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Abstract 

Background  Heterozygous mutation of CLCN7 (R286W) is commonly found in patients with benign autosomal 
dominant osteopetrosis. However, there is no evidence from animal models to confirm that it is a disease mutation. 
And the characteristics of the bone marrow cell (BMC) landscape in osteopetrosis at the single-cell level are com-
pletely unknown till now.

Results  In this study, we generated the first autosomal dominant osteopetrosis type 2 (ADO2) mouse model 
with typical phenotypes carried a mutation Clcn7 (r284w) corresponding to CLCN7 (R286W) observed in human 
patients using gene editing technology. And then, we conducted the first-ever single-cell analysis of the RNA 
expression and N-linked glycosylation profiles for the mouse BMCs by SUrface-protein Glycan And RNA-sequencing 
(SUGAR-seq). We identified 14 distinct cell types and similar proportion of neutrophils in both ADO2 and wild type 
mice, confirmed by flow cytometry analysis. The N-linked glycosylation modifications of BMCs were significantly 
downregulated detecting by SUGAR-seq, which was similar to the situation of N-Glycan profiling by the 4D Label-Free 
N-Glycosylation Proteomics Analysis. Particularly noteworthy is the heterogeneity of classic monocytes. We identified 
six cell subtypes, but only two cell subtypes were found with different proportion of cell, whose different expressed 
genes were associated with NF-κB-inducing kinase / Nuclear Factor-kappa B (NIK/NF-κB) signaling and other pathway 
associated with osteoclast differentiation.

Conclusions  Our murine model confirms that the human CLCN7 (R286W) is a pathogenic mutation for ADO2. 
Additionally, our single-cell analyses reveal the heterogeneity of monocytes in ADO2, and the abnormal glycosylation 
modifications across various subtypes may represent important events in the pathogenesis of osteopetrosis.
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Background
Osteopetrosis is a rare genetic bone disorder character-
ized by diffuse skeletal sclerosis caused by abnormal 
bone metabolism [1–3]. The incidence of this disorder is 
approximately 1:100,000–1:50,000 [4, 5]. There are three 
clinically and genetically distinct forms of osteopetrosis, 
namely, adult benign autosomal dominant osteopetro-
sis, intermediate autosomal recessive osteopetrosis, and 
infantile malignant autosomal recessive osteopetrosis [1]. 
The most common type is autosomal dominant osteopet-
rosis type 2 (ADO2), associated with CLCN7 mutations 
[3]. At present, there are no definitive cures for osteo-
petrosis and only symptomatic treatment can be used to 
delay disease progression, such as preventing fractures, 
blood transfusions, controlling infections, alleviating 
nerve compression, and so on [6].

Previous work has shown that rs1291061962 CLCN7 
(R286W) may be one of the most common mutations 
in ADO2, and our previous studies also confirmed that 
this mutation could be found in Chinese familial ADO2 
patients who exhibited typical abnormal bone metabo-
lism symptoms, such as increased whole-body bone 
density, multiple fractures, and narrowing of the bone 
marrow cavity [3, 6–11]. The heterozygous mutation of 
CLCN7 (R286W) may damage the structure of ClC-7 
predicted by bioinformatics and it supposed to be the 
main causes of abnormal bone metabolism in ADO2 [3, 
6, 10, 12]. However, there is no evidence of animal model 
study till now.

Some studies have indicated that the bone-resorbing 
cells, such as osteoclasts, play key roles in ADO2 [13–
15]. It is originated from the mononuclear phagocyte lin-
eage of cells in the bone marrow cavity. As we known, the 
types, relative numbers, and surface modifications of the 
cells in the bone cavity are important factors to maintain 
the bone marrow microenvironment. Recently, papers 
documents that glycosylation, especially N-linked gly-
cosylation, is one of the most common posttranslational 
protein modifications in eukaryotic cells, and it plays 
multiple biological functions and cell–cell communica-
tion and cellular signaling [16–20]. Interesting, evidences 
have also confirmed that protein glycosylation partici-
pates in the regulation of osteoclast and osteoblast activi-
ties, which is very important in bone resorption and bone 
formation [21–24]. Therefore, the landscaping the micro-
environment in the bone marrow cavity at the single-
cell level is necessary for understanding the pathological 
mechanism of osteopetrosis.

Recently, SUrface-protein Glycan And RNA-sequenc-
ing (SUGAR-seq) has emerged as a powerful approach 
for accurate quantification of cell glycosylation level 
together with gene expression profiles on the single-cell 
level by chemoenzymatic method where ProMoSCOPE 

tag covalently binds to N-Acetyllactosamine (LacNAc) at 
cell surface [25–29].

Therefore, this study aims to use Clustered Regularly 
Interspaced Short Palindromic Repeats / CRISPR-asso-
ciated protein 9 (CRISPR/Cas9) technology to develop a 
mouse model harboring the Clcn7(r284w) correspond-
ing to CLCN7 (R286W) mutation observed in human 
and analyze its phenotypes to confirm if it is a disease 
mutation for osteopetrosis for ADO2. And then we try 
to landscape the microenvironment of bone marrow cav-
ity, including the consist of cell types, relative numbers, 
modifications of N-linked glycosylation and gene expres-
sion at the single-cell level by SUGAR-seq, which may be 
valuable for further investigation of the pathogenesis of 
osteopetrosis pathogenesis, development of therapeutic 
strategies, and related drug discovery.

Results
Generation and characteristic analysis of the ADO2 mouse 
model
To generate the ADO2 mouse model, we amplified the 
target region of the CLCN7 locus in mice using specific 
primers and confirmed successful targeting by sequenc-
ing PCR product. Subsequently, the 632-bp PCR product 
obtained from agarose gel electrophoresis was collected 
for verification by Sanger sequencing, which confirmed 
the presence of a mutation of CGG to TGG to generate 
Clcn7 (R284W) (Fig. 1a).

Using the IVIS Lumin XRMS Series III In Vivo Imaging 
Device with the “X-ray” module (parameters: V220-240, 
Hz50-60), we compared ADO2 mice with age-matched 
WT mice (7  weeks old). The ADO2 mice exhibited a 
reduction in the medullary cavity volume and a signifi-
cant increase in X-ray grayscale, indicating higher bone 
density (Fig. 1b).

We performed HE staining on bone marrow sections 
of 7-week-old ADO2 and wild-type (WT) mice. The 
ADO2 mice exhibited generally normal bone marrow 
hematopoietic tissue, slightly thickened cortical bone, 
thicker trabeculae, and essentially normal bone marrow 
hematopoietic tissue (Fig.  1c). Additionally, scattered 
incompletely ossified cartilage matrices were observed 
in the trabeculae and cortical bone near the epiphy-
seal end of the femur. Then, multiple measurements 
were taken at different locations along the femoral dia-
physis, including both the thickest and thinnest regions, 
and we calculated the mean and standard deviation for 
each group. The results showed that the thickest point 
in ADO2 mice was 193.08 ± 11.99  µm, and the thinnest 
point was 131.10 ± 14.31 µm. In contrast, WT mice had a 
maximum thickness of 162.08 ± 7.78 µm and a minimum 
thickness of 83.43 ± 21.14 µm, indicating that the cortical 
bone in ADO2 is thicker compared to WT. Notably, these 
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findings align with our X-ray observations, confirming 
the thickened bone cortex in ADO2 mice.

To investigate differences in bone metabolism between 
ADO2 and wild-type mice, we used positron emission 
tomography/computed tomography (PET/CT) imaging 
to assess the metabolism of 18F-NaF in both groups. The 

PET/CT fusion images were processed using PMOD 4.3 
software. Subsequently, we identified the region of inter-
est in the left tibias of the mice (Fig. 1d) and calculated 
the maximum standardized uptake value (SUVmax) as an 
indicator of bone metabolism. After excluding the maxi-
mum and minimum values from both the ADO2 and 

Fig. 1  Generation of the ADO2 mouse model and characterization of disease features. a Process of the ADO2 mouse model construction 
and Sanger sequencing chromatogram confirming the p.R284W (CGG to TGG) mutation. b X-ray examination of ADO2 heterozygous mice and WT 
mice revealing increased cortical bone thickness and narrowed bone marrow space in ADO2 heterozygous mice. c Histological examination 
of femur bone sections stained with hematoxylin and eosin (HE) showing increased cortical bone thickness (indicated by asterisks) and thicker 
trabeculae (indicated by triangles) in ADO2 heterozygous mice compared to WT mice. d Region of interest (ROI) outlined on the maximum 
intensity projection (MIP) image from PET imaging, depicting the left tibia in ADO2 and WT mice for sodium fluoride metabolism imaging with PET/
CT. e In ADO2 mice (N = 3), the maximum standardized uptake value (SUVmax) was significantly lower than that in WT mice (N = 3), with statistical 
significance determined using a t test (* P < 0.05)
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WT groups, we performed t tests on the remaining three 
datasets from each group (Additional File 2: Table  S1). 
The results revealed a significant difference (P < 0.05) in 
SUVmax between the two groups (Fig. 1e), with the SUV-
max of ADO2 mice (0.282 ± 0.061) significantly lower 
than that of WT mice (0.512 ± 0.101). Therefore, we con-
cluded that the bone metabolism of ADO2 mice is sig-
nificantly slower than that of WT mice.

The above results indicate that the gene-edited mice 
exhibited typical symptoms of osteopetrosis, such as 
bone marrow cavity narrowing, increased cortical thick-
ness, and abnormal bone metabolism, which confirms 
the successful establishment of the ADO2 mouse model 
[3, 12].

Heterogeneity analysis of BMCs in ADO2 mice using 
SUGAR‑seq
We employed a combined the RNA expression pro-
files and the cell surface features of N-linked glyco-
sylation approach using SUGAR-seq to analyze the 
transcriptional profiles and cell surface glycan abundance 
in ADO2 mouse bone marrow cells (Workflow of the 
SUGAR-seq procedure is shown in Fig. 2).

Based on bone marrow cell marker gene expression, 
we successfully identified and characterized 14 distinct 
cellular subpopulations, namely, granulocyte-monocyte 
progenitor cells (GMP), precursor B cells (Pre_B), eryth-
roid progenitor cells (ProEryth), hematopoietic stem cells 
(HSCs), mature B cells (MatureB), plasma cells (Plasma-
Cells), T and NK cells (TandNK), neutrophils, basophils, 
eosinophils, macrophages, monocytes, conventional 
dendritic cells (cDCs), and plasmacytoid dendritic cells 
(pDCs) (Fig. 3a). By utilizing uniform manifold approxi-
mation and projection (UMAP) dimensionality reduction 
analysis, we obtained high-resolution UMAP clustering 

maps of bone marrow cells taken from ADO2 and WT 
mice (Fig.  3b). Subsequently, we overlaid these 14 cell 
clusters onto the UMAP clustering maps to gain compre-
hensive insights into their distribution patterns in ADO2 
mice (Fig. 3c).

After annotating the major cell populations, we 
obtained the cell counts for each cell cluster, as shown 
in Table 1 and Fig. 3d. We compared the proportions of 
each cell type within the total bone marrow cell popu-
lation between the ADO2 and WT mice with Pearson’s 
chi-square test and found significant differences in the 
proportions of GMPs, neutrophils, monocytes, TandNK 
cells, MatureB cells, ProEryth cells, cDCs, and pDCs 
(P < 0.05). Specifically, the proportions of neutrophils, 
GMPs, and ProEryth cells were significantly lower, while 
the proportions of plasma cells, monocytes, TandNKs, 
MatureB cells, cDCs, and pDCs were significantly higher 
in the ADO2 mice than in the WT mice (Table 1). These 
changes may be attributed to alterations in the bone mar-
row microenvironment caused by the Clcn7 (r284w) 
mutation. Additionally, we employed flow cytometry to 
validate the predominant cell type (neutrophils) in the 
bone marrow of ADO2 (N = 3) and WT (N = 3) mice. The 
proportion of neutrophils in the ADO2 group was signifi-
cantly lower than that in the WT group (P < 0.05) (Fig. 3e, 
Additional File 2: Table  S2). This finding was consistent 
with the results obtained from SUGAR-seq, providing 
further confirmation of the reliability of our SUGAR-seq 
results. Furthermore, we performed scMetabolism analy-
sis on cell clusters, such as GMP and GMP-derived cells 
(neutrophils and monocytes), which were closely associ-
ated with the spectrum of osteoclast differentiation. We 
found significant alterations in the metabolism of glu-
cose, lipid, energy, glycogen, and vitamin in bone marrow 
cells of ADO2 mice (Additional file 1: Fig. S1a-c).

Fig. 2  Workflow of SUGAR-seq procedure for single bone marrow cell analysis in a mouse model
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In addition to transcriptional profiling, we employed 
SUGAR-seq, a technique based on lectin-mediated 
N-glycans profiling, to characterize the cell surface 
N-linked glycosylation at the single-cell level (Fig.  4a). 
We observed that the total levels of N-linked glyco-
sylation on the surface of all bone marrow cells were 

significantly lower in ADO2 mouse compared to WT 
mouse (Fig. 4b). Furthermore, we compared the N-linked 
glycosylation levels of the cell clusters between the two 
groups of mice. Interestingly, the total levels of N-glycans 
on the surface of all bone marrow cells were higher on 
GMP and ProEryth cells, while that on Pre_B cells, HSCs, 

Fig. 3  Overview of cell cluster analysis and distribution across ADO2 and WT groups. a Dot plot graph showing the normalized expression 
levels of marker genes in each of the 14 identified cell clusters. b UMAP clustering plots of 13,031 cells from the two groups, which provides 
an overview of the sample distribution between the ADO2 and WT groups. c UMAP plot visualizing the 14 distinct cell types across ADO2 
and WT groups, uniquely colored and labeled. d Pie charts representing the frequency of cell clusters in the ADO2 and WT groups. Each cluster 
is colored and labeled, with the area of each sector reflecting its frequency in the respective groups. e Pseudocolor plot showing the proportion 
of neutrophils in bone marrow cells in the ADO2 and WT groups
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MatureB cells, plasma cells, TandNK cells, neutrophils, 
eosinophils, basophils, macrophages, monocytes, cDCs, 
and pDCs were lower in ADO2 mice than in WT mice 
(Fig. 4c).

Our SUGAR-seq data revealed the transcriptional 
profiles, heterogeneity in surface N-glycosylation levels 
across cells, and metabolic abnormalities in ADO2 mouse 
bone marrow cells. These findings revealed that bone 
marrow cells in ADO2 mice did not exhibit substantial 
changes in the cell types present, but there were notable 
variations in the proportions of different cell types and in 
their metabolism. Furthermore, the observed significant 
reduction in the level of N-linked glycosylation on the 
surface of bone marrow cells in ADO2 mice implies that 
changes in surface N-linked glycosylation levels serve as 
a crucial pathological feature of osteopetrosis.

Heterogeneity analysis of mononuclear phagocytes 
in ADO2
The mononuclear phagocyte system (MPS) in the bone 
marrow plays a critical role in various physiological pro-
cesses. Composed of immune cells, the MPS is involved 
in immune responses and inflammation regulation, thus 
impacting skeletal health. Additionally, MPS cells serve as 
osteoclast precursor cells, playing a crucial role in osteo-
clast formation and activation [30–32]. MPS-derived 
cytokines and signaling molecules, including mac-
rophage-colony stimulating factor (M-CSF) and receptor 
activator of nuclear factor kappa B ligand (RANKL), play 

a crucial role in stimulating the proliferation and differ-
entiation of osteoclast precursors, leading to the forma-
tion of fully functional mature osteoclasts [33–37]. In our 
transcriptome profiling data, we identified 251 upregu-
lated and 44 downregulated genes in the macrophages 
of ADO2 mice (Additional file  1: Fig. S2a). Functional 
enrichment analysis revealed that the genes downregu-
lated in macrophages were significantly associated with 
in molecular functions about osteoclast functionality, 
such as “GDP-dissociation inhibitor activity” and “fatty 
acid binding” (Additional file 1: Fig. S2b) [38–41].

Given the limited population of macrophages within 
the bone marrow, our research aimed to investigate the 
interplay between monocytes and osteoclasts to elu-
cidate their pivotal contributions to the aberrant bone 
metabolism observed in ADO2 (Fig.  5a). Based on cell 
surface markers including Ly6c2, Ccr2, Chil3, Ace, Ear2, 
Eno3, and others, we successfully classified mononu-
clear cells within the bone marrow of ADO2 and WT 
mice into distinct subpopulations, referred to as classi-
cal monocytes (ClassicalMono) and nonclassical mono-
cytes (NonClassicalMono) (Additional file  1: Fig. S2c). 
Notably, there was a significantly lower abundance of 
nonclassical monocytes than of classical monocytes in 
both the WT and ADO2 mice in our annotated mono-
cyte populations (Fig.  5b). Consequently, our analysis 
was primarily centered on the classical monocyte subset. 
Single-cell sequencing results indicated that there was no 
significant difference in the proportion of classical mono-
cytes within the monocyte population in the bone mar-
row between the ADO2 and WT groups (Additional File 
2: Table S3). This observation was further supported by 
our flow cytometry analysis (Fig. 5d–g, Additional File 2: 
Table S4-5). Classic monocytes were further grouped into 
different subtypes by unsupervised clustering, includ-
ing ClassicaMo_1 (CM1), ClassicaMo_2 (CM2), Clas-
sicaMo_3 (CM3), ClassicaMo_4 (CM4), ClassicaMo_5 
(CM5), and ClassicaMo_6 (CM6) (Fig. 5h). Interestingly, 
we found a lower proportion of CM2 (20.95% vs. 26.39%) 
and a higher proportion of CM4 (18.17% vs. 14.08%) in 
ADO2 mice than in WT mice (P < 0.05) (Additional File 
2: Table  S6). Furthermore, all six classical monocyte 
subtypes exhibited abnormal expression of integrin-
related genes (Table  2). This finding indicates that dis-
ease-induced changes in cell type abundance may not 
be apparent when cells are classified at a high level, but 
changes in the abundance of specific subgroups can be 
detected through single-cell analyses, which offer inher-
ent advantages for sensitively detecting such changes and 
gaining a comprehensive understanding of how osteopet-
rosis affects cell composition and functionality.

To gain a deeper understanding of the cell sub-
populations exhibiting quantitative differences in the 

Table 1  Comparison of bone marrow cell proportions between 
WT and ADO2 groups using the chi-square test

The chi-square test of fourfold contingency tables was used to compare the 
cell proportions between the WT and ADO2 groups. SUM represents the total 
number of cells annotated in the bone marrow. The p-value represents the 
statistical significance of the differences observed (* P < 0.05)

Cluster WT count ADO2 count Chi-square P-value

GMP 722 657 23.420  < 0.001*

Pre_B 89 126 2.401 0.153

ProEryth 255 211 16.260  < 0.001*

HSCs 91 118 0.610 0.435

MatureB 243 342 5.384 0.020*

PlasmaCells 14 68 28.799  < 0.001*

TandNK 196 293 7.683 0.006*

Neutrophils 3233 3575 9.329 0.002*

Basophils 71 105 2.475 0.116

Eosinophils 7 6 0.305 0.581

Macrophages 40 34 1.841 0.175

Monocytes 837 1066 4.457 0.035*

cDCs 91 165 11.928 0.001*

pDCs 133 243 18.305  < 0.001*

SUM 6022 7009
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pathogenesis of ADO2 (CM2 and CM4), we focused on 
the differentially expressed genes (DEGs) within these 
cell subtypes. In the context of CM2, a total of 237 DEGs 
were identified in the ADO2 mice, including 126 upregu-
lated genes and 111 downregulated genes (Fig.  6a). We 
performed Gene Ontology (GO) analysis on 111 down-
regulated genes in CM2 and 145 downregulated genes 
in CM4. Although we also conducted GO analysis on 
upregulated genes in ADO2, we did not identify path-
ways significantly related to osteoclast differentiation. 
Therefore, we focused our research on the downregu-
lated genes, as they provided more meaningful insights 
into the mechanisms of osteoclast differentiation. As 
shown in Fig.  6b and Additional file  1: Fig. S2d, the 
downregulated DEGs in CM2 were significantly associ-
ated with the positive regulation of macrophage activa-
tion and interleukin-10 production (GO terms) and the 
interleukin-17 (IL-17) signaling pathway (Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) terms). For CM4, 

a total of 390 DEGs were identified in the ADO2 mice, 
including 245 genes with upregulated expression and 145 
genes with downregulated expression (Fig. 6c). As shown 
in Fig.  6d, the DEGs downregulated in CM2 were sig-
nificantly associated with in positive regulation of NIK/
NF-κB signaling, positive regulation of NF-κB transcrip-
tion factor activity, positive regulation of macrophage 
activation and Toll-like receptor binding (GO terms), and 
in the IL-17 signaling pathway (KEGG terms) (Fig. 6d, e 
and Additional file  1: Fig. S2e). These results indicated 
that the DEGs downregulated in both CM2 and CM4 are 
potentially related to osteoclast differentiation [21, 42].

The analysis of N‑linked glycosylation of mononuclear 
phagocytes in ADO2
Using SUGAR-seq, we found a significant decrease in the 
surface N-linked glycosylation level of each subtype of 
mononuclear phagocytes, especially classical monocytes, 
in ADO2 mice (Figs. 4c and 7a, b). Indeed, all six subtypes 

Fig. 4  Visualization analysis of surface N-glycosylation levels comparing ADO2 and WT cell groups. a Featureplot UMAP visualization comparing 
the surface N-glycan abundance between the ADO2 and WT cell groups. Each data point represents a cell, with the color shade indicating the level 
of cell surface N-glycans. b Violin plot showing the significantly lower overall cell surface N-linked glycosylation level in the ADO2 group than in the 
WT group (P < 0.05). c Boxplot illustrating variations in overall cell surface N-linked glycosylation level across the 14 cell clusters between the ADO2 
and WT groups
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of classical monocytes had lower N-linked glycosyla-
tion levels in the ADO2 mice (Fig. 7b). Through Mono-
cle pseudotime analysis of the six subtypes of classical 
monocytes, we observed similar differentiation trajecto-
ries in the two groups of mice (Fig. 7c). Furthermore, we 
assessed the differentiation potential of the six subtypes 

of classical monocytes by integrating CytoTRACE analy-
sis and found that the differentiation potential ordered 
from high to low was CM2, CM5, CM3, CM1, CM4, 
and CM6 (Fig.  7d). Based on the Monocle pseudotime 
and CytoTRACE analysis of the six subtypes of classi-
cal monocytes in the ADO2 and WT mice, we obtained 

Fig. 5  Characterization of monocyte subpopulations and gene expression in the ADO2 and WT groups. a UMAP projection of monocytes 
within the 14 identified distinct cell clusters, with monocytes labeled in blue. b Pie charts illustrating the proportions of classical monocytes 
and nonclassical monocytes in the WT and ADO2 groups. c UMAP projection of classical monocytes within the identified monocyte clusters, 
with classical monocytes labeled in blue. d The visual representation generated through flow cytometry, illustrating the proportion of monocytes 
within the bone marrow of the ADO2 group. e The visual representation generated through flow cytometry, illustrating the proportion 
of monocytes within the bone marrow of the WT group. f The visual representation generated through flow cytometry, illustrating the proportion 
of classical monocytes within the monocytes in bone marrow of the ADO2 group. g The visual representation generated through flow cytometry, 
illustrating the proportion of classical monocytes within the monocytes in bone marrow of the WT group. h Violin plots depicting the expression 
levels of the top three differentially expressed genes for each of the six subtypes of classical monocytes identified through unsupervised clustering
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dynamic N-linked glycosylation for the two groups of 
mice and found significantly lower N-glycans values in 
the ADO2 mice in each branch (P < 0.05) (Fig. 7e and f ).

Our LC‒MS/MS analysis also confirmed that numer-
ous proteins exhibited differential N-glycosylation 
between the two groups of mice. Specifically, we identi-
fied 16 proteins with increased abundances of N-glyco-
sylated forms and 66 proteins with decreased abundances 
of N-glycosylated forms in ADO2 mice. At the level of 
individual modification sites, there were 18 N-glyco-
sylation modification sites with increased abundance 
and 86 sites with decreased abundance in ADO2 mice. 
Strikingly, we observed a general reduction in the abun-
dance of N-glycosylation sites in integrin family proteins, 
including integrin beta-3 (Itgb3) and integrin beta-7 
(Itgb7), in ADO2 mice (Fig. 8a–f). Notably, we found that 
Itgb7 and Itga3 were abnormally expressed at both the 
gene and protein levels in CM2 and CM4 cells in ADO2 
mice. This finding suggests that the abnormal expression 
of integrin family genes in ADO2 may affect their glyco-
sylation modifications, potentially impairing the normal 
functionality of integrins.

LC–MS/MS‑based 4D label‑free proteomics analysis
Through LC–MS/MS-based 4D label-free proteomics 
analysis, we identified abnormal expression of the integ-
rin-related protein Itgb7 in ADO2 mouse bone marrow 

cells, which was found to be elevated compared to WT 
mice (Table  3). This finding aligns with our single-cell 
sequencing results, which also revealed upregulation of 
the integrin-related gene Itgb7 in ADO2 mouse bone 
marrow cells.

Discussion
In this study, we employed CRISPR/Cas9 technol-
ogy to establish the first ADO2 mouse model harbor-
ing the Clcn7 (R284W) mutation, which corresponds to 
the CLCN7 (R286W) mutation commonly observed in 
osteopetrosis patients [43–45]. By utilizing this model, 
we conducted a comprehensive analysis of the cell types 
and proportions, transcriptional landscape, and protein 
N-glycosylation in the bone marrow of ADO2 mice at 
both the single-cell and cell population levels. We suc-
cessfully identified a total of 14 cell types in both groups 
of mice, including GMPs, macrophages, monocytes, and 
neutrophils, which aligns remarkably well with previ-
ously reported research findings [46–50]. This indicates 
that our single-cell data are reliable. Regarding the bone 
marrow cell subtypes, we observed a mild increase in 
the proportion of neutrophils and GMPs in ADO2 mice, 
while the proportions of monocytes, T and NK cells, 
mature B cells, cDCs, pDCs, and plasma cells showed a 
slight reduction. No significant differences were observed 

Table 2  Expression of integrin-related genes in classical monocyte subpopulation

Classical monocyte 
subpopulation

Gene name Average log2 fold 
change

P Gene expression in 
ADO2

Gene 
expression 
in WT

CM1 Itga4 0.337 0.001 1.921 1.729

CM2 Itgb3 0.271 0.039 0.172 0.083

CM3 Itgb7 0.290 0.002 1.523 1.319

CM4 Itgal 0.411 0.001 0.782 0.525

CM5 Itgb3 0.513 0.005 0.248 0.062

CM6 Itgb7 0.374 0.013 1.677 1.485

(See figure on next page.)
Fig. 6  Differential gene expression analysis and functional enrichment analysis of CM2 and CM4 in the ADO2 and WT groups. a Heatmap displaying 
the expression levels of the top 20 upregulated genes and top 20 downregulated genes in the CM2 cell cluster between the ADO2 and WT 
conditions, ranked by the log2 fold change. b GO analysis of 111 downregulated genes in CM2. The horizontal coordinate represents the GeneRatio, 
the vertical coordinates shows the GO term, the color of the circle corresponds to the magnitude of the p.adjust values, and the size of the circle 
indicates the number of differentially expressed genes. c Heatmap displaying the expression levels of the top 20 upregulated genes and top 
20 downregulated genes in the CM4 cell cluster between the ADO2 and WT conditions, ranked by the average log-fold change. d GO analysis 
of 145 downregulated genes in CM4. The horizontal coordinate represents the GeneRatio, the vertical coordinate shows the GO term, the color 
of the circle corresponds to the magnitude of the p.adjust values, and the size of the circle indicates the number of differentially expressed genes. e 
The expression patterns of downregulated genes, which were enriched in the pathways of “positive regulation of macrophage activation,” “positive 
regulation of NIK/NF-κB signaling,” “positive regulation of NF-κB transcription factor activity,” and “Toll-like receptor binding” in CM2 and CM4 subsets, 
across all six subtypes of classical monocytes
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Fig. 6  (See legend on previous page.)
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in the quantities of other cell types. These findings sug-
gest that Clcn7 (R284W) mutation-associated osteopet-
rosis does not significantly alter the types of cells present 
in the bone marrow.

To gain a deeper understanding of how the muta-
tion in this chloride ion channel protein gene affects 

the metabolism of bone marrow cells, we focused on 
genes that were differentially expressed in cells with 
varying quantities and proportions. Our data revealed 
that these genes are involved in various biological func-
tions, including protein synthesis, mRNA metabolism, 
cell cycle regulation, cell migration, and adhesion. 

Fig. 7  N-glycans analysis and cellular differentiation in classical monocytes in the ADO2 and WT groups. a Featureplot visualization of the N-glycans 
levels in individual cells in the ADO2 and WT groups, with darker colors indicating higher N-glycans levels. b Violin plot comparing the levels 
of N-glycans in classical monocyte subtypes 1–6 between the ADO2 and WT groups (P < 0.05). The average number of glycosylation tags 
for N-glycans of each subtype are as follows: CM1(ADO2: 8.78389, WT: 9.53651); CM2 (ADO2: 9.66757, WT: 10.4976); CM3 (ADO2: 8.97316, WT: 
9.60765); CM4 (ADO2: 8.59505, WT: 8.9693); CM5 (ADO2: 9.69621, WT: 10.6096); CM6 (ADO2: 8.56935, WT: 9.40849). c Pseudotime trajectory plot 
of classical monocyte subtypes in ADO2 disease state compared to normal state. This figure displays the differentiation trajectories of six classical 
monocyte subtypes inferred through pseudotime analysis. Each node represents a cell subtype, and colors indicate different cell types. The three 
branches in the plot represent distinct developmental paths, reflecting the dynamic changes and differentiation processes of cells in the ADO2 
disease state. Pseudotime increases in the direction of the trajectory, indicating a progression from undifferentiated to mature states from left 
to right. The trajectory plot is generated based on single-cell RNA sequencing data using the Monocle algorithm for trajectory inference. d 
Boxplot comparing CytoTRACE scores among classical monocyte subtypes 1–6, with higher scores indicating greater differentiation potential. e 
Dynamic changes in N-linked glycosylation between the ADO2 and WT groups based on the Monocle2 pseudotemporal results of the six classical 
monocyte subtypes. The number 1 inside the black circles represents the nodes identified during trajectory analysis that correspond to different cell 
states. The differentiation trajectory is divided into three branches. f Violin plots illustrating the N-linked glycosylation level of each branch based 
on the dynamic changes between the ADO2 and WT groups (P < 0.05)
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Furthermore, these genes were found to be enriched 
in metabolic processes such as glycolysis; gluconeo-
genesis; the pentose phosphate pathway (related to 
carbohydrate metabolism); valine, leucine, and isoleu-
cine biosynthesis (related to protein metabolism); lipid 
metabolism; vitamin B6 metabolism; the citrate cycle; 

and oxidative phosphorylation (associated with energy 
metabolism). These findings suggest that metabolic 
reprogramming in bone marrow cells may be an impor-
tant pathological characteristic of ADO2 [51, 52].

To understand cell signaling and regulation under the 
pathological conditions of osteopetrosis, we focused 

Fig. 8  LC–MS/MS-based 4D Label-Free N-Glycosylation Proteomics Analysis of integrin. a Mass Spectrometry Level 1 plot of the itgb3 protein 
(position: 207) in the ADO2 group. The sequence of itgb3 protein (position: 207) is N(1)ACLPMFGYK and the mass-to-charge ratio (m/z) of it 
is 602.2748. b Mass Spectrometry Level 1 plot of the itgb3 protein (position: 207) in the WT group. c Mass Spectrometry Level 1 plot of the itgb7 
protein (position: 531) within the ADO2 group. The sequence of the itgb7 protein (position: 531) is APN(1)GTGPLCSGK and the m/z of it is 581.2764. 
d Mass Spectrometry Level 1 plot of the itgb7 protein (position: 531) within the WT group. e Mass Spectrometry Level 1 plot of the itgb7 protein 
(position: 68) within the ADO2 group. The sequence of the itgb7 protein (position:531) is QLN(1)FTASGEAEAR and the m/z of it is 698.8331. f Mass 
Spectrometry Level 1 plot of the itgb7 protein (position:68) within the WT group

Table 3  Expression levels of the Itgb7 protein in the ADO2 and WT groups

The fold change greater than 1.5 indicates a significant upregulation of protein expression

LFQ label-free quantification, LFQ intensity intensity values of each protein in different samples, Relative quantification relative quantification refers to the ratio of LFQ 
intensity of a protein to the average intensity of that protein across different samples, Fold change the ratio of the relative quantification of a protein in two samples

Protein LFQ intensity in ADO2 LFQ intensity in WT Relative quantification in ADO2 Relative quantification in WT Fold change

Itgb7 21,408 36,984 0.733251130291821 1.26674886970818 1.72757847533632



Page 13 of 19Sha et al. BMC Biology           (2025) 23:91 	

specifically on analyzing mononuclear phagocytes in 
ADO2 and control mouse bone marrow. These cells are 
essential precursors of osteoclasts, which play a critical 
role in bone resorption and the immune system and are 
relevant to numerous skeletal diseases [14, 15, 53]. In 
this study, we employed SUGAR-seq technology to clas-
sify and enumerate mononuclear phagocytes, which are 
closely associated with osteoclast differentiation, in the 
bone marrow of ADO2 mice. Mononuclear phagocytes 
include macrophages, classical monocytes, and non-
classical monocytes. Due to the limited counts of mac-
rophages and nonclassical monocytes, we focused on the 
analysis of classical monocytes and revealed no signifi-
cant differences in proportion between ADO2 and WT 
bone marrow. However, upon further subdivision of clas-
sical monocytes into six subtypes, we observed signifi-
cant differences between the CM2 and CM4 subtypes in 
both groups of mice. This finding suggests that disease-
induced changes in cell number may not be apparent at 
the broad cell type level but can be detected by SUGAR-
seq, as it allows the precise identification of cellular 
subgroups and the detection of subtle intersubgroup dif-
ferences. Additionally, we observed significantly lower 
levels of surface protein N-glycosylation in macrophages 
and monocytes derived from ADO2 mice. Through 
SUGAR-seq, we unveiled a widespread reduction in cell 
surface N-linked glycosylation in each classical mono-
cyte subtype, indicating subtle alterations in N-glycans in 
macrophages, monocytes, and their subgroups in ADO2 
mice. These microscale changes in N-glycosylation may 
impact cellular functions and signaling pathways. More-
over, this further confirms the inherent advantage of 
SUGAR-seq in exploring disease-induced alterations in 
cell numbers and microscale changes in surface N-gly-
cans among cellular subgroups. Consequently, this study 
offers a novel perspective for in-depth investigations into 
functional disparities among disease-induced cellular 
subgroups.

Notably, our comprehensive analysis, encompassing 
both single-cell N-glycosylation and bulk cell N-gly-
cosylation assessments, consistently revealed signifi-
cantly lower levels of bone marrow cell N-glycosylation 
in ADO2. Moreover, these changes can be found at the 
overall population level and in different subtypes of 
bone marrow cells. Glycosylation, a common protein 
modification process, involves the attachment of sugar 
molecules on protein molecules via glycosyltrans-
ferases [19, 20]. Glycosylation is regulated by various 
factors, such as intracellular pH, metal ion concen-
tration, and ion balance [19, 20, 54]. Our results sug-
gest that the observed alterations in N-glycosylation 
in ADO2 mouse bone marrow cells may be an indirect 
consequence of specific ion concentration imbalances 

resulting from gene mutations in chloride ion channel 
proteins. These imbalances may influence the activity 
of enzymes involved in N-glycosylation processes, such 
as peptide N-acetyltransferase activity, ATPase activ-
ity, and protein kinase regulator activity [10, 55, 56]. 
Based on these findings, we postulate that the abnormal 
N-glycosylation in ADO2 may be closely linked to the 
abnormal bone metabolism observed in this disorder. 
This suggests a potential interplay between N-glyco-
sylation alterations and the underlying pathophysiolog-
ical mechanisms of osteopetrosis.

This study also identified some abnormally expressed 
glycosylated proteins on the surface of mononuclear 
phagocytes, including integrin family-related proteins. 
Integrins consisting of subunits such as alpha (α) and 
beta (β) subunits play a significant role in modulating the 
morphology, migration, adhesion, and signal transduc-
tion of mononuclear phagocytes during their differentia-
tion into osteoclasts [57, 58]. These effects are mediated 
through signaling pathways such as TGF-β and NIK/
NF-κB, among others [21, 23, 59–61]. Interestingly, we 
observed that integrin genes including Itgb3 and Itgb7 
were abnormally expressed in the various subtypes 
of classical monocytes in the bone marrow of ADO2, 
according to our single-cell transcriptomic sequencing 
data. Furthermore, our mass spectrometry analysis also 
confirmed that abnormal expression and altered N-gly-
cosylation of integrins with significantly reduced N-gly-
cosylation modifications, such as Itga5 and Itgb7, were 
found in ADO2 mice. This suggests that the changes in 
integrin expression and altered N-glycosylation on the 
surface of mononuclear phagocytes in ADO2 may modify 
the glycan structure of integrins and affect the regulation 
of osteoclast differentiation and function [23]. In the con-
text of the subdivision of classical monocytes, our study 
revealed that Itgb3 gene expression was upregulated in 
CM4 cells, while the level of N-glycosylation modifica-
tions was decreased in this cell subtype. The literature 
indicates that Itgb3 can activate the NIK/NF-κB signal-
ing pathway via RANK, thereby promoting the fusion 
of osteoclast precursors into multinucleated osteoclasts 
and enhancing osteoclast resorptive efficiency during 
osteoclast differentiation by increasing the surface area 
of resorption pits. The altered N-glycosylation modifica-
tions of Itgb3 observed in CM4 in our study may affect 
the activation status of Itgb3 and result in reduced acti-
vation of the NIK/NF-κB signaling pathway. This obser-
vation aligns with our findings of an upregulated NIK/
NF-κB signaling pathway and increased NF-κB tran-
scription factor activity in ADO2 mouse bone marrow 
cells at the single-cell transcriptomic level. Therefore, we 
speculate that the altered expression and glycan struc-
ture modifications of integrins may serve as important 
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physiological and pathological characteristics contribut-
ing to abnormal bone metabolism in osteopetrosis.

LacNAc disaccharide structures are more abundant 
in N-glycans than O-glycans [62–66]. The SUGAR-
seq technology employed in this study is designed 
for analyzing glycosylation features at the single-cell 
level, with a focus on N-glycans rather than O-glycans. 
This preference is due to the method’s suitability for 
detecting the level of N-linked glycosylation. Although 
O-glycosylation may have significant biological func-
tions in certain contexts, the limitations of our cur-
rent technology and the critical role of N-glycans in 
our disease model justify our emphasis on the level of 
N-linked glycosylation.

In this study, we utilized SUGAR-seq to investigate 
the N-glycosylation characteristics of the bone marrow 
microenvironment in the ADO2 mouse model. Under-
standing the changes in N-glycans during disease pro-
gression is crucial for elucidating how glycosylation 
influences disease mechanisms. However, as noted, the 
SUGAR-seq technique primarily focuses on single-cell 
transcriptomic data and surface N-glycosylation levels 
and does not directly analyze dynamic changes in gly-
cosyltransferases or structural variations in N-glycans.

Despite these technical limitations, our study has 
revealed significant changes in cell surface N-linked 
glycosylation under the pathological state of ADO2. 
These findings provide a unique perspective on the 
role of the level of N-linked glycosylation in the bone 
marrow microenvironment and its impact on dis-
ease mechanisms. The single-cell data obtained from 
SUGAR-seq highlight the glycosylation features during 
disease progression, offering a foundation for future 
research, even though these findings do not encom-
pass all relevant aspects.

Future research will need to integrate additional 
methods to further explore the dynamic changes in 
glycosyltransferases and the structural variations 
of N-glycans throughout the disease process. Such 
studies will contribute to a more comprehensive 
understanding of how these factors influence dis-
ease progression and may offer valuable insights for 
research into ADO2 and similar conditions.

Conclusions
This study confirms that the murine model that we 
established provides evidence that the human CLCN7 
(R286W) mutation is pathogenic in autosomal domi-
nant osteopetrosis (ADO2). Additionally, our single-
cell analyses reveal monocyte heterogeneity in ADO2, 
suggesting that the observed abnormal glycosylation 

modifications across various subtypes may play crucial 
roles in the pathogenesis of osteopetrosis.

Methods
Animals
All animal experiments were approved by the Experi-
mental Animal Ethics Committee of Guilin Medical Col-
lege (Approval No: GLMC-IACUC-2022014, December 
5, 2022). In this study, both the experimental and control 
groups comprised C57BL/6  J mice. All mice used were 
specific pathogen-free (SPF) grade to ensure a controlled 
and standardized environment for our experiments. We 
maintained the ADO2 mutant mouse line by perform-
ing self-crosses of F1 heterozygous mice. This approach 
ensured that the ADO2 heterozygous line was consist-
ently propagated. The wild-type (WT) mice used for 
generating the F1 cross were from the same C57BL/6  J 
genetic background as the ADO2 transgenic mice to 
minimize genetic variation between the experimental 
and control groups. The WT animals used in our study 
were littermates of the ADO2 heterozygous mutants, 
ensuring that both groups shared the same genetic and 
environmental conditions.

Generation of the ADO2 mouse model and disease 
characterization
To establish the ADO2 mouse model, we utilized 
CRISPOR 5.01 (http://​crisp​or.​tefor.​net) to design the 
guide RNA (gRNA) sequences, consisting of CRISPR 
RNA (crRNA) and trans-activating CRISPR RNA (trac-
RNA), to direct the Cas9 protein for recognition and 
cleavage of the target DNA sequence in the CRISPR/
Cas9 system. The target sequence of specific gRNA was 
5′-TCC​GCA​GAG​ATA​CAG​AGA​AGCGG-3′. Addition-
ally, a donor oligo sequence was designed to introduce 
the p.R284W (CGG to TGG) mutation along with two 
synonymous mutations (p.R278 = (CGC to AGG) and 
p.K283 = (AAG to AAA)) [67]. The donor oligo sequence 
was 5′-AGC​CCT​CGC​AGG​CCC​TCA​AAC​CCC​TCT​
CTT​TCA​GAT​TTG​AAT​ATT​TCA​GGA​GGA​TAC​AGA​
AAT​GGG​ATT​GTC​AGC​TGG​AGC​TGC​AGC​TGG​TAT​
CTG​CTG​CAT​TTA​GCC​CCC​CTG​TGGG-3′.

Next, the crRNA (Genscript Biotech) was synthe-
sized and combined with the tracRNA (IDT) to form 
the gRNA. The Cas9 protein (Abcam) was assembled 
with gRNA to form a ribonucleoprotein (RNP) complex, 
known as the Cas9-gRNA complex. This complex, along 
with the donor oligo, was microinjected into the nuclei of 
mouse zygotes under an inverted microscope.

The zygotes were then transferred to M16 medium 
(Sigma) and placed in a 37  °C, 5% CO2 incubator for 
0.5–1  h before being transplanted into the oviducts of 

http://crispor.tefor.net
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surrogate mothers. The surrogate mothers gave birth 
approximately 20  days after successful embryo trans-
fer. To identify transgenic mice (F0), genomic DNA was 
extracted from mouse tails using the TaKaRa MiniBEST 
Universal Genomic DNA Extraction kit (Ver.5.0 Code 
No.9725). Subsequently, the extracted mouse DNA was 
amplified using the following primer pair: F: 5′-AAA​
ATG​CTC​CCT​GCT​TGA​TTA​TCT​C-3′, R: 5′-TTC​CTA​
AGG​GAT​GGA​GAA​GTT​GAT​-3′.

The polymerase chain reaction (PCR) products were 
evaluated by agarose gel electrophoresis, the PCR prod-
ucts were collected for sequencing verification, and 
Chromas software (Version 2.5.1) was used to process 
the DNA sequence data.

Finally, F0 mice were bred with nontransgenic mice to 
produce F1 mice. Offspring of F0 that inherit the inte-
grated target gene have a 50% chance of transmitting the 
mutation through the germline. The process of generat-
ing CRISPR/Cas9 point mutation mice is illustrated in 
Fig. 1a.

Hematoxylin and eosin staining of femoral sections 
in ADO2 mice
For histological analysis, femoral sections from 7-week-
old ADO2 and WT mice were used. The mice were first 
anesthetized and euthanized, followed by dissection and 
disinfection of the femur tissue. The extracted femur tis-
sue was fixed in paraformaldehyde (4%, Solarbio). After 
fixation, the tissue was dehydrated using different con-
centrations of ethanol, soaked in xylene (Sangon Bio-
tech), and embedded in paraffin, followed by sectioning.

Consecutive sections were then obtained from the tis-
sue and subjected to staining with hematoxylin (MXB 
Biotechnologies) and subsequently with eosin (ZSGB-
BIO). Subsequently, the femoral sections of the mice were 
observed and analyzed under a microscope to gather 
information about their histological structure. Then, 
multiple measurements were taken at different locations 
along the femoral diaphysis, including both the thickest 
and thinnest regions, and we calculated the mean and 
standard deviation for each group.

X‑ray and 18F‑NaF PET/CT imaging for bone metabolism 
assessment
The PET/CT imaging technique employed in our study 
utilizes 18F-fluoride (18F-NaF) as a tracer. This tracer 
accumulates in bone tissue in proportion to bone blood 
flow, bone metabolism, and levels of osteoblastic and 
osteoclastic activity. Specifically, increased 18F-NaF 
uptake reflects higher bone metabolism and more active 
bone remodeling.

Comparative X-ray analysis of 7-week-old heterozy-
gous mice and wild-type mice was conducted using the 
“X-RAY” module of the IVIS Lumin XRMS Series III 
In Vivo Imaging Device (Perkin Elmer).

For 18F-NaF PET/CT imaging, the mice were anes-
thetized with isoflurane gas, and 200  µCi (0.2  mL) of 
18F-NaF labeled with the Allinone module was intra-
venously injected via the tail vein [68, 69]. There were 
5 mice (10 weeks old) each in the ADO2 group and the 
WT group. Following injection, the mice were returned 
to the animal cage for recovery and imaging. Five min-
utes before imaging, the mice were anesthetized again 
and placed in a submillimeter micro PET/CT (Madi-
cLAB) animal chamber. PET and CT acquisition started 
45 ± 5  min after injection, with the tube voltage set at 
80 kV and tube current at 0.6 mA. The PET reconstruc-
tion p meters were set to an accuracy of 150 µm.

PET/CT fused images were processed using PMOD 4.3 
software. We processed the PET/CT images using fusion 
imaging techniques to delineate the region of interest 
(ROI) in the left femur of the mice. We then measured 
and calculated the standard uptake value (SUV) and 
derived the maximum standard uptake value (SUVmax) 
within this ROI. The formula for calculating SUV is as 
follows:

A higher SUVmax indicates greater bone metabolism. 
This method provides a reliable measure of bone meta-
bolic activity and allows for comparison between ADO2 
and WT mice.

Bone marrow cell samples
After anesthetization using isoflurane, three ADO2 
and three WT mice were euthanized. Subsequently, the 
femurs of the mice were dissected, and bone marrow cells 
were extracted. The obtained cell suspension was then 
filtered through a 200-µm cell filter. Next, GEXSCOPE® 
Red Blood Cell Lysis Buffer (RCLB, Singleron) was added 
to the mixture to remove red blood cells. The samples 
were then centrifuged at 300 × g and 4 °C for 5 min to dis-
card the supernatant, followed by gentle resuspension in 
PBS. The bone marrow cells from the femurs were allo-
cated for SUGAR-seq analysis and LC–MS/MS-based 4D 
Label-Free proteomics and N-Glycosylation proteom-
ics analysis. The samples used for flow cytometry analy-
sis were taken from another three wild-type mice and 
three mice heterozygous for the mutation using the same 
protocol.

SUGAR‑seq analysis
In our study, we employed SUGAR-seq technology to 
perform the analysis of the RNA expression profiles and 
the cell surface features of N-linked glycosylation of 
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ADO2 mouse single bone marrow cells. The workflow of 
SUGAR-seq, as illustrated in Fig. 2a, enabled us to com-
prehensively investigate the gene expression and N-gly-
cans profiles at the single-cell level.

Cell preparation and viability assessment
Following the collection of the cell suspension, centrifu-
gation was performed at 500 × g for 5 min. The resulting 
pellet was resuspended in staining buffer and stained 
with Trypan blue to assess cell dissociation efficiency and 
viability (at least 85%).

Labeling of N‑linked glycosylation on the surface of bone 
marrow cells in ADO2 mice
The ProMoSCOPE™ Single Cell Glycosylation Detec-
tion Kit (Singleron Biotechnologies) was used to label 
cell surface glycosylation, with a primary focus on detect-
ing N-linked glycosylation, following the manufacturer’s 
instructions. This kit enable accurate quantification of 
cell surface glycosylation level, with a primary focus on 
detecting N-linked glycosylation, together with gene 
expression profiles at the single-cell level. In summary, 
the two groups of bone marrow cells and the fucose resi-
dues carrying a tag consisting of a PCR handle, a known 
sequence, and a polyA sequence were used to label cell 
surface glycosylation, with a primary focus on detecting 
N-linked glycosylation. This is accomplished through a 
chemoenzymatic method in which the ProMoSCOPE tag 
forms a covalent bond with N-Acetyllactosamine (Lac-
NAc) on the cell surface by employing a recombinant 
Helicobacter pylori α1,3-fucosyltransferase (1,3-FucT) 
characterized by its exceptional ability to accept donor 
substrates, enabling the transfer of a C-6 ssDNA-tagged 
fucose residue to the carbon atom 3 of GlcNAc within 
the LacNAc disaccharide [17]. After washing three times 
to remove excess labels, the cells were resuspended in 
phosphate-buffered saline (PBS) at an appropriate con-
centration, and subsequent operations were performed 
according to the manual.

Reverse transcription, amplification, and library construction
The Singleron Matrix® Single Cell Processing System was 
used to load single-cell suspensions (2 × 105 cells/mL) in 
PBS (HyClone) onto a microwell chip. After the isola-
tion of individual cells, lysis and barcoding, the barcod-
ing beads, which have a PCR handle, a known sequence, 
and a polyA sequence on their surface, were collected 
for subsequent reverse transcription and PCR amplifi-
cation. These barcoded beads capture the mRNA mol-
ecules of each single cell, assigning a unique barcode to 
each, thereby enabling the independent analysis of gene 
expression from individual cells within a multicellular 

sample. The amplified cDNA was then fragmented, fol-
lowed by adapter ligation and another round of PCR 
amplification. The resulting amplified cDNA libraries 
were constructed for the Illumina sequencing platform. 
The ProMoSCOPE products were further amplified by 
PCR to generate sequencing libraries suitable for Illu-
mina sequencing. Individual libraries were diluted to 
4  nM, pooled together, and sequenced on the Illumina 
NovaSeq 6000 platform using the 150  bp paired-end 
strategy.

SUGAR‑seq data processing
Barcodes and UMIs were extracted from R1 reads and 
corrected. Adapter sequences and poly-A tails were 
trimmed from R2 reads using Cutadapt v3.7. After pre-
processing, the R2 reads were mapped to the GRCm38 
(mm10) transcriptome using STAR v2.6.1. Subsequently, 
uniquely mapped reads were categorized into exons 
using FeatureCounts(v2.0.1). To create the gene expres-
sion matrix for subsequent analysis, reads with identical 
cell barcodes, UMIs, and genes were grouped together.

Single‑cell ProMoSCOPE library analysis
To identify the N-glycans positions, the 15-bp tag 
sequence was extracted from the R2 reads and com-
pared to the known glycosylation tag sequence. Tags 
with a Hamming distance of less than 2 were classified 
as valid tags. The count of tag Unique Molecular Identi-
fiers (UMI) present within each cell barcode was tallied 
to produce a single-cell glycosylation UMI expression 
matrix.

Subsequently, we performed quality control, dimension 
reduction, clustering, and bioinformatics analysis on the 
obtained data. Detailed methods, including quality con-
trol, dimension reduction, and clustering; batch effect 
removal; differentially expressed gene analysis; pathway 
enrichment; cell type annotation; subtyping of major cell 
types; filtering of cell doublets; pseudotime trajectory 
analysis; N-glycan degree data processing and mapping; 
and scMetabolism analysis, can be found in the Supple-
mentary Information File (SI) File.

Flow cytometry analysis
For the 6 bone marrow cell suspensions collected from 
three wild-type mice and three heterozygous mutant 
mice, 100 μL of the suspension was transferred to each 
flow tube. Then, 5 μL of CD45 PerCP/Cyanine5.5 
(URIT), CD11b FITC (URIT), F4/80 APC (URIT), Ly6C 
PE (URIT), CD43 PE-Cy7 (URIT), and Ly6G APC-Cy7 
(URIT) were added to each tube and thoroughly mixed 
and were incubated in the dark for 20 min. Following the 
addition of red blood cell lysis buffer (URIT) to lyse the 
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red blood cells in each sample, the samples were centri-
fuged at 350  g for 5  min, and the supernatant was dis-
carded. After washing and resuspending the cells with 
PBS, cell analysis was performed using a flow cytometer 
(URIT BF-700, URIT Medical Electronic Co., Ltd).

LC–MS/MS‑based 4D label‑free proteomics 
and N‑glycosylation proteomics analysis
We conducted LC–MS/MS-based 4D label-free N-gly-
cosylation proteomics analysis and LC–MS/MS-based 
4D label-free proteomics analysis on ADO2 mouse 
bone marrow cells, with detailed methods found in the 
Additional file 3 [70–75].

Methods of statistical analysis
We conducted statistical analyses on the data obtained 
from 18F-NaF PET/CT imaging and flow cytometry 
using the t test in GraphPad Prism Software (ver-
sion 9.0). For the SUGAR-seq analysis, we used the 
Wilcoxon test to analyze paired data for the level of 
N-linked glycosylation and applied the chi-square test 
using SPSS (version 25.0) to investigate the propor-
tions of annotated cell types in the overall population. 
P < 0.05 indicated statistical significance.
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