-Supplementary materials-
Figure S1. Female-restricted subset analysis of cell composition and stromal pathway programs across KYangD, KYinD, and non-deficiency groups.
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Figure S2. Cell-cell communication patterns of endothelial, stromal, osteolineage, neutrophil, and macrophage compartments in KYangD osteopenia/osteoporosis.
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[bookmark: _Hlk209581764]Figure S3. Cell-cell communication patterns of endothelial, stromal, osteolineage, neutrophil, and macrophage compartments in KYinD osteopenia/osteoporosis.
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Figure Legends
Figure S1. Female-restricted subset analysis of cell composition and stromal pathway programs across KYangD, KYinD, and non-deficiency groups. (A) Quantification of the relative abundance (%) of each cell type across female KYangD, KYinD, and non-deficiency groups, providing an overview of cellular representation within the female subset. (B and C) GO and KEGG pathway enrichment analyses of genes upregulated (B) and downregulated (C) in KYangD LEPR⁺ CXCL12high perivascular stromal cells (CAR cells) from the female subset. (D and E) GO and KEGG pathway enrichment analyses of genes upregulated (D) and downregulated (E) in KYinD LEPR⁺ CXCL12high perivascular stromal cells (CAR cells) from the female subset. (F and G) GO and KEGG pathway enrichment analyses of genes upregulated (F) and downregulated (G) in KYangD osteoblast-primed stromal cells (pre-osteoblast-like MSCs) from the female subset. (H and I) GO and KEGG pathway enrichment analyses of genes upregulated (H) and downregulated (I) in KYinD osteoblast-primed stromal cells (pre-osteoblast-like MSCs) from the female subset.
[bookmark: _Hlk202738290]Figure S2. Cell-cell communication patterns of endothelial, stromal, osteolineage, neutrophil, and macrophage compartments in KYangD osteopenia/osteoporosis. (A-E) Outgoing signaling networks of endothelial cells (A), stromal cells (B), osteolineage cells (C), neutrophils (D), and macrophages (E) in control and KYinD. (F-J) Outgoing signaling networks of the same compartments in KYangD. Node size represents relative signaling strength; edge thickness reflects interaction probability. (K-L) Outgoing signaling pattern heatmaps in control+KYinD (K) and KYangD (L), showing pathway-specific contributions across major cell types. (M-N) Incoming signaling pattern heatmaps in control+KYinD (M) and KYangD (N), summarizing how each cell type integrates signals from the tissue environment.
Figure S3. Cell-cell communication patterns of endothelial, stromal, osteolineage, neutrophil, and macrophage compartments in KYinD osteopenia/osteoporosis. (A-E) Outgoing signaling networks of endothelial cells (A), stromal cells (B), osteolineage cells (C), neutrophils (D), and macrophages (E) in control and KYangD. (F-J) Outgoing signaling networks of the same compartments in KYinD. Node size represents relative signaling strength; edge thickness reflects interaction probability. (K-L) Outgoing signaling pattern heatmaps in control+KYangD (K) and KYinD (L), showing pathway-specific contributions across major cell types. (M-N) Incoming signaling pattern heatmaps in control+KYangD (M) and KYinD (N), summarizing how each cell type integrates signals from the tissue environment.
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