE plot showing the distribution of
various OE cell types. (b) Differential abundance testing of Tmem59-clusters in comparison to WT clusters. (¢) Dot
plot showing the markers for different cell types. (d) tSNE plots showing marker expression. (¢) Heatmap of top
markers in each cell type and their respective biological functions by GO term presentation.

3.2 TmemS59 deficiency changes the expression of aging-related genes in GBCs

To determine if Tmem59 knockout causes aging-related changes in the OE, we conducted gene set score
analysis to show that the majority of cell types in Tmem59”- OE exhibited higher scores of cellular senescence
and SigRS database (Wang et al., 2025a) compared to their WT counterparts (Figs. 2a and 2b), suggesting that
Tmem59 deficiency leads to senescent states in various OE cell types. A significant decrease in 44 = 7%
(P<0.001) in the ratio of Cdknla*/ICAM1* HBCs was observed by immunochemical analysis in Tmem59”- OE
compared to WT controls (Figs. 2¢ and 2d), while the percentage of Cdknla*/OMP* mOSNs was increased by
97 +£20% (P<0.001) in Tmem59”- OE (Figs. 2e and 2f). tSNE plots showed that Apoe expression was increased
in Tmem597~ OE (Figs. 2gland 2g2). We then screened DEGs in GBCs using the GenAge database and found
17 upregulated aging-related genes in Tmem59”~ GBCs (Fig.2h). These included Apoe [a critical factor in
olfactory information processing (Zhang et al., 2018)], Nfkb1 (a central component for NF-kappaB signaling),
Cdc14b (a regulator for cell cycle process, and IGF1R [a suppressor for neurogenesis and olfactory function
(Chaker et al., 2015)] (Fig.2H). Those aging-related genes downregulated in Tmem59”7- GBCs included Txnl
that plays anti-inflammatory and neuroprotective roles (Jia et al., 2024), and Cebpb, a hub in transcriptional
network of OE aging (Li, et al., 2024) (Fig. 2k). Immunochemical data showed a significant 50 £+ 14% (P<0.001)
increase in the ratio of Apoe"NeuroD1" GBCs in Tmem59”- OE versus WT controls (Figs. 21 and 2J), while the
percentage of Sox2*Cebpb* GBCs was reduced by 25 + 10% (P<0.05) in Tmem59~- OE (Fig. 21 and 2M). These
results showed that histological expression differences in aging-related genes between Tmem59” and WT
GBCs aligned with our scRNA-Seq data. We then subclassified GBCs into transient amplifying cells (TACs)
and intermediate neuronal progenitors (INPs) based on their molecular markers (Figs. S2a-S2e). Gene set score
analysis showed that INPs in Tmem59”- OE showed increases in DNA damage response and decreases in
stemness, while Tmem59”- TACs did not exhibit significant differences when compared to the WT counterparts
(Fig. S2f). Besides, either Tmem59”- TACs or INPs showed lower scores of unfolded protein response (UPR)
gene set. However, Tmem59~- TACs or INPs did not show differences in the cell cycle gene set score, compared
to WT cells (Fig. S2f). Collectively, we conclude that Tmem59 deficiency leads to the differential expression of
aging-related genes in GBCs, potentially affecting DNA damage response, stemness, and unfold protein
response.
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Fig. 2 Tmem359 deficiency leads to senescent state in GBC and other OE cell types. (a, b) Box plots showing gene set score
of cellular senescence (a) and aging gene set SigRS (b). (c, ¢) Confocal images of Cdknla* cells in ICAM1* HBCs (c) and
Cdknla® cells in OMP* mOSN cells (¢) from WT and Tmem59~- OE. (d, f) Quantification of Cdkn1a*ICAM1* (d) and
Cdkn1a*OMP" cells (f) in the WT and Tmem597- OE. (g) tSNE plots showing Apoe expression. The blue dashed line
indicates the distribution of GBCs. (h, k) Heatmaps of common upregulated (h) and downregulated (k) genes in Tmem59--
GBCs compared to WT counterparts, screened within the GenAge database. (i, I) Confocal images of Apoe* cells in
NeuroD1* GBCs (i) and Cebpb™ cells in Sox2* basal cells (I) from WT and Tmem59”- OE. (j, m) Quantification of
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Apoe*NeuroD1* (j) and Cebpb*Sox2* cells (m) in the WT and Tmem59-- OE. The statistical difference was determined by
two-tailed Wilcoxon rank-sum test in (a, b), and by unpaired t test in (d, f, j, m). ns, not significant, *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001. All statistical data were from three mice in each group. Scale bars: 25 pm in (¢, 1), 10 pm in (e,

i).

3.3 TmemS59 deficiency promotes intercellular communications from GBCs

We next determined whether Tmem59 regulates intercellular communication between GBCs and other cell
types. CellChat analysis showed that the numbers of interactions from GBC to iOSN and mOSN were higher in
Tmem597- OE than in WT tissue (Figs. 3a-3c). In either Tmem59”- iOSNs or mOSNs, upregulated Apoe in
GBCs bound to VIdIr and Sorll (Figs. 3d and 3e), both of which are risk genes for neurodevelopmental
disorders and neurodegeneration (Lane-Donovan and Herz, 2017; Lee et al., 2023). Upregulated Semaphorin
Sema3a in Tmem597- GBCs bound to neuropilin Nrp1 in sensory neurons is reported to be an inhibitory axis for
neurite growth of sensory and motor neurons (Shen et al., 2023), while upregulated Sema4d interacts with
PIxnb1, functioning in inhibitory synapse development (Mcdermott et al., 2018) (Figs. 3d and 3e). These data
suggest that TmemS59 deficiency promotes communication from GBC to sensory neurons and subsequently
affects neural activities. Upregulated ligands from GBCs that modulate target genes in iOSNs included cell
proliferation genes Cendl, Trp53, Bcel2, Breal, inflammation-related genes IL1J, Bhlhe40, Cxcl5, Ccl7, and
Wnt signaling genes Axin2, Lefl, Wnt4 (Fig. 3f), and these targeting genes in iOSNs function in cell
differentiation, Wnt signaling pathway, and chemotaxis (Fig. 3h). Similarly, upregulated ligands in GBCs
modulate target genes in mOSNs, associated with cell proliferation (Cdknla, Trp53, Bel2, Brcal) and other
important transcriptional factors such as Stat3, Zeb2, Lefl (Fig. 3g). These target genes upregulated in
Tmem59”- mOSNs are associated with hypoxia, response to TGFp, and negative regulation of cell growth (Fig.
3i). Collectively, Tmem59 may regulate intercellular communication between GBC and OSN, potentially via
affecting cell proliferation and cell differentiation.
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Fig. 3 TmemS59 deficiency increases intercellular communication from GBC to OSN. (a) Heatmap showing changes in
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intercellular communications in Tmem59 OE cell types compared to WT ones. (b, ¢) Plots showing communication
intensity from GBC to other cell types in WT (b) and Tmem59~- (c) OE. (d, ) Circle plots of communication intensity from
upregulated ligands in Tmem59” GBCs to receptors in iOSNs (d) and mOSNs (e). (f, g) Heatmap showing upregulated
ligands in Tmem59-- GBCs and their regulated target genes in iOSNs (f) and mOSNs (g). (h, i) GO terms of target genes in
iOSNs (h) and mOSNs (i).

3.4 Tmem59 contributes to autophagy-related neuronal differentiation trajectory

To further explore how TmemS59 deficiency affects the OE, we scored all cell types using various gene sets.
The DNA repair score was significantly lower in all Tmem59 cell types compared to the WT counterparts (Fig.
S3a), while scores for oxidative phosphorylation were significantly decreased in all cell types of Tmem59”- OE
(Fig. S3d). The gene set score for DNA damage response was drastically increased in the majority of Tmem59~-
cell types but decreased in Tmem59”- HBCs (Fig. S3c). Moreover, the gene set scores for autophagy of
mitochondrion and macroautophagy were significantly increased in Tmem59”- GBC, iOSN and mOSN (Figs.
S3e and S3f), suggesting that autophagy is likely associated with OSN differentiation.

Subsequently, we asked whether Tmem59 deficiency affects neuronal differentiation from GBCs. A
pseudotime differentiation trajectory was drawn by Monocle3 based on GBC TA, GBC_INP, iOSNs, and
mOSNs from WT and Tmem597- OE (Figs. 4a-4¢). Molecular marker identification along the differentiation
trajectory demonstrated the location of GBCs, iOSNs and mOSNs (Fig. 4d). DEGs along this trajectory were
classified into 12 modules based on their expression patterns (Figs. 4e and S4). We found that genes in Module5
were enriched in Tmem59-- mOSNs, while genes in Module7 were in WT mOSNSs (Fig. 4¢). Upregulated genes
in Tmem59”" group in Module 5 functioned in Golgi vesicle transport, macroautophagy, and regulation of
autophagy, and participated in ubiquitin mediated proteolysis, autophagy and mitophagy pathways (Figs. 4f and
4h), while upregulated genes in Module 7 were associated with cellular respiration, oxidative phosphorylation,
and mitochondrial respiratory chain complex, mainly participating in the proteasome pathway (Figs. 4g and 4i).
KEGG analysis revealed that upregulated genes in Tmem59”- mOSNs mainly participated in autophagy and
ubiquitin mediated proteolysis, while downregulated genes were related with protein processing in endoplasmic
reticulum and proteasome (Figs. 4j and 4k). Genes related with mitochondrial respiratory chain complex
assembly were downregulated in Tmem59”- GBCs, iOSNs and mOSNs, compared to their WT counterparts,
while mitophagy-related genes were upregulated in Tmem59”- GBCs, iOSNs and mOSNs (Figs. 41 and 4m).
Immunostaining data confirmed the upregulation of Prkn in the Tmem59”- OE, with an increase in the ratio of
Prkn* cells by 26 £ 2 folds compared to WT tissue (Figs. 4n and 40, P<0.001). By comparing upregulated
macroautophagy-related genes in Tmem59”- GBC_TA, GBC_INP, iOSN and mOSN (Figs. 5b-5¢), nine
overlapped genes were identified, including Ambral (a positive regulator of autophagy), Clecl6a (negative
regulation of mitophagy), Sesnl (negative regulation of cell growth), etc. (Fig. 5a). Immunochemical analysis
revealed that the ratio of Ambral*/Tujl" iOSNs was significantly increased by 97 = 18% (P<0.001) in
Tmem59”- OE compared to WT controls (Figs. 5f and 5g). Thus, Tmem59 contributes to neuronal
differentiation in the OE, potentially affecting autophagy in neuronal lineages from GBCs to immature and
mature OSN.
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Fig. 4 Tmem59 deficiency leads to macroautophagy-related changes along the neuronal differentiation trajectory. (a, b)
UMAP plots showing the differentiation trajectory from GBC to mOSN. (¢) Distribution of WT and Tmem59-" cells along
the neuronal differentiation trajectory. (d) UMAP plots showing the expression of molecular markers for GBC, iOSN and
mOSN. (e) Distribution of DEGs in enriched Tmem59”- and WT mOSNs in Module5 and Module7. (f, g) GO terms of
upregulated genes in Module5 (f) and in Module7 (g). (h, i) KEGG analysis on upregulated genes in ModuleS (h) and
Module7 (i). (j, k) KEGG analysis of upregulated (j) and downregulated (k) genes in Tmem59”- mOSNs compared to WT
counterparts. (I, m) Violin plots showing gene expression related with mitochondrial respiratory chain complex assembly
(I) and mitophagy (m) in WT and Tmem59-- GBC, iOSN and mOSN. (n, 0) Confocal images (n) and quantification (o) of
Prkn* cells in WT and Tmem59- OE. The statistical difference was determined by two-tailed Wilcoxon rank-sum test in (1,

m), and unpaired t test in (0). ns, not significant, ***p<0.001. All statistic data were from three mice in each group. Scale
bar: 25 pm.
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macroautophagy-related genes among GBC, iOSN and mOSN. (b-e) Heatmaps showing expression of
macroautophagy-related genes in WT and Tmem59”- GBC_TA (b), GBC_INP (c), iOSN (d), and mOSN (e). (f) Confocal
images of Ambral* cells in Tuj1* iOSNs from WT and Tmem59”- OE. (g) Quantification of Ambral*Tuj1* cells in the WT
and Tmem59~- OE. ***p<0.001. All statistical data were from two mice in each group. Scale bar: 10 pm.

To further investigate if Tmem59 deficiency affects aging-related gene expression in neuronal lineage, we
screened DEGs in the GenAge database. Several aging-related genes were differentially expressed in Tmem597-
sensory neurons, like in Tmem59-- GBCs, such as the upregulation of Pappa, Mgat5, Insr, Cdk7, Per2, and Igflr,
as well as the downregulation of Gpx4, Cebpb, and Txnl in either immature and mature OSNs (Fig. S5).
Furthermore, Tmem59”- GBCs also exhibited the differential expression of genes related to nasal diseases
including rhinitis and anosmia (Figs. S6a and S6b), and these disease-related genes were also differentially
expressed in HBC, iOSN and mOSN (Figs. S6c¢c-S6h). Therefore, Tmem59 deficiency leads to
autophagy-related variation in neuronal differentiation trajectory and aging-associated transcriptomic
difference in sensory neurons.

Immunostaining data indicated that Tmem359 deletion reduced the ratio of Ki67* cells by 37 + 5% in the
OE (Figs. 6a and 6b, P<0.001), suggesting impaired cell proliferation by Tmem59 deficiency. We also found
decreases in the ratio of GAP43* and Pgp9.5* cells by 35 + 4% and 36 + 4% in Tmem59”~ OE compared to WT
controls (P<0.0001), showing the attenuation of sensory neuronal generation by Tmem59 deficiency
(Figs .6¢-61). Moreover, the ratio of cleaved Caspase 3* cells was elevated by 141 + 36% in Tmem59”- OE
compared to their WT counterparts (Figs. 6g and 6h, P<0.001), indicating that Tmem59 deletion enhances
apoptosis in the OE. Collectively, we concluded that TmemS59 deficiency leads to impairments in cell
proliferation and neuronal generation, as well as exacerbated cell apoptosis in the OE.
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3.5 Transcriptional variation of immune cells in Tmem59~- OE

Our previous work showed that Tmem59 deletion triggers OE inflammatory activation (Ma, et al., 2023).
Here, we identified possible regulators to this inflammatory response. GO analysis revealed that upregulated
genes in four types of immune cells including macrophages, monocytes, neutrophils and T cells with Tmem59
deletion functioned in small GTPase-mediated signal transduction and other processes, while downregulated
genes were primarily associated with ribosome assembly (Figs. 7a and 7b). SCENIC analysis identified
transcriptional hubs in these immune cells, such as Zeb2 in macrophages, Foxpl in neutrophils, Msi2 in
monocytes and T cells (Figs. 7c, 7d, 7g, 7h). KEGG enrichment analysis showed that target genes to Zeb2 in
macrophages participated in chemokine signaling pathway and inflammatory mediator regulation, while target
genes to Foxpl in neutrophils were involved in MAPK signaling pathway (Figs. 7c¢ and 7d). Immunochemical
data showed that the ratio of Zeb2*/F4/80" macrophages was significantly increased by 96 = 16% (P<0.001) in
Tmem597 OE compared to WT ones (Figs. 7e and 7f). Moreover, target genes to Msi2 were correlated with
cellular senescence in monocytes and involved in the cGMP-PKG signaling pathway in T cells (Figs. 7g and 7h).
Interestingly, these target genes to transcriptional hubs regulate a series of neural processes, such as dendrite
development, postsynapse organization, axon guidance, and neuron maturation (Figs.7c, 7d, 7g, 7h), suggesting
that these immune cells may regulate activities of sensory neurons. The top significantly upregulated genes by
Tmem59 deficiency included Tex14 (functioning in mitotic spindle assembly checkpoint signaling) in all four
cell types, and Lrmda [a key regulator of immune homeostasis (Song et al., 2025)] in monocytes and neutrophils.
The top downregulated genes contained Rnaset2b, the deficiency of which causes neuroinflammation (Kettwig
etal.,2021) in macrophages, monocytes and T cells, and antigen-presentation gene H2-Eb1 in macrophages and
monocytes (Fig. 7i). Collectively, in the Tmem59 knockout model, immune cells residing within the OE
exhibited transcriptional alterations.
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downregulated (b) genes in Tmem59”- macrophages, monocytes, neutrophils, and T cells compared to their WT
counterparts. (¢, d, g, h) Transcriptional network and representative hub and its target genes (up), as well as GO terms of
target genes (bottom) in macrophages (c), neutrophils (d), monocytes (g), and T cells (h). (¢) Confocal images of Zeb2* cells
in F4/80* macrophages from WT and Tmem59~- OE. (f) Quantification of Zeb2*/F4/80" cells in the WT and Tmem59~- OE.
(i) Plot showing top 5 upregulated and downregulated genes in Tmem59”- macrophages, monocytes, neutrophils, and T
cells compared to WT counterparts. ***p<0.001. All statistical data were from three mice in each group. Scale bar: 10 pm.

3.6 TmemS59-deficient OE organoids show massive transcriptional alteration

To further explore the functions of Tmem59 in the OE, we established an in vitro OE organoid model. We
verified the successful generation and cellular composition of these cultured organoids by immunostaining for
typical OE markers, such as OMP, IL33 and ICAMI1 (Fig. S7). RNA-Seq analysis was performed on WT and
Tmem59” OE organoids (Fig. 8a). Tmem59” organoids showed apparent transcriptional change when
compared to their WT counterparts (Fig. 8b). Several inflammation-related genes were among the top 20
upregulated genes in Tmem59” organoids compared to WT controls, including Bpifal, Cxcll and Ccl20. Other
highly upregulated genes contained Cdkn2a, a positive regulator of apoptotic process and cell proliferation
inhibitor, Ccn2, a reported cellular senescence activator (Tejedor-Santamaria et al., 2025) and DNA damage
aggravator (Valentijn et al., 2022), and Lcn2, an inflammatory promoter (Li et al., 2023; Wang et al., 2024) (Fig.
8c). Tmem59 deficiency also caused the downregulation of several critical transcriptional factors in OE
organoids, such as Fos, a neuronal activation gene, Cbx6, a regulator of stem cell identity (Santanach et al.,
2017), and Zfp36, an inducer to degradation of inflammatory cytokines (Yadav et al., 2024)(Fig. 8d). GO
analysis revealed that upregulated genes in Tmem59~- OE organoids contributed to cilium assembly, leukocyte
migration and cell chemotaxis, while downregulated genes were mainly involved in epithelial cell proliferation,
extracellular matrix assembly, and antigen processing and presentation (Figs. 8e and 8f). Interestingly, some
DEGs in Tmem59”- organoids were diseased-associated genes (Figs. 8g and 8h), further supporting that
Tmem59 deficiency causes the differential expression of nasal disease-related genes in the OE.
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Tmem597~ OE organoid samples. (b) Volcano plot showing upregulated and downregulated genes in Tmem59- organoids
compared to WT ones. (¢, d) The top 20 upregulated (c) and downregulated (d) genes in Tmem59-- organoids compared to
WT ones. (e, f) GO terms of upregulated (¢) and downregulated (f) genes in Tmem59~- organoids compared to WT ones. (g,
h) Heatmaps of upregulated (g) and downregulated (h) genes associated with nasal diseases in Tmem59” organoids
compared to WT ones.

4 Discussion

In this study, we found that Tmem59 deficiency leads to the differential expression of aging- and nasal
diseases-related genes in basal cells and sensory neurons. Intercellular communications from GBCs to sensory
neurons were promoted by TmemS59 deficiency, potentially affecting neuron apoptosis and cell proliferation.
Tmem59 deletion also altered neuronal differentiation trajectory, mediated by macroautophagy-associated
processes. Cell proliferation and neuronal generation in the OE was impaired, while apoptosis was enhanced by
Tmem59 deficiency. Our in vitro cultured organoid model confirmed the massive transcriptional alteration and
differential expression of nasal disease-related genes by Tmem59 deletion. Collectively, our comprehensive
analysis revealed certain critical roles of Tmem59 in GBC and sensory neurons.

A major finding in the current study is that Tmem59 deficiency leads to the senescent states in basal cells
and sensory neurons, with higher scores of senescence gene sets and the differential expression of
aging-associated genes (Figs. 2 and S5). Currently, there is no report showing the direct correlation between
Tmem59 deletion and senescence. Crucially, these findings must be reconciled with the current understanding
of Tmem59 in Alzheimer's disease (AD), which correlates with senescence. Tmem59 regulates multiple aspects
of the amyloid precursor protein, including its complex glycosylation, cell surface expression, and secretion
(Ullrich et al., 2010). The lack of Tmem59 exerts a neuroprotective effect by reducing toxic amyloid B(AP)
aggregation, thereby alleviating memory dysfunction in transgenic AD models (Meng et al., 2020; Li et al.,
2021). Therefore, TmemS59 inhibition might serve as a therapeutic strategy for amyloid clearance in the central
nervous system. While these studies highlight the regulatory role of Tmem59 in AP toxicity, Tmem59
deficiency causes a series of events closely associated with aging under non-pathological conditions without
amyloid overload. For example, Tmem59 deficiency in microglia impairs synapse engulfment (Meng, et al.,
2022), while aging is one of the highest risk factors for microglial phagocytosis (Gabande-Rodriguez et al.,
2020). Tmem59 deletion was also reported to induce hypomyelination and impair neurological function (Feng
et al., 2021), and hypomyelination was observed with advanced aging (Philips et al., 2026). Our previous work
showed that Tmem59 deficiency causes sensory neuronal loss and inflammatory activation in the OE (Ma, et al.,
2023), both of which are features in aged OE as increasingly aneuronal areas (Child et al., 2018) and the
recruitment and activation of immune cells in aged OE (Wang et al., 2025b). Thus, it is reasonable that Tmem59
deficiency causes senescent states in the OE.

Continuous neuronal turnover occurs to replace damaged sensory neurons in the OE. Our previous study
showed the loss of sensory neurons in the OE by Tmem59 deletion (Ma, et al., 2023). In the present study, we
found that upregulated genes associated with macroautophagy were enriched in Tmem59”- mOSNs (Figs. 4 and
5). As a cellular process, macroautophagy captures large cellular cargos and directs them to lysosomes for
degradation. Macroautophagy is reported to be upregulated in senescent cells (Carroll et al., 2017). This may
explain our findings that macroautophagy-related genes were significantly upregulated in Tmem59”- GBCs and
OSNs (Fig. 4), since TmemS59 deletion promoted senescence. Nine upregulated genes were overlapped among
GBC, iOSN and mOSN by screening with the macroautophagy gene set (Fig. 5). Ambral participates in
proliferation arrest and autophagy control (Akatsuka et al., 2017). It was demonstrated that Ambral regulates
cyclin D to determine cells to enter the proliferative or the quiescent phase (Maiani et al., 2021). Thus, the
upregulation of Ambral in Tmem59”- GBCs may restrain cells into the quiescence and impair cell proliferation.
Prkn pathway is a ubiquitin-dependent pathway for mitochondrial autophagy. Excessive upregulation of Prkn
may induce abnormal mitophagy and exacerbate inflammation (Tian et al., 2025). Thus, macroautophagy is a
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major effector by Tmem59 deletion on neuronal differentiation trajectory, potentially via affecting cell
proliferation and inflammation.

Our previous work showed that Tmem59 deletion induced inflammatory activation in the OE (Ma, et al.,
2023), Herein, we proposed that this excessive inflammatory response may correlate with abnormal
upregulation in macrophagy pathways. Furthermore, we identified differentially expressed transcriptional
network hubs in immune cells. Zeb2 was upregulated in macrophages after Tmem59 deletion. A previous study
showed that Zeb2 knockdown using in vitro experiments lowered IL-6 and TNF-a levels in macrophages,
whereas Zeb2 overexpression aggravated the macrophage-induced inflammation (Zhang et al., 2025). This
supports our findings that Tmem59 deficiency-induced inflammatory activation may associate with Zeb2
upregulation in macrophages. Foxpl is an upregulated hub in Tmem59~ neutrophils (Fig. 7). It was reported
that Foxpl expression is upregulated in neutrophils treated with inflammatory stimuli (Ismailova et al., 2023).
Moreover, inflammatory response was enhanced by M1 macrophage polarization, which was triggered by
H3K9me?2 methylation within the Foxp1 promoter region (Li et al., 2022). These findings imply that Tmem59
deletion-related Foxp1 upregulation in neutrophils is induced by inflammatory activation in the OE. The other
important hub is Msi2 upregulated in T cells with Tmem59 deletion. Msi2 knockdown promoted cell
proliferation in kidney renal clear cell carcinoma by regulating T cell function (Yang et al., 2025), hence the
upregulation of Msi2 in T cells may contribute to impaired cell proliferation in Tmem59”- OE. Collectively, the
upregulation of transcriptional hubs in immune cells by Tmem59 deletion is responsible for inflammatory
activation and proliferative deficits.

5 Conclusions

In summary, this study provides a comprehensive view of transcriptional changes in the OE with Tmem59
deficiency. The Tmem59 knockout-induced senescent state and macroautophagy-related changes along the
neuronal differentiation trajectory suggest this gene as a potential target for therapy against olfactory
dysfunction.
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